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PREFACE 

This report covers research and development activities in Takasaki Advanced Radiation 
Research Institute, JAEA, during the period from April 2007� to March 2008 conducted with 
TIARA (Takasaki Ion Accelerators for Advanced Radiation Application), electron beam and 
Co-60 �-ray irradiation facilities.  

One hundred seventy four papers are appeared in this annual report in the fields of  
1) Space, Nuclear and Energy Engineering, 
2) Environment Conservation and Resource Security, 
3) Biotechnology and Medical Application, 
4) Advanced Materials, Analysis and Novel Technology, 
5) Status of Irradiation Facilities. 

In the field of Space, Nuclear and Energy Engineering, radiation-induced degradation 
of solar cells and malfunction of semiconductor devices have been examined by using high 
energy electrons, protons and heavy ions to develop next generation electronic system used in 
artificial satellites.  Single event transient currents induced in semiconductor devices by 
energetic ions have been investigated experimentally and theoretically for completing 
prediction models of device malfunction caused by cosmic-rays.  Radiation resistant devices 
have also been developed based on wide band-gap semiconductors like SiC and GaN.  
Radiation degradation of organic materials, e.g., power supply and data communication cables 
using in J-PARC, components of the ITER remote maintenance system and plastics used for 
nuclear fuel treatment, has been tested for aiming at their practical application.  As for 
structural materials used in light water and fusion reactors, microstructural change in pressure 
vessel steels, fuel ceramics and tritium breeder materials has been intensively studied using 
TIARA for securing reactor safety.  In addition, polymer electrolyte membranes exhibiting 
high performance suitable for hydrogen fuel cells have been developed by radiation grafting 
and cross-linking technique using ion beams, electron beams and �-rays. 

In the field of Environment Conservation and Resource Security, metal ion adsorbents 
have been developed with radiation grafting technique and applied for removing toxic 
elements like boron and lead in waste water.  Radiation grafting technique has also been 
adopted for surface modification of materials in industrial use, fabricating low loss 
millimeter-wave planar antennas used in intelligent transport system.  Biodegradable 
carboxymethyl-cellulose (CMC) hydro-gels have been investigated using radiation 
cross-linking for the application to novel phosphorus absorbents useful for environmental 
purification.  Mixture of CMC and other plant-derived polymers like carboxymethyl-starch 
and konjac-mannan has been studied to improve the degree of swelling and mechanical 
strength of gels.  R&D of the decomposition and removal of trace amount of pollutants such 
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as toxic organic compounds in flue gas or waste water using electron beams and �-rays have 
been performed to develop new process technologies for environment conservation. 

In the field of Biotechnology and Medical Application, functional analysis of proteins 
involved in DNA repair and replication has been progressed.  By using plant seeds, optimum 
irradiation condition for ion beam breeding has been explored.  The ion beam breeding 
technique has been applied for many varieties of plants and microorganisms such as flower, 
crop, vegetable, yeast, alga and fungus.  Molecular mechanisms in radiation-induced 
bystander effects were investigated using heavy-ion microbeams.  The foci formation of 
�H2AX and pNBS1 in un-irradiated cells was almost completely suppressed by the addition 
of dimethyl-sulfoxide or �-hexachlorocyclohexane, suggesting that reactive oxygen species 
and nitric oxide were initiator/mediators for evoking heavy ion-induced bystander responses.  
13N-labeled nitrogen gas for plant study was first applied to the positron imaging and 
succeeded in obtaining the visualization of nitrogen fixation by soybean nodule. Using 
fluorescent dye and radionuclide Cu-64 produced by the AVF cyclotron, the difference of 
images from PET and optical imaging was evaluated as multimodal imaging system for 
medical use.  The in-air micro-PIXE system has been used for investigation of elemental 
analysis; B, Br, Cd, Pt and other metal signals were visualized and quantified in order to 
determine their distributions in a cell, organs or tissues using a various kind of disease model. 

In the field of Advanced Materials, Analysis and Novel Technology, based on the 
formation of ion tracks in polymer thin films, fabrication of nano-fibers/wires and ion-track 
membranes have been performed using high-energy heavy-ion beams.� Optical properties of 
SiO2 have been studied by several groups with the use of �-rays and ion beams to investigate 
radiation defects/damage in materials.  Studies on radiation defects/damage induced by 
high-energy electrons were performed on FeRh, CeO2, and heavily B-doped diamond thin 
films.  Quantum structures introduced in SiC by H- or He-ion implantation were investigated 
with a slow positron beam.  First-principles molecular dynamics simulation was applied to 
the SiO2/SiC interface of Si devices.�  The in-air micro-PIXE system was refined for two- or 
three-dimensional measurement of elemental distribution in minute samples such as boron 
doped steel, metal absorbent resin and anti-cancer reagent.  The Proton-Beam-Writing 
(PBW) technique was applied to fabrication of a Ni micro-structure and Si nano-crystals.  
The fundamental studies on secondary ions emitted from target materials were performed for 
various MeV/atom carbon cluster ions including 10 to 100keV C60.� A single cluster particle 
track in polymeric materials was also visually investigated for MeV/atom C or Al cluster ions.  
Different kinds of monitor systems were developed based on a liquid organic scintillator for 
neutrons, and characteristics of chemical dosimeter were studied for their application to 
electron beams.  Development of fast single-ion hit system, uniform beam formation and 
elemental technologies for micro-beam production at the cyclotron as well as development of 
cluster ion beam production technology at the electrostatic accelerators were in progress.
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All the accelerators in TIARA, namely the AVF cyclotron, the 3MV tandem accelerator, 
the 3MV single-ended accelerator and the 400kV ion implanter, have been operated steadily 
and safely as well as an electron accelerator and Co-60 �-ray irradiation facilities.  A 
multi-pole magnet system to form a 2D uniform beam was installed at the downstream of the 
AVF cyclotron beam line. 

Hideki Namba,  
Director General  
Takasaki Advanced Radiation Research Institute 
Japan Atomic Energy Agency 
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Evaluation of Element Circuits Constructing New 
Radiation Hardened SOI FPGAs

H. Shindou a), M. Midorikawa a), Y. Satoh a), S. Kuboyama a), T. Hirao b) and T. Ohshima b)

a) Institute of Aerospace Technology, Japan Aerospace Exploration Agency (JAXA), 
b) Environment and Industrial Materials Research Division, QuBS, JAEA 

Semiconductor devices with Silicon On Insulator (SOI) 
technology are utilized for high-performance and low-power 
electronics such as computer servers for high-end 
commercial markets. SOI is a layered structure consisting of 
a thin layer of silicon mounted on an insulating substrate. 
The typical cross section image is shown in Fig. 1. SOI 
technology is also very attractive as semiconductor devices 
for space application. SOI devices are expected to have an 
advantage over equivalent bulk technology devices for 
Single-Event Effects (SEEs) caused by heavy ions and 
high-energy protons because the sensitive volume for SEEs 
is much smaller than that of bulk Si devices. In JAXA, now 
we continuously perform the design and evaluation of 
radiation hardened logic circuits utilizing 0.15 µm fully 
depleted SOI process technology1). This study is 
indispensable in order to develop next generation 
semiconductor devices for space application such as 
high-speed Microprocessors (MPUs) and Field 
Programmable Gate Arrays (FPGAs).  

We started the development of the radiation hardened 
FPGAs with SOI technology last year. This year, element 
circuits constructing FPGAs were designed and evaluated. 
In this report, we describe the evaluation results of two 
kinds of element circuits (the configuration bit cells and the 
FreeRAMs). The schematic diagrams of the configuration 
bit cells and the FreeRAMs circuits are shown in Fig. 2. The 
configuration bit cells are consisting of single port SRAMs 
and used for holding the information of user logic circuits in 

FPGAs. The FreeRAMs are consisting of dual port SRAMs 
and used for memory. For each circuit, two types were 
designed and installed in the test chips. The difference of 
these types is the gate separation distance for redundant 
transistors (Type. A < Type. B). All these circuits were 
designed by the circuit techniques reported before2). Test 
chips were fabricated with a 0.15 µm fully depleted SOI 
commercial process at OKI (Tokyo, Japan). Figure 3 shows 
the picture of test device. In this chip, the configuration bit 
cells and the FreeRAMs compose the 8 kbit and 4 kbit 
memory array, respectively. 

As for the configuration bit cells, Ar, Kr and Xe ion 
irradiation test results are shown in Fig. 4. Two types of 
SEUs (Single Event Upsets) were observed. One is the 
single transmission gate hit mode (STG), the other is the 
double hit mode (DH), which are shown in Fig. 2. In the 
case of the FreeRAMs, no DH mode was observed but STG 
mode SEU was considerably observed. Some multiple bit 
errors were also observed. These results indicate that some 
mitigation techniques are necessary to improve the SEU 
sensitivity of FPGAs. We plan to continue this study in 
order to construct the radiation hardened SOI FPGAs for 
space. 

References 
1)  A. Makihara et al., IEEE Trans. Nucl. Sci., Vol. 53, 

3422 (2006). 
2)  H. Shindou et al., TIARA annual report 2006 (2007) 6.

Fig. 1  Cross section image of SOI device.
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Fig. 4  Heavy ion irradiation test results.
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Comparison of the Experimental Results with Simulated 
Results of Charge Induced in MOS FET by Heavy-ion 

Irradiation 

T. Hirao a), S. Onoda a), Y. Takahashi b) and T. Ohshima a)

a) Environment and Industrial Materials Research Division, QuBS, JAEA, 
b) College of Science and Technology, Nihon University 

One of the most detrimental effects on semiconductor 
devices in radiation environments is Single-Event Effect 
(SEE). When a high-energy heavy ion strikes a device, 
electron-hole pairs (e-h) are generated along the ion-track and 
they can create sufficient transient current to cause incorrect 
actions such as Single-Event Upset (SEU). Recently, the 
Silicon-On-Insulator (SOI) technology has been applied to 
high SEE tolerant devices, because it has been believed that 
the charge collection is suppressed by the existence of a buried 
oxide layer1). However, anomalous charge collection in the 
SOI device was reported2). Therefore, it is important to make 
clear the generation mechanism of current through an 
insulation layer due to heavy-ion irradiation.  

In this paper, the transient current induced through the 
gate oxide of Metal-Oxide-Semiconductor Field Effect 
Transistors (MOSFETs) by single ion is investigated, and we 
discuss the origin of current induced through an oxide layer 
by heavy-ion irradiation.  

Aluminum gate p-channel (p-) MOSFETs were 
fabricated on n-type Si substrates. The gate oxide layers were 
grown by thermal oxidation at 1050 oC in dry O2 ambient. 
Subsequently, the samples were annealed in N2 ambient at 
1050 oC for 30 min. The thickness of the gate oxide layer 
(dox) is 42 nm, and the channel length (L) and width (W) are 
100 and 300 �m, respectively. Heavy-ion irradiation tests 
were carried out using a Transient Ion Beam Induced Current 
(TIBIC) measurement system in conjunction with a Single 
Ion Hit (SIH) system. 

Figure 1 shows the gate transient current induced in 
p-MOSFET by 15 MeV oxygen (O) ions. The gate voltages 
(Vg) between -3 and -10 V were applied during irradiation. 
The drain and source electrodes were connected to the 

substrate (GND) electrode. The peak height increases with 
increasing bias voltage and the collected charge decreases 
with increasing bias. Also, the transient current with both 
positive and negative peaks is observed, and the total charge 
obtained by the integration of the transient current becomes 
almost zero within 100 ns after irradiation. This is the same 
result obtained from MOS capacitors irradiated with heavy 
ions, and this behavior can be interpreted in terms of the 
displacement current. Therefore, the result obtained for 
MOSFETs in this study can be also explained in terms of the 
displacement current. 

Simulation of the transient current induced by 
oxide-mediated displacement current was carried out using 
the Synopsis TCAD version 10. The DESS package is used 
to simultaneously solve the Poisson and e-h continuity 
equations under cylindrical symmetry in this study. The 
estimation of the carrier density as a function of depth (the 
ion track structure) was carried out on the basis of the 
Kobetich-Katz theory3). In this simulation, the value of dox

was applied to be 40 nm. The donor concentration in the 
n-type substrate was 1.0 � 1015 cm-3 and the acceptor 
concentration in the p-type drain and source regions was  
1.0 � 1017 cm-3. Figure 2 shows the comparison of the 
experimental results with the simulated results. A good 
agreement between the calculated and the experiment results 
is shown in the figure. This suggests the validity of the 
simulation technique used in this study. 
References 
1) O. Musseau et al.: IEEE Trans. Nucl. Sci., NS-43 (1996) 

60.
2) P.E. Dodd et al.: IEEE Trans. Nucl. Sci., NS-48 (2001)  

1893. 
3) E. J. Kobetich and R. Katz : Phy. Rev. 170 (1968) 391. 

Fig. 1  Transient current and collected charge induced in 
a MOSFET at Vg= -3 to -10 V by 15 MeV O ions. 
Drain and source electrodes are connected to the 
substrate electrode during irradiation. 

-10

0

10

20

30

40

50

-40

0

40

80

120

160

0 20 40 60 80 100

C
ur

re
nt

 [u
A

] C
harge [fC

]

Time [ns]

TIBIC

TCAD

Current

Charge

O15MeV

Vg=-10V

-10

0

10

20

30

40

50

-40

0

40

80

120

160

0 20 40 60 80 100

C
ur

re
nt

 [u
A

] C
harge [fC

]

Time [ns]

TIBIC

TCAD

Current

Charge

O15MeV

Vg=-10V

Fig. 2  Comparison of the experimental results with 
simulated results of transient current and collected 
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15 MeV O ion irradiation.
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Total Dose Effects on Heavy-Ion Induced Gate Current 
in MOS Structure 

Y. Takahashi a), M. Fugane a), R. Imagawa a), A. Ohwaki a),
T. Hirao b), S. Onoda b) and T. Ohshima b)

a) Nihon University, b) Environment and Industrial Materials Research Division, QuBS, JAEA 

In order to clarify the charge collection mechanism through a buried oxide layer in SOI structure, the single heavy-ion 
induced transient gate current in MOS structure has been investigated. In this study, we discuss the total ionized dose (TID) 
effects on the transient current. We measured the transient current in MOS capacitors before and after gamma ray irradiation. 
From the results of total dose irradiation test, it was found that the peak of transient current was changed by the build-up 
charge in oxide layer, but the current was also dominated by displacement current after total dose irradiation. 
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Fig. 1  Peak of heavy-ion induced gate current in p- 
and n-MOS capacitors before and after gamma ray 
irradiation. 
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Angular Dependence of the Single Event Transient 
Currents due to Nuclear Products in Semiconductors 

S. Onoda a), T. Hirao a), T. Ohshima a), H. Kaneko b) and T. Sanami c)

a) Environment and Industrial Materials Research Division, QuBS, JAEA,  
b) Department of Advanced Radiation Technology, TARRI, JAEA,  

c) Radiation Science Center, KEK

Products from nuclear reactions (secondaries) generated 
by neutrons and protons (nucleons) cause Single Event 
Effects (SEEs) on an integrated circuit and/or a power 
device. The basic mechanism of SEE triggered by nucleons 
is known as follows. When nucleons pass through silicon 
based devices, the secondaries, (He, C, N, O, F, Ne, Na, Mg, 
Al, Si, P) with energies up to several tens of MeV are 
generated through nuclear reactions including elastic 
scattering. The ionization by these secondaries induces a 
current on the terminal of semiconductors resulting in a 
Single Event Transient (SET) current. We have measured 
and analyzed the SET currents triggered by the normal 
incidence of an ion with energies up to tens of MeV1). For 
secondaries from nuclear reaction, angles of the secondaries 
must be taken into account. In this study the angular 
dependence of transient currents induced by an angled ion 
are studied.  

The device examined in this work was a commercial 1.5 
GHz (at -3 dB) Si pin photodiode with a diameter of 450 µm. 
The p-layer width was about 0.2 µm, the depletion width 
was about 15 µm at -10 V as estimated by the 
Capacitance-Voltage (C-V) and cross-sectional Transient 
Ion Beam Induced Current (TIBIC) methods. A bias was set 
to be -10 V for all measurements. The angles selected here 
were 0 (normal incidence), 30, 45, and 60 degrees, 
respectively. The ion species used in this study were Carbon 
(C), Oxygen (O), and Silicon (Si) with the energy of     
15 MeV. The parameters charactering the SET, collected 
charge, peak current, fall time, and rise time were obtained 
from this series of the measurement as a function of the 
incident angle.  

Figure 1 shows the typical SET currents when the 
angled Si ions pass through the sample. As shown, the SET 
currents are delayed when the angled ion strike. Figure 2 
shows the normalized values of the peak current, the fall 
time, and the rise time as a function of cos-1�, where � is the 
angle of the incident ion. All values are normalized by the 
values when the angle of ion incidence is 0 degree. 
Although not shown here it is found that the total collected 
charge is identical for all angles. It is well known that the 
collected charge depends on the inversed cosine if the range 
of ion is longer than the depletion layer thickness2). On the 
other hand, the projected ranges of ions studied here are 
shorter than the depletion layer thickness. Therefore the 
total collected charge should be identical. While the angular 
dependence of charge collection was well studied, the 
angular dependences of the other parameters (the peak 

current, the fall time, and the rise time) have been not yet 
studied. As shown in Fig. 2, it is found that these parameters 
are proportional to the inversed cosines. The result indicates 
the parameters of the SET current caused by nucleon would 
vary as a function of angle of secondaries. 
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1) S. Onoda et al., JAEA-Review 2007-060 (2008) 9. 
2) H. Mori et al., Nucl. Instr. Meth. B 206 (2003) 31.
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Effects of Fluence Rate on Radiation Degradation of 
Solar Cells 

M. Saito a), M. Imaizumi b), T. Ohshima c), S. Sato c) and K. Kibe b)

a) Advanced Engineering Services, b) Aerospace R&D Directorate, JAXA, 
c) Environment and Industrial Materials Research Division, QuBS, JAEA, 

The United States (NASA, NRL), Europe (ESA/ESTEC), 
and Japan (JAXA, JAEA) have been technically 
collaborating to standardize characterization and 
qualification test methodology for space solar cells. As a 
result of the collaboration, the international standard (ISO) of 
space solar cell irradiation test methods was published in 
2005. However, no quantitative test condition is described in 
the standard because the effects of irradiation conditions on 
performance degradation of solar cells have not yet been 
fully understood. In this study, the effects of irradiation 
fluence rate on the degradation were investigated.  

Two types of space solar cells, namely, InGaP/GaAs/Ge 
triple-junction (3J) cell and high-efficiency silicon (HES) 
solar cell were prepared and irradiated with 1 MeV electrons 
and 10 MeV protons under different fluence rates. The 
fluence rate was varied in two orders of magnitude. Five 
fluence rates for the proton irradiation and four rates for the 
electron irradiation were selected as described in Table I and 
II. The current-voltage characteristics of the cells before and 
after the irradiation tests were measured and compared. 

Table I  Experimental conditions of proton irradiation. 
Fluence Rate 

(p/cm2/s)
6.6

×108
1.0

×109
1.0

×1010
6.6

×1010
1.0

×1011

Energy (MeV) 10 

Fluence (p/cm2) 5×1012

Cell Size 2 cm × 2 cm 

Table II  Experimental conditions of electron irradiation. 
Fluence Rate 

(e/cm2/s)
1.7

×1011
1.0

×1012
4.0

×1012
1.7

×1013

Energy (MeV) 1.0 
Fluence (e/cm2) 1 �1015

Cell Size 2 cm � 2 cm 

Figures 1 (a) and 1 (b) depict the radiation degradation of 
the short-circuit current (Isc), the open-circuit voltage (Voc) 
and the maximum power (Pmax) of the 3J and HES solar 
cells, respectively, due to 1 MeV-electron irradiation1). No 
significant difference was found in degradation in the 3J cell. 
However, for the HES cell, cells irradiated at higher fluence 
rates show greater degradation. On the other hand, in the 
case of 10 MeV proton irradiation, no significant difference 
was found in degradation of either the 3J cell or the HES 
cell.  

It is known that the formation of radiation defects are 
different between the cases of electron irradiation (point 

defects) and proton one (cluster defects), and the type of 
radiation defect causing solar cell degradation in Si is 
different from that in III-V compounds. However, the reason 
of the different dependence of cell degradation on the 
fluence rate has not been clarified yet. 

Meanwhile, the fact that degradation became greater as 
the electron fluence rate increased in the HES cells implies 
that a definition of the fluence rate is needed in the test 
methodology ISO standard for electron irradiation tests of Si 
cells. 

Reference 
1) M. Saito et al., Technical Digest of 17th International 

Photovoltaic Science and Engineering Conference, 
Fukuoka, Japan (2007) 963.
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Fig. 1  Comparison of remaining factors of Isc, Voc and
Pmax for (a) 3J and (b) HES cells irradiated with 
1 MeV electrons. 
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Development of ERD System to Observe Hydrogen 
Behavior in Ion Irradiated a-Si:H 

S. Sato a), T. Ohshima a) and M. Imaizumi b)

a) Environment and Industrial Materials Research Division, QuBS, JAEA, 
b) Aerospace R&D Directorate, JAXA 

Hydrogenated amorphous silicon (a–Si:H), which is 
used as thin film transistor or thin film solar cell, has high 
radiation tolerance1, 2). Since a–Si:H thin film solar cell also 
has advantages from the point of view of resource saving, 
high output per weight, low cost, and so on3), it is expected 
as solar cell for space applications4). In addition, thermal 
annealing at low temperatures (under 200 oC) restores the 
electrical characteristics of a–Si:H solar cell even if the 
degradation happens due to charged particle irradiation. 
Previously, the low conversion efficiency of a–Si:H sloar 
cells has been a problem for space use. However, the 
conversion efficiency of single–junction a–Si:H solar cell is 
nowadays about 10% 5). Furthermore, multi–junction solar 
cell, of which the efficiency is expected to be higher than 
that of single–junction solar cells, becomes a mainstream in 
present day. For instance, the target value of the efficiency 
of a–Si:H/a–SiGe:H/�c–Si:H triple–junction solar cell is 
15%5).

We plan to clarify the behavior of hydrogen atoms in 
a–Si:H (trap site of hydrogen atoms, the interaction between 
defects and hydrogen atoms, etc.) when a–Si:H is irradiated 
with ions. Under this plan, firstly, a–Si:H will be irradiated 
with H or Si ions under low temperature condition, and then 
ERD (Elastic Recoiled Detection) will be carried out at the 
low temperature. In this paper, we will show the detailed 
plan for this study, and report the current status of the 
system.  

The samples used in this study are thin film a–Si:H 
grown on a Fz–Si substrate with ~1 �m thick by PECVD 
(Plasma Enhanced Chemical Vapor Deposition). The 
samples are prepared at the Research Center for 
Photovoltaics, Advanced Industrial Science and Technology 
(AIST).

Figure 1 shows a schematic drawing of the planned 
experimental setup. Since this irradiation chamber connects 
both the 400kV Ion Implanter and the 3MV Single-Ended 
Accelerator, the sample can be irradiated with ion beams 
from both accelerators simultaneously. The sample holder 
will be equipped with a cryostat, a heater and a temperature 
controller to control sample temperature in a range from 10 
to 800 K. 

The planned experimental procedure is as follows. At 
first, the sample will be irradiated under low temperature 
conditions with 100 keV-H+ or 380 keV-Si+. The irradiation 
fluence will be selected several conditions between 1014 and 
1017 /cm2. By the former fluence, a change in the 
composition of the sample isn't expected, and the other hand, 
latter fluence can change the composition. Secondly, the 

hydrogen distribution in the samples irradiated with ions 
will be measured by ERD at low temperatures. After that, 
the ERD measurement will be continuously conducted every 
10 ~ 20 K during increasing temperature. We can investigate 
the hydrogen reduction ratio from implanted region to the 
surface/deeper area. Comparing the ERD results with results 
obtained from other measurements such as Electron Spin 
Resonance (ESR) and Fourier Transform Infrared 
spectroscopy (FT-IR), the behaviors of hydrogen and 
defects acting as hydrogen trap sites in ion irradiated a–Si:H 
will be clarified. 
�  So far, we have already installed the measurement 
system of ERD at room temperature. The hydrogen 
distribution in a crystalline Si sample irradiated with H ions 
was measured to confirm the performance of the ERD 
system. 
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Fig. 1  A schematic drawing of the experimental setup. 
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Fig. 1  Energy transfer efficiency for Eu in AlGaN.

Energy Transfer Efficiency and Proton Irradiation 
Effects of Eu Implanted III-Nitrides for Optoelectronic 

Devices in Radiation Environments 

A.Wakahara a), H.Okada a), T.Shimojyo a), T.Hata a), T.Ohshima b) and S.Sato b)

a) Department of Electrical and Electronic Engineering, Toyohashi University of Technology, 
b) Environment and Industrial Materials Research Division, QuBS, JAEA 

Energy transfer efficiency and proton irradiation effects of Eu-implanted III-nitrides were investigated by 
photoluminescence (PL) measurement. Weak temperature dependence of energy transfer efficiency for Eu-related emission 
of 15~27% was found in AlGaN:Eu. 380 keV proton irradiation effects on the PL intensity of GaN:Eu showed that Eu-
related luminescence kept the initial PL intensity after the proton irradiation of 1�1014 cm-2, where the near band edge 
emission decreased drastically. These results suggest that Eu-doped III-nitrides are strong candidate for optoelectronic 
devices in radiation environment. 
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Fabrication of n-Channel 6H-SiC MOSFETs with 
MGy Range Radiation Tolerance 

T. Ohshima a), S. Onoda a), S. Hishiki a), N. Iwamoto a,b), K. Kojima c) and K. Kawano b)

a) Environment and Industrial Materials Research Division, QuBS, JAEA, b) The University of 
Electro-Communications, c) National Institute of Advanced Industrial Science and Technology

Silicon Carbide (SiC) is regarded as one of the candidate 
materials for devices with radiation hardness, owing to its 
superior radiation resistance as well as excellent physical 
properties and chemical stability1� . However, since the 
fabrication process of SiC devices has not yet optimized, the 
electrical characteristics such as the channel mobility of SiC 
Metal-Oxide-Semiconductor Field Effect Transistors 
(MOSFETs) are still lower than the ideal values. In previous 
studies2�, it was reported that the electrical characteristics of 
SiC MOSFETs were improved by the refinement of 
fabrication processes. Besides, Ohshima et al.1� reported 
that the channel mobility for 6H-SiC MOSFETs with 
steam-annealed gate oxide did not degrade by gamma-ray 
irradiation at 200 kGy in spite that H2-annealed ones 
showed the degradation above 40 kGy. This indicates that 
the radiation response of MOSFETs is affected by their 
fabrication processes. Therefore, it is important to reveal the 
relationship between radiation hardness and fabrication 
processes.  

In this study, we fabricate n-channel 6H-SiC MOSFETs 
with different fabrication processes, and radiation resistance 
of these MOSFETs is compared. 

 The n-channel MOSFETs were fabricated on p-type 
6H-SiC epitaxial layers. The net acceptor concentration of 
the epitaxial films was 2.3�1015 /cm3. The source and drain 
of the MOSFETs were formed using phosphorus (P) ion 
implantation at 800 oC and subsequent annealing at 1650 oC
for 3 min in an Ar atmosphere. Three-fold implantation (60, 
90, 140 keV) was carried out to form a box profile of P at a 
mean concentration of 5�1019 /cm3. To avoid the 
degradation of the surface morphology, the surface of 
samples was covered with carbon films during the annealing. 
After the annealing, the carbon films were removed by the 
oxidation at 800 oC for 30 min in dry oxygen. For the 
remainder of this article, SiC MOSFETs using the carbon 
coating procedure is referred to as "carbon-coated 
MOSFETs". For comparison, MOSFETs without this 
carbon coating procedure were also fabricated (non-coated). 
The gate oxide was fabricated by pyrogenic oxidation 
(H2:O2 = 1:1 at 1100 oC for 30 min). The gate length, width 
and thickness of the MOSFETs are 10 �m, 200 �m and 30 
nm, respectively. After gate oxidation, the samples were 
slowly cooled at a rate of � 8 oC/min until 500 oC in Ar 
atmosphere. Al electrodes were formed using a lift-off 
method. Gamma-ray irradiation was performed up to about 
3 MGy (SiO2) at a rate of 8.7 kGy/hour at room temperature 
(RT). No electrical bias was applied to the gate, the drain 
and the source during irradiation. The electrical 

characteristics were measured at RT in a shielded probe 
station under dark conditions to minimize external noises. 

Figure 1 shows the channel mobility for n-channel 
6H-SiC MOSFETs as a function of gamma-ray absorbed 
dose. Before gamma-ray irradiation, the values of channel 
mobility for carbon-coated and non-coated MOSFETs are 
41 and 44 cm2/Vs, respectively. For carbon-coated 
MOSFETs, no significant change or slight increase in the 
channel mobility is observed up to 3 MGy. The value of 
gamma-ray induced interface traps (�Nit) for carbon-coated 
MOSFETs is estimated to be less than 4�1011 /cm2, which 
are close to the detection limit even after 3 MGy irradiation. 
On the other hand, a decrease in the channel mobility is 
observed for non-coated MOSFETs at dose ranges above  
2 MGy. The �Nit increases with increasing dose, and the 
value becomes in the order of 1012 /cm2 at doses above   
1.5 MGy. Since the channel mobility decreases due to the 
generation of interface traps3), the result obtained in this 
study can be interpreted in terms of the generation of 
interface traps due to irradiation. 
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Fig. 1  Channel mobility for n-channel 6H-SiC MOSFETs 
as a function of gamma-ray absorbed dose. Squares and 
circles represent the results obtained for carbon-coated 
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First-Principles Molecular Dynamics Simulation of 
SiO2/SiC Interface of SiC Devices 

A. Miyashita a), T. Ohnuma b), M. Iwasawa b), H. Tsuchida b) and M. Yoshikawa a)

a) Environment and Industrial Materials Research Division, QuBS, JAEA, 
b) Materials Science Research Laboratory, CRIEPI 

Silicon carbide (SiC) semiconductor devices are 
expected to be used in severe environments such as outer 
space and/or nuclear power plants. The performance of SiC 
metal-oxide- semiconductor (MOS) devices to date is low as 
compared with theoretical performance expected. This is 
considered to be attributed to defects generated at the 
SiO2/SiC interface that degrade the electrical characteristics 
of MOS devices. However, it is not clear at present what 
kind of defects affect the degradation of electric 
characteristics. Although a lot of researchers have been done 
for analyzing the relation between physical structure near 
the interface and electrical characteristics in actual MOS 
devices, the details are not clear at present.  

Last year, we obtained the SiO2 layers with an 
amorphous characteristics1) using 444 atoms middle-scale 
model. However, the defect at the interface was not induced, 
though it was observed in the actual devices. The aim of this 
report is to produce the theoretical interface involving the 
defects at the interface and to know the relation between 
physical structure and electrical characteristics at the 
interface by using large-scale simulation. 

A simulation for the amorphous SiO2(a-SiO2)/SiC 
interface in the actual SiC MOS devices was carried out on 
computer using the first-principles molecular dynamics 
calculation, in which Vienna ab initio Simulation Package 
(VASP)2) was employed as a calculation code. Prior to the 
calculation, a large-scale slab model using 1017 atoms was 
prepared on the basis of an atomic network for beta quartz 
(�-SiO2) on 4H-SiC crystal. The Si atoms at the top of 
�-SiO2 and the C atoms at the bottom of 4H-SiC crystal 
were saturated by H atoms. By applying the heating and 
quenching method to the large-scale slab model, a 
theoretical structure around the a-SiO2/SiC interface was 
obtained on computer. Figure 1 exhibits the temperature 
profiles of the heating and quenching method for the 
simulation. Three different types of temperature profiles are 
applied. The total energy of large-scale model is also plotted 
in the same figure.  

The simulation was done for several months to produce 
the theoretical structure on computer. In order to estimate 
the distribution of the SiO2 layers of theoretical structure 
obtained, radial pair distribution function (RDF) was 
applied. No long range order was seen for the theoretical 
structure. On the contrary, the short range order was 
observed. As seen in Fig. 2, the average bond angle of 
Si-O-Si increases from 135 deg to 140 deg with the decrease 
of quenching rate from -2000 K/ps to -500 K/ps. It was 
found that the average bond angle for the quenching rate of 
-500 K/ps is close to that of silica glass (145±10 deg). 
Similarly, average the O-Si-O bond angle and the Si-O bond 
length in the SiO2 layers is calculated to be 0.165 nm and 
109 deg, respectively. 

As for the theoretical structure at the interface, the 
several kinds of defects such as a Si dangling bond, Si-Si 
bonds and a Si atom with the coordination number of 5 are 
produced at the interface. It is not explained well with 
reasons that these defects are generated at the interface of 
theoretical structure during the heating and quenching 
procedures. However the composition ratio of O to Si (O/Si 
ratio) at the interface is high enough as compared with that 
in the SiO2 layers, which indicates following thing. As 
compared with Si in SiO2 layers, O links easily with the 
exposed bonds of Si atoms at the interface involving 4H-SiC 
substrate during the process. Therefore these defects, 
especially for the Si-Si bond or Si dangling bond, would 
reduce the excess oxygen at the interface and improve the 
O/Si ratio to a normal value of 2. As for the behavior of a Si 
atom with the coordination number of 5, the structure 
disappeared when the quenching rate slow down from  
-2000 K/ps to -500 K/ps. Taking the angle extension of 
Si-O-Si bond into account, the Si atom with the 
coordination number of 5 is considered to be unstable as 
compared with other defects. The slower quenching rate is 
needed to obtain the result. 
References 
1) A.Miyashita et al., Materials Science Forum 556-557, 

(2007) 521. 
2) G.Kresse et al., Phys. Rev. B54 (1996) 11169. 

Fig. 1  The temperature profile of the heating and 
quenching process and the transition of total energy. 

Fig. 2 Si-O-Si 
bond angle in 
the SiO2 layers 
with various 
quenching 
rates. 

Distance between Si atoms in SiO2 layers (nm) 
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Al-implanted 6H-SiC unirradiated or irradiated by 1 
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diamonds represent p(T) for 0, 1�1016, 5�1016, and 
1�1017 cm-2, respectively. 

Mechanisms of Reduction in Hole Concentration in 
Al-implanted p-type 6H-SiC by 1 MeV Electron 

Irradiation

H. Matsuura a), K. Izawa a), N. Minohara a) and T. Ohshima b)

a) Dept. of Electronic Engineering and Computer Science, Osaka Electro-Communication University, 
b) Environment and Industrial Materials Research Division, QuBS, JAEA 

The relationship between the temperature-dependent 
hole concentration p(T) and trap density can be directly 
investigated, when the densities and energy levels of traps 
can be determined using p(T). A graphical peak analysis 
method (FCCS: free carrier concentration spectroscopy)1,2)

can determine the densities and energy levels of acceptors 
and hole traps from the experimental p(T) without any 
assumptions regarding acceptor species and hole traps. 

By comparing the radiation damage in 4H-SiC with that 
in Si,1,2) it was found that the reduction in p(T) in Al-doped 
p-type 4H-SiC by electron irradiation was much larger than 
that in p-type Si. Since the large reduction in p(T) in 
Al-doped 4H-SiC by electron irradiation was an unexpected 
result, the decrease in p(T) by irradiation with different 
electron energies was investigated. Since 6H-SiC is 
expected to be a suitable polytype for electronic devices 
used in high-energy radiation environments, we report on 
the reduction in p(T) in Al-implanted p-type 6H-SiC by 1 
MeV electron irradiation. 

In order to form a p-type 6H-SiC layer, Al ions were 
implanted at 800 oC in a 4.9-µm-thick n-type 6H-SiC 
epilayer with a N-doping level of 6.7�1015 cm-3 on an 
n+-type 6H-SiC substrate. To obtain a 0.5-µm-thick box 
profile of Al concentration, fivefold Al ion implantation was 
carried out using 20, 50, 110, 200, and 340 keV onto the 
n-type SiC epilayer surface. The samples were irradiated 

with 1 MeV electrons. p(T) was measured in the 
temperature range from 210 to 720 K and at a magnetic field 
of 1.4 T. 

Figure 1 shows p(T) for the unirradiated and irradiated 
p-type 6H-SiC. Using each p(T) in Fig. 1, the density (NA)
and energy level (EA) of acceptors were determined by 
FCCS. NA is decreased by the displacement of Al atoms or 
their nearest neighbor C atoms because only the Al atom 
bonding to four C atoms works as an Al acceptor. Since the 
number of collisions between incident electrons and those 
atoms in unit volume is proportional to NA, the following 
differential equation describing the fluence dependence of 
NA is obtained: 

A
A

d
d NN

A���

�

  , 

where �A is the removal coefficient of Al acceptors for    
1 MeV electron irradiation and � is the fluence of 1 MeV 
electrons. Therefore, 

)exp( A0AA ���� NN .
Figure 2 shows the experimental fluence dependence of NA,
from whose slope �A is determined as 6.4�10-18 cm2.

References 
1) H. Matsuura et al.: Jpn. J. Appl. Phys. 45 (2006) 2648. 
2) H. Matsuura et al.: Physica B 376-377 (2006) 34.
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EPR Characterization of Defects in SiC 

J. Isoya a), T. Umeda a), N. Mizuochi a), T. Ohshima b), N. Morishita b) and S. Hishiki b)

a) Graduate School of Library, Information and Media Studies, University of Tsukuba, 
b) Environment and Industrial Materials Research Division, QuBS, JAEA 

Silicon carbide (SiC) is suitable for high-power, 
high-current, high-frequency and high-temperature 
applications. Moreover, the high radiation-hardness is 
especially suited to the semiconductor devices used in space. 
Since point defects affect the electronic properties of SiC 
significantly even at low concentrations, it is important to 
identify the radiation-induced defects and to clarify the 
mechanism of their formation. By using electron 
paramagnetic resonance (EPR) technique, we have 
determined the detailed geometric and electronic structures 
of monovacancies, VSi

�(h/k), TV2a, EI5:VC
+(k), EI6:VC

+(h)
and HEI1:VC

�(h), divacancies, P6/P7: [VSiVC]0 (S=1), and 
antisite-vacancy pairs, HEI9/HEI10: [CSiVC]+ and SI5: 
[CSiVC] �, in 4H-SiC.1) Here, we report the recent progress of 
our continuing work of the EPR studies of defects in SiC.  

The determination of the energy level positions in the 
energy gap plays a key role for the EPR centers to be linked 
to PL and DLTS. We have carried out photo-EPR, in which 
the intensity (appearance) of EPR signal is measured as a 
function of the photon energy of illuminating light, of the 
vacancy-related defects in n-type 4H-SiC irradiated with 
electrons at various temperatures (the example of  350 ºC 
irradiation is shown in Fig. 1).2) Comparing to the first 
principles calculations, the threshold energy (1.05-1.10 eV) 
observed for VSi

� and TV2a is ascribed to the intra-vacancy 
transition energy. The detection of VC

� from 1.00-1.05 eV 
and VC

+ from 2.00-2.05 eV confirms the negative-U model 
of VC

2� which is stable when EF=Ec�1.0-1.1 eV.  
Ion implantation, which enables the spatial selectivity 

and the desired concentration of doping, is critical for the 
device fabrication. The presence of the residual defects after 
post-implantation annealing (1650 ºC) has been observed in 
phosphorus ion implanted 6H-SiC.1) Theoretical studies 
have suggested that complex formation of carbon 
interstitials or their aggregation to clusters of carbon 
antisites should be one of possible candidates for the defects 
which are stable up to high temperatures.3,4) To identify the 
isolated interstitial (Ci and Sii) and to clarify the mechanism 
of the formation of defects through the migration of 
interstitials, electron irradiations at various temperatures 
have been carried out. After electron irradiation at 100 K  
(2 MeV, 5�1017 cm�2), we have observed a new EPR center 
labeled LE1 (C2v, S=1/2) which is likely to be arising from 
interstitial carbon (Fig. 2). EPR spectra HEI5/HEI6 
observed in 4H-SiC after electron irradiation at 350-800 ºC 

have been identified to be di-carbon antisite defect (C2)Si

(two carbon atoms sharing a single silicon lattice site), 
which is formed by capture of mobile interstitial carbon by 
pre-existing carbon antisite, from the 13C/29Si hyperfine 
interactions. 

References 
1) J. Isoya et al., phys. stat. solidi b, special issue, (in 

press). 
2) T. Umeda et al., Proceedings of ICSCRM2007, (in 

press). 
3)  A Gali et al., Phys. Rev. B 68, (2003) 125201. 
4)  A. Mattausch et al., Phys Rev. B 70, (2004) 235211. 
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Fig. 1 Photo-EPR (60 K) of vacancy-related defects in

n-4H-SiC irradiated with electrons (1�1018 cm�2) at 350 ºC.

(mT)

Fig. 2  EPR spectrum of 3C-SiC irradiated with 
electrons (5�1017 cm�2) at 100 K.
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Introduction 
The several irradiation experiments were made to 

contribute the construction of J-PARC facility by the 
evaluation of material reliability.  Major activity of the 
irradiation experiment is a study for the characteristics of 
cable at the high dose rate environment.  Other activities 
are examination of paint and linear motion guide assembly.  
Result of each study is referred in the specification of those. 
PEEK insulation high voltage power cable 

Use: DC 7 kV power supply cable for the ion pump 
installed in the 3 GeV synchrotron tunnel. 
Use position and assumption dose: Right under the 
accelerator beam line and dose of up to 10 MGy. 
Feature: The structure consists of PEEK (poly-ether- 
ether-ketone) resin insulator, copper conductor and stainless 
steel mesh armored power cable. 
Irradiation condition: Sample dimension of 10 mm in outer 
diameter and 10 m long winding by race-track shape. Dose 
rate of 14 kGy/h average and total exposure of up to      
30 MGy. 
Summarized result: Insulation resistance has no change up to 
30 MGy.  Total dose of 30 MGy turned mechanical 
property deteriorative as the fragileness.  
Halogen-free and flame retardant conventional power 
cable 

Use: Ordinary power feed cable for electric device.  
Use position and assumption dose: Between power supply 
building and active components in the accelerator tunnel and 
dose of up to 3 MGy. 
Feature: The structure consists of modified low-density 
polyethylene resin insulator, copper conductor and the new 
sheath material of polyolefin resin to which a radiation 
resistant stabilizer was added. 
Irradiation condition: Sample dimension of 16 mm in outer 
diameter and 40 m long winding by race-track shape for a 
pair of sample.  Two kinds of dose rate at 2 kGy/h and  
5.4 kGy/h were used for total exposure of 1 MGy and    
2.6 MGy respectively. 
Summarized result: The theme of the examination was the 
flame retardant characteristics.  Both of 1 MGy and 2.6 
MGy irradiated sample passed the vertical flame test of 
IEEE-383 regulation. 
PEEK insulation coaxial RF cable 

Use: Data communication cable for the control and 
monitoring for the accelerator at the high dose rate area. 
Use position and assumption dose: Along the accelerator 
beam line to connect as pre-amp or monitor assembly, and 
dose of up to 30 MGy. 

Feature: The structure consists of PEEK resin insulator, 
copper conductor and polyolefin sheath kept a coaxial 
dimension. 
Irradiation condition: Sample dimension of 6 mm in outer 
diameter and 0.5 m in length terminated by SMA coaxial 
connector. Dose rate of 10 kGy/h average and total exposure 
of up to 30 MGy. 
Summarized result: Major electrical characteristics such as 
RF decay, delay, phase-shift, VSWR, impedance, 
capacitance and insulation resistance had no change until 
dose of 30 MGy. Total dose of more than 20 MGy turned 
mechanical property deteriorative as the fragileness. 
Room temperature available galvanizing paints 

Use: Repair paint of the instruments surface coated with 
zinc at the high dose rate area. 
Use position and assumption dose: Around the beam dump 
component of the accelerator and dose of up to 50 MGy. 
Feature: Handy galvanizing paints by spray coating method 
available on the market. 
Irradiation condition: Galvanizing coated iron plate sample 
and zinc plated iron plate sample were used.  Dose rate of 
15 kGy/h average and total exposure of up to 50 MGy. 
Summarized result: No change of the surface condition until 
dose of 30 MGy was observed.  Slight powder is found at 
dose of 40 MGy range.  Paint adhesion of level 2 was kept 
on the JIS- K5600 cross cut test after 50 MGy exposure. 
Linear motion guide using the Rice-Bran-Ceramic slider 

Use: A precise position guide in a mechanical linear 
motion drive apparatus applied to the accelerator active 
component at the high dose rate area. 
Use position and assumption dose: In the beam monitor 
drive mechanism typically and varied dose of 1 MGy to   
50 MGy. 
Feature: Combined with SUS-304 raceway and oil free 
sliding carriage using the rice-bran-ceramic. 
Irradiation condition: Three pieces of assembly with size of 
100mm in raceway length were irradiated. 
Summarized result: No change of the friction coefficient was 
observed until dose of 50 MGy.  The friction coefficient 
was kept around 0.15 �m through the whole examination.  
No damage in the ceramic structure was observed by 
scanning electron microscopy after 50 MGy exposure. 
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The ITER, an international fusion experimental reactor, 
requires remote maintenance for its components because of 
the severe environment in the reactor, especially the 
gamma-ray.  The radiation environment during the 
maintenance operation is about 0.5 kGy/h and therefore, the 
total dose is 1 MGy if the maintenance operation takes three 
months. 

The irradiation test has been performed for components 
of the ITER remote maintenance system1, 2).  Regarding 
instrumentation and operational amplifiers for strain gauges, 
an irradiation test was performed in order to examine which 
amplifier on the market can be used from the viewpoint of 
radiation-hardness.  It was found from the test that a 
rad-hard operational amplifier, HS1-5104ARH-Q, 
functioned without deviation of characteristics from 
specification until the guaranteed value, 1 kGy, and had 
continued to function from 2 kGy till 417 kGy with some  
of characteristics deviating from specification3).  The 
present study aimed at continuation of the irradiation test to 
investigate the acceptable total dose of the amplifier. 

The dose rate in the irradiation test was almost the same 
value as that in the real environment of the ITER 
maintenance operation, 0.5 kGy/h.  The samples were 
irradiated for a certain period with bias current and after that 
they were took out from the cell for the measurement of 
their electrical characteristics such as input bias current, 
offset voltage, open-loop gain and so on.  This cycle of 
irradiation and measurement was repeated. 

The identical samples used in the previous study (No. 
5538, 5539 and 5540) were further irradiated with additional 
dose of 595 kGy (1.012 MGy in total) and the results were 
compared with the reference sample which had not been 

irradiated.  All the irradiated samples had functioned until 
total dose of 1.012 MGy, and some of characteristics were 
extremely deviating from specification.  Figures 1 and 2 
show the transitions of the open-loop gains Avol+ and Avol-
of HS1-5104ARH-Q during irradiation.  Definitions of 
Avol+ and Avol- were as follows: 

Avol+ = (10V-0V)/(Vin_10V-Vin_0V)
Avol- = (-10V-0V)/(Vin_-10V-Vin_0V)

where 
Vin_XV: input voltage of the amplifier where output 
voltage is X (V) 
The broken and dotted lines in Figs. 1 and 2 show the 

reference sample and specification, respectively.  
Regarding the Avol+, the deviation from specification is 
generally limited even at the end of irradiation.  On the 
other hand, the Avol- decreased drastically after the total 
dose of 622 kGy although they still remain at around     
70 kV/V until 471 kGy.  Therefore, the acceptable total 
dose can be defined as 471 kGy for the amplifier 
HS1-5104ARH-Q.  The reason for the decrement was 
considered that the transistor in the amplifier was damaged 
due to irradiation and its gain decreased. 

In the future study, an actual circuit for the strain gauge 
using the amplifier will be irradiated and the behavior of the 
circuit will be investigated. 
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The inner lining ( termed a “blanket”) of the vacuum 
vessel (VV) of the International Thermonuclear 
Experimental Reactor (ITER) will be activated by 14 MeV 
neutrons generated by fusion reactions. Maintenance of the 
blanket in the VV must be carried out under high gamma 
ray radiation conditions (~0.5 kGy/h) and in the presence of 
contaminated dust such as beryllium, carbon and steel.  All 
interventions inside the VV therefore must be performed 
remotely. The blanket is composed of about 400 modules, 
designed for remote individual replacement1).

Figure 1 shows the robot for maintenance of the 
blanket module. The robot has 18 degrees of freedom and is 
driven by an electrical AC servo motor2) with sensor for 
position measurement. Irradiation tests for AC servo motor 
were carried out from 1995 to 2001 with the cooperation of 
JAEA OuBS to develop the electrical insulator and the 
mechanical lubricant under high gamma ray irradiation3).
However, the AC servo motor that was developed is too 
expensive. It is necessary to reduce the manufacturing cost 
of this developed AC servo motor in order to satisfy ITER 
requirements. To reduce costs, a commercially available AC 
servo motor used in viewing/inspection robots that are 
designed for fission reactor was selected. The Objective of 
this irradiation test is to clarify the performance limits of a 
commercially available AC servo motor under gamma ray 

irradiation. As a result of these performance tests, we will 
determine the criteria for estimating the life time of AC 
servo motor. 

Table 1 shows the materials for AC servo motor used in 
these irradiation tests. Six AC servo motors were subjected 
to gamma ray radiation at a dose rate of 0.5 kG/h. 
Intermediate results of the tests indicate that one of six 
motors has stopped due to radiation damage of electrical 
insulator in sensor as shown in Fig. 2. The total dose of the 
non-functioning motor is about 3.47 MGy. The remained 
five motors continue to work after having been irradiated 
with a total dose of about 6.3 MGy. Test will continue until 
the performance limits of the remaining five motors have 
been established. 
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1) ITER Technical Basis, ITER EDA Documentation 

Series No. 24, IAEA, Vienna, (2002). 
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Robot for remote maintenance Vacuum Vessel
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Motor lead line for power
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Investigation of Effect of Radiation Deterioration on 
Confinement Capability of Glove-box 

H. Abe, K. Watanabe, S. Tashiro and G. Uchiyama 

Nuclear Facility Safety Research Unit, NSRC, JAEA 

In the mixed-oxide (MOX) fuel fabrication facility, 
MOX is required to be handled in Glove-box (GB) to 
sustain confinement of MOX.  Since the GB consists in 
some inflammable components such as plastic panel, in case 
of fire, the static containment capability of the GB may be 
deteriorated by pyrolysis or combustion of the components.  
Deterioration of the static confinement capability of the GB 
may cause release of MOX to the room involving the GB 
and to the outside of the facility and exposure of worker and 
public around the facility.  Therefore, to confirm the safety 
of the facility under the fire, acquisition of fundamental data 
of the pyrolysis and combustion properties of the 
components and establishment of quantitative evaluation 
method of time-course of the deterioration are very 
important.  From this point of view, in JAEA, the thermal 
properties of the components have been investigated as a 
contract research from Japan Nuclear Energy Safety 
Organization (JNES)1).

Since a large amount of MOX is handled in the actual 
MOX fuel fabrication process, the components are 
irradiated by MOX and radiation deterioration of the 
components could be caused.  In this contract research, the 
effect of the radiation deterioration on the pyrolysis 
properties of the components has been also investigated.  
In fiscal 2006, some components were irradiated under an 
extremely high-dose condition at 880 kGy, using the 6th 
60Co cell at JAEA Takasaki and the exothermic and 
endothermic calorific values and mass reduction with 
pyrolysis reactions as a function of temperature of the 
irradiated components were measured by Simultaneous 
Differential Thermogravimetric Analyzer (Shimazu 
DTG-60H)2)3).  In fiscal 2007, to observe the effect in 
detail, the components were irradiated under two irradiation 
conditions, 0.5-3 kGy as relative low irradiation conditions 
and 25-880 kGy as relative high irradiation conditions, and 
the pyrolysis properties of the components were observed 
by using the DTG apparatus. 

Figure 1 and 2 show the mass reduction rates with 
pyrolysis reactions under air atmosphere condition for the 
irradiated Polymethylmethacrylate (PMMA) as commonly 
used as plastic panel of the GB.  The mass reduction rate 
was evaluated by differentiating mass reduction curve, 
obtained from DTG measurement, with respect to time and 
dividing by initial sample weight, used in DTG 
measurement.  For the relative low irradiation conditions, 
the effect of the radiation deterioration on the pyrolysis 
properties was not recognized.  This means the effect for 
PMMA, used as the panel for a long period in the actual 
facility, would be negligible.  On the other hand, for the 

relative high irradiation conditions, one peak of the mass 
reduction rate, observed for non-irradiation condition, split 
up into two peaks and temperatures of the respective two 
peaks shifted to lower and higher temperatures with 
increasing dose, respectively.  The long-chain polymer, 
such as PMMA, is affected as following two conflicting 
effects by irradiation, the one is reduction of molecular 
weight by cutting of backbone chain and the other is rise of 
that by binding between the molecules and forming three 
dimensional network structure.  Because of these 
phenomena, the split of the peak of the mass reduction rate 
would be induced.  In future, the more detailed 
investigation, for example, observation of threshold of dose 
affecting the pyrolysis properties, is planned. 

References 
1) H. Abe et al., JAEA-Research 2006-054 (2006.9). [In 

Japanese] 
2) H. Abe et al., JAEA-Research 2007-075 (2007.11). [In 

Japanese] 
3) H. Abe et al., JAEA-Review 2007-060 (2008.3). [In 

Japanese] 

Fig. 1  Evaluation results of mass reduction rate
(relative low irradiation conditions). 

Fig. 2  Evaluation results of mass reduction rate
(relative high irradiation conditions). 
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Direct Alpha-Ray Irradiation Damage on CSM Rubber 
Applied for Glove Box for Plutonium Powder Treatment 

K. Saito, Y. Nogami and H. Endo 

Plutonium Fuel Development Center, NFCEL, JAEA 

Facilities as a MOX plant which treats much plutonium 
consume a lot of expensive rubber gloves applied for glove 
boxes. Currently, for economical reasons, newly improved 
long-lasting glove is desired and under development at 
Plutonium Fuel Development Center, Tokai, JAEA. In order 
to map out its course of development of the new glove, the 
deteriorative factors (oxygen, ozone, ionizing radiation etc.) 
and the mechanism of damage to raw material are needed to 
be well-known. However, the present status of experimental 
data of direct and indirect �-ray effects on glove is very 
poor notwithstanding that plutonium is strong �-ray emitter, 
and its systematic evaluation has been scarcely conducted 
hitherto. Therefore, in order to evaluate the direct �-ray 
effects for the first step, helium ion irradiation experiments 
were performed at vacuum environment. 

Sample material is chlorosulfonated polyethylene 
(CSM) glove which SANKO CHEMICAL INDUSTRY CO. 
Ltd. manufactures and Plutonium Fuel Development Center 
mainly employs. JIS K 6251-7 dumbbell-shaped pieces cut 
from a CSM glove were irradiated in a vacuum chamber 
(4~7×10-7 Torr) with He2+ ion beam (26~180 nA, duration 
of 4~6104 sec.) generated from 3MV tandem accelerator at 
TIARA. The kinetic energy of the ion was 5 MeV close to 
the average energy of ��rays emitted from plutonium 
isotopes. Experiments were divided into two parts, 
low-fluence experiment and high-fluence one, which 
correspond to 10 kBq/cm2 contamination and 0.5~5 years 
exposure, and 2.9 MBq/cm2 and 0.2~10 years, respectively. 
The maximum was 4.7×1014 cm-2 as high fluence. Since the 
deterioration-promoting effect under stress by �-ray 
irradiation is known, two stress parameters on sample were 
additionally set as “without-stress” and “elongated” for 
100%. Four samples were simultaneously irradiated for one 
condition: fluence and stress. The irradiated samples are 
sent to visual inspection and two tensile tests: tensile 
strength and elongation at break. 

At the low-fluence experiment up to 9.2×1011 cm-2,
�-ray effects were not observed at all for not only surface 

state but tensile properties. 
Figure 1 is the photographs of the irradiated 

without-stress samples. Figure 1(a) shows remarkable 
gradation according to fluence. Figure 1(b) shows the 
discolored and well-defined layer of 30~40 �m depth 
corresponding to the ion range. The surface of samples 
begin to hardening owing to progressed vulcanization, and 
the samples irradiated up to the fluence of 4.7×1014 cm-2 are
surface-fragmented, as shown in Fig. 1(c). 

Figure 2 shows the results of tensile strength tests. There 
is no systematic variation at low-fluence experiment. A 
tendency to decrease with fluence is shown in appearance at 
high-fluence region. However, the weakening is likely to be 
attributed principally to temperature increase due to thermal 
flux. This supposition is drawn from followings; 1) the ion 
flux proportional to the thermal flux at the irradiation 
indicated by symbol A was 1.5~2.0 times higher than that of 
other high fluence irradiation, 2) though the fluence at the 
irradiation indicated by B and C symbols differs by a factor 
of ten, there is only a slight difference in strength. Therefore, 
irradiation damage on tensile strength may be relatively 
small. Elongated samples exhibit a faster decrease than 
without-stress ones. This difference may be due to the 
deterioration-promoting effect under stress by heat load, not 
by irradiation. 

Since there are no changes in the result of elongation at 
break under any conditions, no correlation between 
elongation and tensile strength is given. 

At the high-fluence experiment, rubber surface was 
degraded such as discoloration, hardening and 
embrittlement. Tensile properties variation which was 
supposed to be ascribed to heat load must be confirmed with 
additional experiments in radiation-free condition. 

(a) (b) (c) 

Fig. 1  Photographs of without-stress samples at high 
fluence experiment. (a) After irradiation (b) Enlarged 
side view of surface after irradiation (c) After tensile 
test. Numerical value in photograph indicates ion 
fluence into the sample in the unit of cm-2.
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Gamma-Ray Irradiation Durability of Silica Based 
Adsorbents for the Extraction Chromatography 

Y. Koma, Y. Sano and S. Watanabe 

Advanced Nuclear System Research and Development Directorate, JAEA 

In the framework of the feasibility study on 
commercialized FR cycle system, Japan Atomic Energy 
Agency (JAEA) evaluated Am and Cm (An(III)) recovery 
processes on design basis, and the extraction 
chromatography technique, which uses SiO2 support coated 
with styrene-divinylbenzene polymer (SiO2-P) and an 
extractant on its surface, was evaluated as the promising 
process for establishing more compact equipments and a 
less amount of secondary waste than those of the solvent 
extraction methods1, 2).

In this study, resistances of the R-BTP/SiO2-P and the 
TODGA/SiO2-P adsorbents to gamma-ray irradiation were 
investigated to evaluate durability of the adsorbents. Each 
R-BTP/SiO2-P and TODGA/SiO2-P adsorbent was kept in 
HNO3 solution, and they were irradiated at room 
temperature with Co-60 gamma-rays at a dose rate of     
3 kGy/h. The maximum accumulated dose was 4 MGy. The 
adsorbents separated from the acid solution were provided 
for the batch adsorption/elution experiments, and the 
concentrations of the TOC in the residual acidic solution 
were evaluated to estimate the amount of the eluted organic 
compounds.  
   Gases were generated in the vial that contained the 
adsorbents and HNO3 solution during gamma-ray irradiation, 
and colors of the adsorbents turned form white to yellow or 
brown by irradiation.

Figure 1 shows the distribution coefficients of U(IV) 
onto the R-BTP/SiO2-P adsorbent irradiated with the 
gamma-ray. The distribution coefficient decreased with 
absorbed dose, and degradation by irradiation was 
apparently observed through the change of appearance of 
the adsorbent. Concentration of the HNO3 also influenced 
on the distribution coefficient. The adsorbents immersed in 
the 2 mol/dm3 HNO3 solutions lost almost all the adsorption 
capacity by irradiation, however the adsorbents mixed with 

0.01 mol/dm3 HNO3 solution kept above 80% of the initial 
capacity up to 1 MGy. 

The amount of the eluted R-BTP evaluated by TOC in 
the residual HNO3 solution was 40% and 0.1% for 1 MGy 
irradiated adsorbents in the 2 and 0.01 mol/dm3 HNO3

solution, respectively. Some carbon in R-BTP should have 
been emitted as CO2 gas during the irradiation. 

Those results imply that the degradation of the R-BTP 
mainly depends on the concentration of the HNO3 solution 
rather than the absorbed dose of gamma-ray. 
   Figure 2 shows the distribution coefficients of Eu(III) 
onto the TODGA adsorbents irradiated by gamma-ray. The 
distribution coefficient decreased with dose, however the 
decrease scarcely depended on the concentration of the 
HNO3 solution. The amount of the eluted TODGA was 
11 % and 1 % for 1 MGy irradiated adsorbents in the 4.76 
and 0.1 mol/dm3 HNO3 solution, respectively. Therefore 
degradation of TODGA by gamma-ray irradiation is 
considered to be less significant than that of R-BTP. 

Present study is the result of “Development of 
Extraction Chromatography for Am and Cm Recovery” 
entrusted to JAEA by the Ministry of Education, Culture, 
Sports, Science and Technology of Japan (MEXT). 
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Study on Stability of Cs·Sr Solvent Impregnated Resin 
against Gamma Irradiation 

H. Hoshi, T. Kikuchi, T. Asakura, Y. Morita and T. Kimura 

Division of Fuels and Materials Engineering, NSED, JAEA 

Minimization of radioactive waste from reprocessing 
process of spent nuclear fuel is strongly desired. We 
develop an advanced technology for separation of heat 
generating elements (Cs and Sr) from high level waste to 
optimize radioactive waste by its characteristics. Recently, 
some analogues of crown ether or calix-crown extractant 
were reported on specific selectivity for Sr or Cs, 
respectively1,2). In our previous study, some novel solvent 
impregnated resins (SIRs) were prepared and these SIRs 
indicated promising ability to separate Cs and Sr from other 
typical fission products dissolved in nitric acid solution.  

An extractant and a modifier were impregnated into 
porous silica, which is embedded styrene divinyl benzene 
polymer on the surface. These adsorbents contacting with 
nitric acid solution were exposed to gamma ray in a vial. 
After the gamma irradiation, adsorbents were filtrated 
through a membrane filter and supernatant were measured 
by LC/MS. The adsorption capacity and distribution 
coefficients were also examined by using irradiated 
adsorbents after drying.  

Cs SIR has a significant selectivity for Cs by size 
exclusion. As shown in Fig. 1, the distribution coefficient 
decreased with dose. After an irradiation of 827 kGy, the 
distribution coefficient of Cs to that of unirradiated one was 
depressed to be 1/3 at 30 ºC. 

No significant degradation compound of extractant was 
observed by LC/MS analysis. Calix-crown, impregnated 
into resin, indicated strong stability against irradiation. Thus, 
it was presumed that decrease of distribution coefficient was 
due to degradation of alcohol used as a modifier of 

adsorbent.  
The distribution coefficient of Sr from nitric acid 

solution onto irradiated Sr SIR at 30 ºC was shown in Fig. 2. 
The distribution coefficient decreased with dose. Some 
degradation compounds of crown ether, which is 
impregnated into resin, was observed by LC/MS analysis. It 
was assumed that crown ether was cloven and dissolved into 
aqueous phase. The distribution coefficients of typical 
fission product elements were also evaluated after 
irradiation. These elements were not adsorbed onto 
irradiated Sr SIR from 2 mol/dm3 nitric acid solution. 
Therefore, degradation compounds from Sr SIR have no 
ability for extraction of above elements and don’t prevent 
selective separation of Sr. 

It is concluded that both Cs SIR and Sr SIR maintained 
their high selectivity for Cs and Sr, respectively, after 
irradiation. Decreasing ratio of adsorption capacity by 
irradiation can be estimated from these results. It contributes 
significantly for conceptual design of separation plant. 

Present study is the result of “Development of separation 
technology of transuranium elements and fission products 
by using new extractants and adsorbents” entrusted to JAEA 
by the Ministry of Education, Culture, Sports, Science and 
Technology of Japan (MEXT). We are very grateful to Mr. 
R. Yamagata for his valuable cooperation in this study. 
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2) J. F. Dozol,et al., EUR 19605EN, (2000).
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Investigation of Stability of Pyrrolidone Precipitants 
against � Irradiation 

M. Nogami a), K. Noda a), K. Takao a), Y. Sugiyama a), M. Harada a), Y. Kawata b),
Y. Morita b), K. Nishimura c) and Y. Ikeda a)

a) Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology, 
b) Division of Fuels and Materials Engineering, NSED, JAEA, c) Mitsubishi Materials Corporation 

We have been developing a novel reprocessing system 
for spent FBR fuels based on two precipitation processes1,2).
In this system, only UO2

2+ species firstly precipitate in nitric 
acid solutions dissolving spent fuels by using a pyrrolidone 
derivative (NRP) with low hydrophobicity and donicity 
which bring lower precipitation ability.  Secondly the 
residual UO2

2+ and Pu (IV, VI) precipitate simultaneous- 
ly using another NRP with higher precipitation ability.  In 
order to develop such a reprocessing system, it is necessary 
to evaluate the stability of the precipitants.  In this study, �
irradiation to the candidate NRPs was carried out.   

N-n-propyl-2-pyrrolidone (NProP), N-n-butyl-2-pyrroli- 
done (NBP) and N-iso-butyl-2-pyrrolidone (NiBP) were 
examined as the candidate NRPs with lower precipitation 
ability.  For NRPs with higher precipitation ability, N-(1,2- 
dimethyl)propyl-2-pyrrolidone (NDMProP), N-neopentyl- 
2-pyrrolidone (NNpP), and N-cyclohexyl-2-pyrrolidone 
(NCP) were examined. A 3 mol·dm-3 (= M) HNO3 solution 
containing 2 M NRP was put into a Pyrex glass tube.  
Gamma irradiation by the 60Co source was performed 
basically at 13 kGy/h up to 1 MGy at room temperature 
under atmosphere.  An aliquot of the irradiated sample 
solution was added to 3 M HNO3 solution containing 1 M 
UO2

2+ at the ratio of [NRP]/[UO2
2+]= 1.4.  The stability of 

the precipitant was evaluated by the precipitation ratio of 
UO2

2+ (P.R., %) calculated as, 
P.R. = 100 x ([U]I – [U]S)/[U]I,

where [U]I and [U]S are the concentrations of UO2
2+ in the 

HNO3 solution before precipitation and those in supernatant 
liquids, respectively.   

For the appearances of the sample solutions of NRPs 
after the irradiation, almost no changes were observed in 
NRP with lower precipitation ability.  Among NRP 

solutions with higher precipitation ability, the solution of 
NDMProP showed almost no changes as well.  However, 
those of NNpP and NCP were found to split into 2 phases 
before the irradiation of 1 MGy and 0.2 MGy, respectively.  
The ease of the splitting was in accordance with the 
hydrophobicity of NRP.  The changes in P.R. versus 
irradiation dose for NRPs with lower and higher 
precipitation ability are shown in Figs. 1 and 2, respectively.  
It can be seen from Fig. 1 that the decreases in P.R. of NRPs 
with lower precipitation ability are gentle, indicating that all 
of these precipitants have equivalent and stability enough to 
be used for multiple precipitation cycles.  For NRPs with 
higher precipitation ability, Figure 2 indicates that all of 
them have enough stability as well up to ca. 0.5 MGy, and 
the order of the stability was evaluated as follows judging 
from the ease of the splitting of the solutions; NDMProP > 
NNpP > NCP. 
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Gamma-Ray Irradiation Tests of Magnetic Sensors 

N. Ebine a), S. Keyakida b) and Y. Nemoto c)

a) LWR Long-Term Reliability Research Unit, NSRC, JAEA, b) Sumitomo Metal Technology Inc., 
 c) Division of Fuels and Materials Engineering, NSED, JAEA 

In order to take countermeasures to irradiation assisted 
stress corrosion cracking of internal structure material in 
Supercritical Water Cooled Fast Reactor (SWCFR), 
development of nondestructive detection system for material 
degradation before cracking has been carried out. This 
development is aiming at establishing a symptom diagnostic 
system of material degradation by magnetic measurement 
by evaluating the relationship between magnetic properties 
and material degradation, and using electro-magnetic 
approaches. For this system, magnetic sensors assembled in 
probes of applicable system to real component are required 
to have sufficient radiation durability. Extensive irradiation 
tests of magnetic sensors have therefore been conducted at 
the gamma-ray irradiation facility in TARRI, JAEA.  

Irradiated sensors examined were a Type-I coil sensor, a 
FG (flux gate) sensor and a MI sensor. The Type-I coil 
sensor had a core diameter of 3 mm, and was coiled with 
polyimide insulated wire. All the surface of the FG sensor 
and the MI sensor were coated with polyimide1). All the 
three sensors were irradiated at room temperature. The dose 
rate was 10,000 Gy/h, and the maximum dose was 10 MGy, 
which is higher than that assumed to be exposed at the time 
of maintenance of reactor2).   

Examples of the results are shown in Figs. 1 and 2. 
Inductance and impedance of the detection coil of Type I 
sensor were not influenced by gamma ray irradiation at the 
frequencies of 1, 10 and 100 kHz. The changes of the 

measured data before and after irradiation were within 3%. 
These seem to be within errors. Linearity of both the FG 
sensor and the MI sensor were obtained up to the dose of      
6 MGy. The output voltage excited by change of magnetic 
field showed a variation of only 3% at the dose from 0 to  
6 MGy. This small variation does not seem to affect the 
magnetic property measurements of materials. Although 
slight increase of noise was observed, we also succeeded in 
reducing noise signals by adding magnetic data averaging 
function to the measurement system and increasing exciting 
voltage.  

We have confirmed sufficient durability of these sensors 
to gamma ray irradiation with these results.  

Acknowledgement 
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Fig. 1  Inductance of the detection coil of Type I coil 
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Irradiation Simulation of Neutron Damage 
Microstructure in Extra High Purity Fe-25Cr-35Ni 

Austenitic Stainless Steels 

I. Ioka, Y. Ishijima, H. Ogawa and Y. Nakahara 

Division of Fuels and Materials Engineering, NSED, JAEA 

The ultra high burn-up (>100 GWD/t) of LWR is 
considered to be an important technology for establishing 
nuclear power plants as one of the most promising future 
energy systems from a view point of reducing radioactive 
waste and greenhouse gas. Cladding materials with the long 
excellent performance under heavy irradiation are required 
to these developments. The high chromium and high nickel 
austenitic stainless steel (25Cr-35Ni-0.2Ti, EHP alloy: Extra 
High Purity alloy)1,2) was selected as one of candidates that 
are possible to be made by the present engineering 
technologies. 

Irradiation induced microstructure changes are believed 
to be the key variables responsible for degradation of 
materials in LWR. Months to years of irradiation time are 
required to obtain a change in microstructure of materials at 
dozens of dpa. Charged particle simulation with accelerated 
damage rate is often used in such situations as to forecast 
the behavior of neutron-irradiated materials. By establishing 
the correlation between charged particle- and 
neutron-irradiated microstructures of EHP alloy, the results 
from charged particle-irradiation can be used to provide 
valuable information on microstructure evolution in EHP 
alloy in LWR cores. 

This work is focused on investigating the microstructure 
of EHP alloy irradiated with charged particle under 
condition relevant to LWR cores. The dislocation loop 
density and size, the void density and size, and irradiation 
hardening are determined as a function of irradiation 
temperature, and are compared to those for neutron 
irradiations of EHP alloy. 

Chemical composition of the materials tested is shown 
in Table 1. EHP alloy was machined from the tube 
(�11.3OD � t 0.4 mm) produced by the thermo-mechanical 
treatment so-called SAR (strained, aged and 
recrystallized)1,2). The thickness of specimen is about 
0.2mm. The surface of specimen was polished with #2400 
emery paper and 0.1 �m diamond paste. 

 The specimens were irradiated in triple (12 MeV Ni3+,
1.1 MeV He+ and 380 keV H+) ion beam mode at 
temperatures of 300, 350, 400, 450 oC using the triple ion 
beam facility (TIARA). The temperature of the specimen 
was measured by an infrared thermometer (THERMAL 
VISION, Nikon Co.). The displacement damage in the 
specimen was mainly attributed to Ni3+ ion irradiation. The 

peak dose was about 5 dpa at around 2 µm depth. The He+

and H+ ions were implanted in depth ranges from 1.0 to  
1.5 µm using aluminum foil energy degraders. The 
concentrations of He+ and H+ ions in the implanted range 
were 3 appmHe and 15 appmH, respectively, which 
correspond to LWR condition. The dose was about 2 dpa in 
the implanted range of He+ and H+ ions.  

A focused ion beam (FIB) microprocessor was applied 
to prepare thin specimens for microstructure observation. 
FIB processing technique is using focused Ga+ ion beam 
sputtering. FIB processor could pick up a small piece of thin 
foil sample from chosen area. Size of samples are about  
20 � 6 � 0.05 �m3. It would be efficient to reduce radiation 
activity when it would be used for irradiated materials. 
Detail of a micro-sampling system of FIB processor is 
explained in the reference3).

Figure 1 shows the bright field image at each irradiation 
temperature. Some defects caused by FIB processing were 
observed in each image. After removal of FIB defects, 
microstructure of charged particle irradiated specimens 
would be characterized by the dislocation loop density and 
size, the void density and size. Also, neutron irradiated 
specimens would be analyzed. 

References 
1) K. Kiuchi et al., IAEA TCM, Argentina, Nov.(1999) 

15-19. 
2) K. Kiuchi et al., ICAPP, June 9-13, 2002 (Florida). 
3) H. Tanigawa et al., J. Nucl. Mater., 297 (2001) 279. 

1�m

300C

450C

Fig. 1  Bright field image at each irradiation temperature.

Irradiated
area

Table 1  Chemical composition of the material tested in weight percent (wt%). 
Materials� Fe� C� Si� Mn P� S� Cr� Ni� Ti� N� O� Co�

25Cr-35Ni-0.2Ti EHP� bal. 0.0013 � <0.005 0.001 0.001 0.0009 24.55 34.99 0.18 0.0014 �0.0011 -�
Type 304SS� bal. 0.063� 0.49� 1.45 0.016 0.012 18.72 10.27 -� -� -� 0.03

Irradiated
area
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Evaluation of Microstructure Change in Extra High 
Purity Austenitic Stainless Steel under BWR Condition 

Simulated by Triple Ion Irradiation 

Y. Ishijima, I. Ioka and M. Yamamoto

Division of Fuels and Material Engineering, NSED, JAEA 

1. Introduction 
To prevent material degradation under LWR condition 

and corrosion, we developed extra high purity (EHP) grade 
(C + N + O < 100 wppm) and high Cr (~25 wt% Cr) 
austenitic stainless steel.  We have evaluated change of 
mechanical properties and corrosion behavior after neutron 
irradiation up to 2 dpa in JRR-3.  As a result, the EHP 
grade stainless steel has good IASCC (Irradiation Assisted 
Stress Corrosion Cracking) resistance than SUS304.  
However, it is not clear if the microstructure of EHP grade 
stainless steel does change or not after heavy irradiation.  
The purpose of this study is to evaluate irradiation resistance 
of EHP grade stainless steel for heavy irradiation. 

In this paper, triple ion irradiation that simulates BWR 
condition was carried out for the candidate (Fe- 25Cr- 35Ni- 
0.2Ti EHP grade). After irradiation, TEM observations are 
carried out and evaluate the number density and average 
diameter of dislocation loops. 

2. Experimental procedures 
The candidate was cut to a size of ��3 � 0.2 mm.  

Irradiated area was then mechanically and electrochemically 
polished to a specular finish.  Triple ion irradiation 
simulating BWR neutron irradiation condition was 
performed using Ni3+ (12 MeV), He+ (1.1 MeV) and H+

(0.38 MeV) ion beams.  Aluminum film degraders were 
used to spread He+ and H+ irradiated area.  Irradiation 
temperature was 573 K.  Irradiation damage and 
ion-implantation depth were calculated using TRIM code.  
As a result, He+ and H+ ion-implantation depth was 
estimated to be 1.1~1.3 �m and irradiation damage of this 
area to be 75 dpa. He+ and H+ concentrations in 
ion-implantation area were 3 and 30 appm/dpa, respectively.  
TEM observation was carried out to evaluate number 
density and average diameter of dislocation loops.  To get 
irradiated area on TEM specimen, irradiated surface was 
electropolished to 1.2 �m depth before electropolish on 
non-irradiated surface using single-jet electropolish method.   

3. Results 
Figure 1 shows weak beam image of specimen after 

ion-irradiation observed by TEM.  This image shows that 
irradiation defects such as dislocation loops are introduced 
by ion-irradiation.  Number density and average diameter 
of dislocation loops that were estimated from weak beam 
images are 2.04�1021 n/m3 and 11.54 nm, respectively. 

Figure 2 shows number density and average diameter of 
dislocation loops as functions of dpa.  This graph shows 
that the growth of dislocation loops is saturated up to 10 dpa.  
This result suggests that EHP grade stainless steel has good 
irradiation resistance for heavy irradiation. 

50nm

Fig. 1  Weak beam image (g*/3g*) of irradiated 
specimen. 
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Effects of Microstructural Evolution in Low-alloy Steels 
for Radiation Hardening under Electron Irradiation 

T. Onitsuka a), Y. Abe b), N. Okubo b), M. Ando b), T. Sawai b) and S. Jitsukawa b)

a) Division of Applied Heat Technology, NSED, JAEA,  
b) Division of Fuels and Materials Engineering, NSED, JAEA 

Understanding the mechanisms at the origin of radiation 
hardening and associated embrittlement is of great interest 
for predicting the evolution of reactor pressure vessel steel 
during nuclear power plant running. In the present study, to 
examine the behavior of different solutes under irradiation, 
radiation hardening behavior in 3 model alloys (Fe-2%Ni, 
Fe-2%Ni-0.5Cr, and Fe-0.6%Cu) and pure Fe under 
electron irradiation was investigated.

The alloy ingots of Fe-2%Ni, Fe-2%Ni-0.5%Cr, and 
Fe-0.6%Cu (in weight percent) were made by means of 
vacuum induction melting method in order to reduce 
impurities to very low level. Highly purified (99.99%) iron 
sheet supplied by Nilaco Co. Ltd., was used as pure Fe. 
After cold-rolling to sheets of about 5mm thickness, 
Fe-2%Ni and Fe-2%Ni-0.5%Cr were water-quenched after 
annealing at 950 °C for 1 hour and tempered at 750 °C for  
1 hour, and Fe-0.6%Cu was water-quenched after solution 
treatment at 825 °C for 4 hour to keep the copper in 
supersaturated solution. Pure Fe was annealed at 800 °C for 
4 hour and air cooled. After heat treatment, specimens with 
15 mm × 15 mm × 0.5 mm in dimension were made from 
inner part of each sheet and irradiated with 2.0 MeV 
electrons using a Dynamitron accelerator at JAEA-Takasaki 
to doses of 3.5×1023 e-/m2, corresponding to calculated 
atomic displacement doses of 1.2×10-3 dpa. The irradiation 
temperature was kept at 200 °C or less and the dpa rate was

3.0×10-9 dpa/s. The indentation hardness test was performed 
using the SHIMADZU Nanoindenter DUH-211S before and 
after of irradiation. The applied load was 100 gf and 
measuring temperature was about 23 °C.

Figure 1 shows the dpa dependence of the increases in 
indentation hardness of the irradiated materials. As shown in 
the figure, the change in hardness in Fe-0.6%Cu alloy 
showed remarkable increase and tends to be saturated at the 
high dose. This result has good agreement to the previous 
work1). By contrast, change in hardness in pure Fe, Fe-2%Ni 
and Fe-2%Ni-0.5%Cr alloy are much smaller than that in 
Fe-0.6%Cu alloy. However, attention should be paid to that 
initial hardness of each material is different as shown in  
Fig. 2. Moreover, from the difference between the result of 
Fe-2%Ni and Fe-2%Ni-0.5%Cr alloy, it is revealed that the 
addition of Cr enhanced the radiation hardening in Fe-2%Ni 
alloy. Further experiments and investigations by using 
positron annihilation spectroscopy (PAS) and small angle 
x-ray scattering (SAXS) measurements will be made in the 
future in order to clarify the relation between irradiation 
hardening and microstructural evolution formed by solute 
segregation and point defect accumulation under irradiation. 

Reference 
1) T. Tobita et al, J. Nucl. Mater. 299 (2001) 267.
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Study on Irradiation Defect Generation Process and 
Radiation Induced Segregation in Fe-based Model Alloys 

T. Tobita a), Y. Chimi a), N. Ishikawa b), S. Nakagawa c) and A. Iwase c)

a) Reactor Safety Research Unit, NSRC, JAEA, b) Advanced Science Research Center, JAEA, 
c) Department of Materials Science, Osaka Prefecture University

To investigate the fundamentals of irradiation 
embrittlement mechanisms of Reactor Pressure Vessel steel 
(RPVs), we have performed electron irradiation experiments 
using Fe-based model alloys, such as pure Fe, Fe-Cu and 
Fe-P. The impurities in RPVs materials have been known to 
have a strong effect on the irradiation embrittlement. The 
Cu precipitates which grow during irradiation cause 
irradiation hardening, while the P segregation to the grain 
boundary weakens the Fe-Fe bonds. Our previous study1,2)

shows the changes of electrical resistivity of Fe-Cu and Fe-P 
model alloys induced by electron irradiations at high 
temperature to evaluate the irradiation damage mechanisms, 
such as the behaviours of irradiation defect or Cu clustering 
in the materials. 

In this paper, we measured the changes of hardness of 
several types of Fe-based model alloys induced by 2 MeV 
electron irradiations at high temperature (523 K). We tried 
to obtain the relation between mechanical property and 
electrical resistivity change.  

The chemical composition of these materials is shown in 
Table 1. The Fe-based model alloys were fabricated as pure 
as possible to eliminate the effects of other impurities. After 
the heat treatment, the materials were quenched to keep the 
Cu and P atoms in supersaturated solid solution at room 
temperature. Specimens with 5 � 5 � 1 mm in dimension 
were irradiated with 2.0 MeV electrons at dose rate of 
1.3�10-9 dpa/s. The hardness was measured by 500gf 
Vickers hardness tester.  

Figure 1 shows electron dose dependence of the 
electrical resistivity change1,2) and irradiation hardening. In 
the case of Fe-0.6%Cu, the hardness increases with 
decreasing electrical resistivity, clearly. However, in spite of 
large decreasing in electrical resistivity, the hardening of 
Fe-P was negligible. It means that detection of P segregation 
effect on mechanical properties by electrical resistivity is 
impossible. 

Figure 2 shows the relationship between irradiation 
hardening and electrical resistivity change in Fe-0.6%Cu. 
Where, these �HV values were estimated by linear 
interpolation at the same dose of �� dataset. The 
relationship is described below; 

�HV � 1.5 � 1029
� |��|3   ------(1) 

At this temperature and dose, accumulation of 
irradiation defects (vacancy and interstitial) is negligible1).
Therefore, both electrical resistivity change and hardening 
were mainly caused by irradiation induced Cu clustering. 
This formula suggests that irradiation embrittlement of 

RPVs caused by Cu clustering may be evaluated by 
measuring electrical resistivity.  

Table 1  Chemical composition of materials (wt %). 

Fig. 1 Electron dose dependence of the electrical resistivity 
change(��) and irradiation hardening(�HV) in 
Fe-0.6%Cu, Fe-0.1%P and Fe-0.04%P. 

Fig. 2 Relationship between electrical resistivity change 
and irradiation hardening in Fe-0.6%Cu. 

References 
1) T. Tobita, Y. Chimi, N. Ishikawa, S. Nakagawa and �

A. Iwase, JAEA-Review 2006-042 (2007) 20. 
2) T. Tobita, Y. Chimi, N. Ishikawa, S. Nakagawa and �

A. Iwase, JAEA-Review 2007-060 (2008) 27. 
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Corrosion Behavior of Type 316L Stainless Steel 
Ion-irradiated under Strain Condition 

K. Kondo, Y. Miwa, N. Okubo, Y. Kaji and T. Tsukada 

Division of Fuels and Materials Engineering, NSED, JAEA 

Irradiation assisted stress corrosion cracking (IASCC) 
on austenitic stainless steel (SS) is one of the main issues in 
reactor cores of nuclear power plants. Degradation of 
materials under irradiation and applied stress are important 
factors affecting the IASCC initiation. The objective of this 
work is to obtain the fundamental knowledge on the 
synergistic effect of strain and irradiation on the corrosion 
behavior of type 316L SS. The correlation between the 
corrosion behavior and microchemistry change in irradiated 
specimens was studied in this paper. 

In order to examine the synergistic effect of strain and 
irradiation, flat plate specimens that were plastically 
deformed by bending were irradiated by 12 MeV Ni3+ ion 
using the tandem accelerator at JAEA-Takasaki. Plastic 
strain levels of the irradiation surface region were selected 
to about 2% tensile strain, 7% tensile strain and 2% 
compressive strain. Irradiation temperature was 330 ºC. The 
displacement damage levels ranged from 1 to 45 dpa. The 
corrosion resistance of irradiated specimens was estimated 
by means of single-loop electrochemical potentiokinetic 
reactivation (SL-EPR) testing, in which the corrosion 
property was evaluated using the normalized charge (Pa).  
Three dimensional atom probe (3DAP) analysis was 
conducted on the irradiated specimens to investigate the 
microchemical compositional change in irradiated 
specimens. 

The dependence of the Pa on displacement damage is 
shown in Fig. 1. The Pa of undeformed (strain free) 
specimen increased rapidly with increasing dose, and 
became saturated above 12 dpa. On the other hand, Pa

values of deformed specimens proved to be smaller than that 
of the undeformed specimen. The degradation of corrosion 
resistance caused by the irradiation was suppressed under 
the strain state, and the suppressive effect was significant in 

2% compressive strain condition, followed by 2% and 7% 
tensile stain condition. 

To identify cause of the difference in corrosion 
resistance among specimens irradiated under stain free and 
strain condition, the solute distribution in specimens 
irradiated up to 6 dpa was investigated using 3DAP. 
Radiation induced segregation, enrichment of Si, Ni and 
depletion of Cr, occurred around Frank loops and 
dislocations1) in the matrix in irradiated specimens 
regardless of applied strain level. However, the degree of 
segregation was changed by applied strain during irradiation. 
Figure 2 shows the strain dependence on compositional 
change from bulk at the sink such as Frank loop and 
dislocation. Compositional change of Si and Ni in specimen 
applied 2% tensile or compressive strain, which showed 
high corrosion resistance, was obviously lower than that in 
the strain free specimen. Segregation behavior in 7% tensile 
strain was similar to that in the stress free specimen. About 
2% tensile or compressive strain enhanced the suppression 
effect on segregation. 

The Cr depletion around Frank loops in the matrix was 
not affected by applied strain level, though the enrichment 
of Si and Ni might be affected. This enrichment influenced 
the Pa value, but was thought that the enrichment was not 
enough to cause large changes of the Pa value. 

Present study includes the result of “New evaluation 
method of material degradation considering synergetic 
effects of radiation damage” entrusted to Japan Atomic 
Energy Agency by the Ministry of Education, Culture, 
Sports, Science and Technology of Japan (MEXT). A part 
of this study was financially supported by the Budget for 
Nuclear Research of the MEXT, based on the screening and 
counseling by the Atomic Energy Commission. 

Reference 
1) K. Kondo et al., JAEA Takasaki Ann. Rep. 2006 (2007) 23. 
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Fig.1 Dose dependence of corrosion behavior in single-loop
EPR testing on deformed and undeformed specimens. 
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Damage in Oxide Ceramics Irradiated with 10MeV Ni 
at High Temperature 

N. Ishikawa 

Advanced Science Research Center, JAEA 

Radiation damage is one of the important causes of 
degradation of thermal conductivity and serious swelling in 
nuclear ceramic fuels.  Understanding of radiation damage 
in nuclear fuel is important for controlling fuel properties 
during burn up and for the prediction of fuel burn up 
behavior.  The objectives of this study are to elucidate the 
irradiation parameter dominating the radiation damage of 
ceramics by means of accelerator experiments, and to 
precisely evaluate their radiation damages.  Especially for 
simulating the process of radiation damage by elastic 
displacements, low-energy particle (10 MeV Ni) irradiation 
experiment has been performed.  The oxide ceramics target, 
CeO2 target, which has the same crystal structure (fluorite 
structure) with nuclear fuel is adopted.  In the present 
study, the radiation damage behavior especially at very high 
temperature (800 ºC) has been investigated systematically.  

Thin films of CeO2 were prepared on Al2O3 single 
crystal substrates, and were irradiated with 10MeV Ni ions 
at 800 ºC.  After the irradiation, fluence dependence of 
change of X-ray diffraction (XRD) pattern was measured in 
the wide fluence range up to 2.4�1016 ions/cm2, and the 
result was compared with that obtained for irradiations at 
room temperature and 400 ºC.  The film thickness was 
restricted to be about 0.3 µm which is thin enough to rule 
out the possibility of unrequired implantation effects. 

In Fig. 1 evolution of X-ray diffraction peak for different 
fluence is shown for CeO2 irradiated with 10 MeV Ni at   
800 ºC.  A sudden decrease in peak intensity is observed in 
the high fluence range of about 1.0�1016 ions/cm2.  This 
tendency is clearly demonstrated in Fig. 2.  The other 
aspect of XRD pattern for 800 ºC irradiation is that new 
peak appeared at lower angle side of (002) peak.  The 
intensity of the new peak depends on fluence, and the new 
peak is not induced by just heating the CeO2 sample to  
800 ºC.  It should be noted here that the new peak is not 
observed for CeO2 irradiated at room temperature and  400 
ºC.  The new peak observed after the irradiation at 800 ºC 
suggests that there is a threshold for creation of new 
crystallographic structure between 400 ºC and 800 ºC.  
One possibility for the origin of the new peak is a radiation-
induced reallocation of oxygen atoms which can move fast 
at high temperature.  

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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Effects of H+ Implantation in Multi-ion Irradiation 
on Microstructural Changes in Li2TiO3

D. Yamaki, N. Okubo, T. Onitsuka and S. Jitsukawa 

Division of Fuels and Materials Engineering, NSED, JAEA 

Li2TiO3 is regarded as one of the most suitable 
candidates for the solid tritium breeder material of D-T 
fusion reactors. Simulation of the fusion reactor 
environment and hence the study of a synergistic effect of 
atomic displacement damage in Li2TiO3 are presumed to be 
approached by a simultaneous irradiation with "triple" ion 
beams which consist of O2+, He+ and H+ ion beams. In this 
study, the results of the FT-IR photoacoustic spectroscopy 
(PAS) with Li2TiO3 samples irradiated with the Multi-ion 
beam were analyzed for investigation of microstructural 
changes.

Recently, we have started to examine new Li2TiO3

samples which were prepared by ART Kagaku. The 
reported preparation method and the characteristics of the 
new samples are quite similar to the previous samples 
described in ref.1. In addition, the characteristic peaks in 
FT-IR PAS spectra for non-irradiated Li2TiO3 sample were 
also similar between two samples. As discussed in ref.1, in 
comparison to the reported spectra of TiO2 and Li2TiO3,
680- and 780-cm-1 peaks are identified from Ti-O bond, 
1570-, 3150- and 3450-cm-1 peaks are from the O-H bond in 
hydroxyls adsorbed on or near the surface, and others are 
from C=O bond in Li2CO3 formed on or near the surface by 
reaction with CO2 in the atmosphere1).

In the previous study using the previous samples, the 
amount of the formed hydroxyl (3450-cm-1 peak) is 
observed to be affected not only by displacement per atom 
(dpa) but also by the method of irradiation, that is, the 
single, the simultaneous triple/dual or the sequential 
triple/dual irradiation. This may suggest that H+

implantation after irradiation degrades the generation of 
hydroxyl (-OH) group near the surface by trapping 
hydrogen in the irradiation defects or radiolytic products2,3).

However, on the other hand, the results of 
examinations using the new samples were observed to have 
opposite dependence on H+ ion implantation. Figure 1 
shows dependence of the 3450-cm-1 peak area of the 
irradiated new samples on dpa by the single (O2+), dual 
(O2++H+) and sequential (O2+ after H+ or H+ after O2+)
irradiation. This shows that the peak area of the samples 
irradiated by single O2+ ion irradiation increases with dpa 
by the irradiation. However, that of the sample irradiated by 
dual irradiation is observed to be larger than by single ion 
beam irradiation. Further, that of the samples irradiated by 
sequential (H+ after O2+) irradiation is observed to be larger 
than that by dual irradiation, while that by sequential (O2+

after H+) irradiation is observed to be smaller than that by 
dual irradiation and the same as that by single irradiation. In 
comparison with the results of experiments using the 

previous samples, the effects of H+ ion implantation on the 
new samples are quite opposite, that is, for the previous 
samples, the H+ ion implantations with or after O+ ion 
irradiation are observed to degrade the generation of 
hydroxyl group near the surface2), while, for the new 
samples, to promote the generation of hydroxyl group near 
the surface. 
 Although this significant difference in results using the 
two types of samples is quite interested, the cause of this 
difference is not clarified so far. One possible suggestion is 
some slight differences in preparation processes such as 
pressure, composition, temperature, and so on, which could 
not be described clearly in the preparation report, may 
greatly affect the surface quality of the samples. Further 
studies are needed for identification of the difference of 
surface quality between the two types of the samples. 
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Multi-kW High Power Yb-doped Fiber Lasers 
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An Yb-doped High Power CW Fiber Laser has been 
used widely to weld, to cut and to peel some industrial 
materials like stainless-steel, aluminum, and other alloy and 
pure metals because of the relatively-cheap prices, long-life 
time, easiness in operation and maintenance.  We plan to 
apply the fiber lasers to disassemble the nuclear reactor 
system  inside and outside of the nuclear reactor vessel, 
therefore we have to know how gamma rays inside the 
nuclear reactor vessel  shows that irradiation of oxide 
superconductors with 0.5 MeV C monoatomic ion beam 
causes atomic displacements via elastic collision and it 
results in lattice expansion1). We have recently reported that 
the cluster effect is absent in lattice expansion for oxide 
superconductors EuBa2Cu3O7 irradiated with 4 MeV C8

cluster ions, indicating the absence of cluster effect in terms 
of defect density2).  However, in the present report we 
report a new insight on the cluster effect observed for some 
aspects of XRD(X-ray diffraction) pattern of EuBa2Cu3O7

irradiated with cluster ions.  
Thin films of c-axis oriented EuBa2Cu3Oy (y=7) were 

prepared on MgO substrates by a sputtering method. [0.5×n] 
MeV Cn (n=1,4,8) ions, all having the same velocity, were 
irradiated at room temperature using the tandem accelerator 
at JAEA-Takasaki.  The projected range of those ions is 
about 0.6 �m, but for the cluster ions they become 
dissociated during the passage in the sample and have no 
more spatial correlation as the clusters proceed deeper into 
the sample.  In order to observe the cluster effect, the 
sample thickness was determined to be 0.1 �m, which we 
believe is enough to assure the spatial correlation of clusters 
during their passage through the sample.  The fluence 
dependence of c-axis lattice parameter was examined by 

measuring the positions of XRD peaks. The fluence 
dependence of XRD peak intensity and FWHM (Full Width 
at Half Maximum) of those peaks was also measured. 
   As reported in the previous report2), the XRD peak 
position corresponding to c-axis lattice spacing shifts to 
lower angle side in the same manner for the irradiation with 
0.5 MeV C, 2.0 MeV C4 and 4 MeV C8 when the effects are 
compared in the unit of carbons/cm2.  Since the lattice 
expansion by 0.5 MeV C irradiation has already been 
known to be attributed to the elastic displacements1), the 
lattice expansion for the irradiation with 2.0 MeV C4 and  
4 MeV C8 can be understood in the framework of the elastic 
displacements. From the above results, no sign of the cluster 
effects is detected.  However, as demonstrated in Figs.1 
and 2, the cluster effect is observed for some aspects of an 
XRD peak; the fluence dependence of XRD peak intensity, 
and that of FWHM of XRD peaks. 
   These cluster effects can be understood in the 
framework of elastic displacements, and the key parameter 
for the interpretation for the present result is the energy of 
PKA (primary knock-on atoms). The irradiation with larger 
cluster is expected to cause higher maximum PKA energy, 
since larger cluster has higher mass (with same velocity in 
this case). Higher maximum PKA energy can create larger 
defect agglomerates rather than simple defects.� The larger 
decrease in intensity of XRD peak and larger increase in 
FWHM for irradiation with larger cluster may be related to 
the higher energy of PKA. 
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Preparation of Chemically Stable Hybrid Polymer 
Electrolyte Membranes by Combining the Radiation 

Grafting with Silane-Crosslinking 

J. Chen, M. Asano, Y. Maekawa and M. Yoshida 

Environment and Industrial Materials Research Division, QuBS, JAEA 

Hybrid polymer electrolyte membranes (PEM) have 
been widely studied for their application in intermediate 
temperature fuel cells. The inorganic particles in the PEM 
enhance the water retention and thermal stability of the 
hybrid PEMs. However, we found that the inorganic 
particles are easily separated from the PEMs after long 
immersing in water. In our previous study, we developed a 
covalently crosslinked hybrid PEM combining the radiation 
grafting and silane-crosslinking techniques.1) In that study, 
we grafted p-styryltrimethoxysilane (StSi), which has 
aromatic ring amenable to sulfonation and a trimethoxysilyl 
group amenable to silane-crosslinking, to ethylene 
tetrafluoroethylene (ETFE) film. After grafting, sulfonation 
and then hydrolysis-condensation were performed to give 
the PEM proton conductibility and crosslinks. These 
radiation-grafted and silane-crosslinked hybrid PEMs are 
very thermally stable, and is comparable to Nafion.  

In this study, to further enhance the properties of the 
proton-conducting hybrid PEM, the effect of changes in the 
preparation process, such as the timing for 
hydrolysis-condensation (before or after sulfonation) and 
the sulfonation method on the chemical stability as well as 
on the ion exchange capacity (IEC), proton conductivity, 
water uptake, and methanol permeability of the hybrid 
PEMs were investigated.  

Fig. 1  Water uptake (a) and proton conductivity (b) of the 
StSi-grafted PEM as a function of IEC. 

The grafting of StSi to the ETFE films was carried out 
by a �-ray preirradiation method.1-4) After grafting, the 
StSi-g-ETFE films were subjected to sulfonation and 
hydrolysis-condensation for preparation of the PEM. The 
sulfonation of the StSi-g-ETFE film in ClSO3H solution was 
quite slow; the sulfonation level was always below 100% 
even after sulfonation for a long time. On the contrary, when 
high concentration H2SO4, the sulfonation level was quickly 
beyond 100%, indicating that more than one sulfonic acid 

group was substituted for each aromatic ring. 

Fig. 2  Relationship between the durability time toward 3% 
H2O2 aqueous solution at 60 °C and proton conductivity 
of the StSi-grafted PEMs. 

The resulting PEM with sulfonic acid groups has 
hydrophilic and hydrophobic phases. The mutual 
relationship among the proton conductivity, IEC and water 
uptake is shown in Fig. 1. Both the water uptake and proton 
conductivity of the StSi-grafted PEM increased with 
increase in IEC, and were independent of the sulfonation 
method and the crosslink timing. The highest proton 
conductivity of 0.16 S/cm and highest IEC of 1.86 mmol/g 
were quite higher than those of Nafion membrane, 0.06 
S/cm and 0.91 mmol/g, respectively. The chemical stability 
of the PEM was tested in a 3% H2O2 aqueous solution at 
60 °C. The durability time of the StSi-grafted PEMs was 
investigated as a function of proton conductivity, and the 
results are shown in Fig. 2. As expected, the durability times 
of the crosslinked PEMs logarithmically decreased with the 
increase in proton conductivity, and were independent of the 
sulfonation method and crosslink timing. Even then, the 
crosslinked StSi-grafted PEMs were quite stable compared 
to the St/divinyl benzene (DVB)-grafted PEM having the 
low proton conductivity of 0.06 S/cm. In addition, the 
methanol permeability of the crosslinked hybrid PEM was 
almost six times lower than that of Nafion. Together with 
the high thermal stability reported in our previous study, we 
conclude that the properties of the StSi-grafted crosslinked 
hybrid PEMs make them promising materials for fuel cells. 
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Development of Polyetheretherketone-Based Polymer 
Electrolyte Membranes for High Temperature Fuel Cells 

J. Chen, M. Asano, Y. Maekawa and M. Yoshida 

Environment and Industrial Materials Research Division, QuBS, JAEA 

Polymer electrolyte membrane fuel cells (PEMFCs) are 
very promising as power sources for automotive 
applications, where stability at a high temperature and low 
humidity is demanded, but under such operation conditions, 
the currently used expensive Nafion membranes cannot 
maintain their performance stable. For this reason, 
inexpensive polymer electrolyte membranes have been 
extensively studied for their suitability in high temperature 
PEMFCs.1-7) In this study, ethyl styrenesulfonate (ETSS) 
monomer was graft polymerized onto a divinylbenzene-treated 
polyetheretherketone (PEEK) films, followed by hydrolysis 
of the ETSS graft chains to yield the SS graft chains, so that 
the new ssPEEK electrolyte membrane was obtained 
without the sulfonation damage.  
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Fig. 1  I-V performances of the ssPEEK- and Nafion-based 
fuel cells at operation conditions: (a) 80 °C and 100 
RH-%, and (b) 95 °C and 40 RH-%. 

The ssPEEK membrane was tested for use in a fuel cell. 
For comparison, the Nafion 212 was also tested under the 
same condition. Figure 1 shows the I-V performances of the 
fuel cell with the ssPEEK and Nafion membranes. Under 
the operation conditions 80 °C and 100 RH-% (Fig. 1a), 
both ssPEEK and Nafion membranes exhibited good cell 
performance. On the contrary, under the operation 
conditions 95 °C and 40 RH-% (Fig. 1b), the performance 
of the Nafion-based fuel cell was considerably worse than 
that of the ssPEEK-based cell. 

Both the ssPEEK and Nafion-based cells were operated 
at 95 °C and 40 RH-% to evaluate their long-term 
membrane durability. As can be seen from Fig. 2, the 
ssPEEK-based cell could be stably run for more than 250 h, 
with a cell voltage around 0.6 V. The cell voltage 
periodically increased by about 0.05 V, due to the 

membrane electrode assembly (MEA) not being optimized 
for water measurement, and to the fluctuation of the gas 
pressure in the cell. On the other hand, the cell voltage of 
the Nafion-based cell progressively decreased from 0.6 V to 
0.3 V during the 250 h of operation. This decrease in cell 
voltage was due to the degradation of the Nafion membrane, 
resulting in the formation of pinholes on the membrane 
allowing for reactant crossover. 
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Fig. 2  Durability test of the ssPEEK- and Nafion-based 
fuel cells at a high temperature and low humidity 
condition 95 °C and 40 RH-%. 

 The continuously increased crossover could also be 
verified by the decrease in open circuit voltage (OCV) of 
the cell from 0.977 V to 0.856 V. Furthermore, the thickness 
of the Nafion in the active area decreased from 52 µm to  
46 µm due to the membrane degradation. Therefore, the 
Nafion is not suitable for application in a fuel cell under a 
high temperature and low humidity conditions. The new 
ssPEEK electrolyte membranes are promising and deserve 
further study.  
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We have recently been developing proton exchange 
membranes (PEMs) for polymer electrolyte fuel cells 
(PEFCs) by our original swift-heavy-ion based technique in 
addition to the �-ray or electron-beam crosslinking and graft 
polymerization1). Our main focus is the use of cylindrical 
damage produced along with ion trajectory in polymers, 
which is called a latent track. The approach using this ion 
track technology is being taken according to two 
techniques2,3). One of these is heavy-ion grafting4), i.e., a 
heterogeneous modification through graft polymerization in 
the latent tracks only. As shown in Fig. 1, the resulting 
PEMs are expected to have low fuel permeability and high 
thermal stability because the substrate matrix without any 
modifications mechanically prevents excess swelling, while 
they maintain their proton conductivity. In order to meet this 
expectation, the largest amount of proton-conductive graft 
components should be introduced into as small a number of 
tracks as possible. It was demonstrated here that a proper 
selection of grafting solvents enhanced reactivity of the 
ion-track grafting, defined as the degree of grafting. 

25-�m-thick poly(ethylene-co-tetrafluoroethylene) 
(ETFE) films were bombarded by 3.5 MeV/n 129Xe from the 
TIARA cyclotron. Just after irradiation, the films were 
exposed to air to produce peroxide groups for initiating the 
grafting reactions. The peroxide grafting of styrene was then 
performed in toluene, tetrahydrofuran, propan-2-ol, and 
methanol (a styrene/solvent volume ratio was 40/60%) at  
60 ºC for 24 hours. The fluence was limited to 3.0×108

ions/cm2, at which almost no ion track overlapped. The 
degree of grafting was calculated by the following equation:  

Degree of grafting (%) = 100(wg�w0)/w0,
where wg and w0 are the weights of the styrene-grafted and 
just pre-irradiated films. The grafted films were sulfonated 
in a chlorosulfonic acid solution to obtain the PEMs. 

Table 1 lists the degree of grafting of styrene into the 
Xe-irradiated ETFE films in different solvents and ion 

exchange capacity (IEC) of the sulfonated PEMs. In a 
non-solvent system, the degree of grafting leveled off at 
around 10% after the 24-hour reaction. The use of toluene 
and tetrahydrofuran, both of which are solvents good 
enough to swell the grafted polystyrene, was found to retard 
the reaction under the same conditions. Although the 
quantitative sulfonation was then completed in a 
reproducible manner, the IEC of the PEMs was not as high 
as that of a Nafion membrane (0.9-1.0 meq/g). 

On the other hand, poor solvents facilitated the grafting 
reaction. For example, the degree of grafting in methanol 
and propan-2-ol appeared to increase by a factor of three 
and four, respectively, compared to that in neat styrene. 
According to Odian’s study on the �-ray pre-irradiation 
grafting onto various base polymers5), the enhanced 
reactivity due to dilution with these solvents was related to a 
reduced termination rate, in other words, a particularly 
pronounced Trommsdorff-Norrish effect. Additionally, 
incompatibility of the solvent with the polymer phase 
should reduce the mobility of the growing polymer chains 
and extend the radical lifetime; preferential accumulation of 
the monomer in the polymer phase can increase the local 
monomer concentration and thus the polymerization rate. As 
a result, such a high grafting yield enabled us to prepare 
PEMs endowed with a sufficient IEC and, therefore, proton 
conductivity. 
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Fig. 1  The scheme for PEM preparation by a heavy-ion 
grafting method; (1) styrene grafting and (2) 
sulfonation. 
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Table 1 Degree of grafting of styrene in different 
solvents and IEC of the subsequently sulfonated 
PEMs. 
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1.  Introduction 
   There are various types of ion exchange resins for 
different purposes, and these resins have been widely used 
in various fields. Especially, a graft adsorbent has been 
attracting attention as a sophisticated ion exchanger because 
the adsorption rate of the graft adsorbent is 10–100 times 
higher than that of a commercially available particulate 
resin1). In the present study, the preparation of metal 
adsorbents with sulfo groups was attempted by using 
radiation-induced graft polymerization of ethyl 
p-styrenesulfonate (ETSS), and the metal adsorption 
performance was evaluated. 

2.  Expermental 
   Polyethylene-coated polypropylene nonwoven fabrics, 
which were used as the trunk polymer, were purchased from 
Kurashiki Textile MFG Co. (Osaka, Japan). The average 
diameter of the nonwoven fabrics was 13 �m. The 
nonwoven fabrics were irradiated with an electron beam up 
to 100 kGy in nitrogen atmosphere at dry ice temperature. 
The irradiated nonwoven fabrics were contacted with the 
aqueous emulsion solution, which was composed of ETSS, 
polysorbate 20 (Tween 20) and deionized water, in a 
deaerated glass ampoule and were kept in water bath at the 
desired reaction time and temperature. After grafting, the 
ETSS-grafted samples were further reacted with 1 M 
potassium hydroxide solution at 80 °C to convert the ester 
groups of the ETSS graft chain to sulfo groups. The degree 
of grafting (Dg) was evaluated by the increased weight after 
grafting, and the degree of saponification (Ds) was 
estimated by the equilibrium adsorption capacity for Cu2+.
The metal adsorption performance of the ETSS-saponified 
adsorbent was evaluated through the batchwise adsorption 
tests of Cu2+, according to the procedure described by Aoki 
et al1).

3.  Results and Discussion 
   The Dg increased with increasing irradiation dose, ETSS 
concentration, reaction temperature, and reaction time. The 
optimum grafting conditions were irradiation dose of    
100 kGy, ETSS concentration of 3 wt%, Tween 20 
concentration of 0.3 wt%, and reaction temperature at 60°C. 
In these conditions, the maximum value of Dg became 
800% (4.2 mmol-ETSS/g-adsorbent) at the reaction time of 
4 h, as shown in Fig. 1. 
   When the 50% ethanol aqueous solution was used as a 
saponification solvent, the saponification reaction of the 
ETSS-grafted adsorbent was finished within 2 h regardless 
of the Dg. After saponification for 2 h, the Ds reached 88%, 
85%, and 82% (2.7, 3.4, and 3.7 mmol-SO3

-/g-adsorbent) 
for the Dg of 200%, 400%, and 700%, respectively. 
Additionally, when the deionized water was used, the 
marked saponification reaction occurred after 6 h, and the 
Ds reached over 80% at 18 h.  
   To evaluate metal adsorption performance of the 
ETSS-saponified adsorbent, the adsorption amount of Cu2+

onto the adsorbent was monitored and plotted in Fig. 2. The 
adsorption equilibrium of the ETSS-saponified adsorbent of 
200% Dg was established within 80 min, and the adsorption 
capacity of that adsorbent was 1.4 mmol-Cu2+/g-adsorbent. 
On the contrary, that of a commercially available particulate 
resin (DIAION PK216, adsorption capacity was 2.3 mmol- 
Cu2+/g-resin), which has crosslinked network matrices, was 
not yet completely attained even after 480 min. Thus, the 
metal adsorption rate of the ETSS-saponified adsorbent is 
extremely higher than that of the DIAION PK216.  

Reference 
1) S. Aoki, K. Saito, A. Jyo, A. Katakai and T. Sugo, Anal.

Sci., 17 Suppl. (2001) i205–208. 
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1. Introduction 
Boron is widely distributed in the environment as boric 

acid or borate salt. In Japan, the environmental standard for 
release of boron has been legally determined at 1 ppm 
(mg/l). Hence, JAEA tried to remove the boron from waste 
groundwater at the Mizunami Underground Research 
Laboratory (MIU), Tono Geoscience Centre, before 
discharge of the groundwater to the river. A granular resin 
of boron adsorbent has been used in MIU for boron removal. 
However, the granular resin adsorbent is effective only for 
boron removal at relatively slow flow rates around 10 bed 
volume (BV)/h .Therefore, JAEA’s Takasaki site developed 
a new fibrous boron adsorbent

1) 
using a graft polymerization 

to realize the effective removal of boron. The boron 
adsorption from the waste ground water was preliminary 
evaluated using the fibrous boron adsorbent. 

2. Experimental 
The fibrous boron adsorbent was prepared by 

radiation-induced emulsion graft polymerization of glycidyl 
methacrylate onto non-woven polyethylene fabric and 
consequent chemical modification of the epoxy group to 
glucamine. To evaluate the performance of the boron 
adsorbent with groundwater at the MIU, the resulting 
adsorbents was packed into the column, 10cm in internal 
diameter. The volume of adsorbent was 2,000 cm3. This 
column was set into the experimental equipment which 
consisted of pumps and a fraction collector. The waste 
groundwater was pumped into the column at the flow rate of 
20 BV/h. The boron concentration in groundwater was 

1.4 ppm. After the boron adsorption, the column packing 
boron adsorbent was carried to Takasaki site. Then, the 
adsorbed boron on the adsorbent was eluted with 1M HCl 
using less than 20 BV at a flow rate of 50 BV/h with the 
elution equipment in Figure 1. This equipment was 
assembled by column, pump and tanks. After elution of 
boron, the adsorbent can be used repeatedly for the 
treatment of waste groundwater.  

3. Result and Discussion 
Figure 2 shows the breakthrough curves of boron 

adsorption at a flow rate of 20 BV/h. The boron adsorption 
was carried out two times as preliminary experiments. The 
pH of groundwater were 9.8 and 10.4 for the first and the 
second adsorption, respectively. The adsorbent in the second 
run could treat more than 1,000 BV of groundwater until the 
boron concentration reached to 0.5 ppm, regulations in MIU. 
In contrast, the adsorption performance in the first run has 
breakthrough lower than 200 BV. This is because the boron 
capacity of the adsorbent dramatically decreases in the pH 
higher than 10. In addition, sludge was observed at the head 
of the column due to blasting excavations. These results 
indicate that the control the pH and the water quality by 
pre-treatment filtering are important for removal of boron 
from the groundwater with fibrous adsorption.

Reference 
1) H. Hoshina, et.al, “Synthesis of graft adsorbent with 

N-methyl-D-glucamine for boron adsorption”, J.Ion 
Exchange, 18 (2007) 236. 

Fig. 1  Elution equipment for boron adsorbent. Fig. 2  Breakthrough curves of boron adsorption at 
flow rate of 20 BV/h. 
The first run (�)  and the second run (�).
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Development of Water-Soluble Chelate Agent for 
Trapping-Heavy Metal (First Report) 
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Water-soluble chelate agent for trapping heavy metal was synthesized by preirradiation graft polymerization of glycidyl 
methacrylate (GMA) on methylcellulose. The obtained water-soluble chelate agent having functional group of iminodiacetic 
acid had 2.65 mmol/g of lead-trapping capacity. However, its production cost is much higher than that of a conventional 
water-soluble chelate agent. Another water-soluble chelate agent was prepared by mutual grafting of acrylic acid onto starch 
of low price. In this grafting, a thickening agent was necessary to maintain the dispersion of starch powder in water. 
Lead-trapping capacity of starch based chelate agent developed was found to be 0.39 mmol/g. Whereas this value is still low 
compared with the GMA-based one, the cost-effectiveness has been improved drastically. 
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Development of Millimeter-Wave Devices 
Using Grafted-PTFE Films 
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c) Kyushu Hitachi Maxell, Limited 

As the importance of intelligent transport system (ITS) 
and imaging diagnostics increases, the fabrication of high 
performance millimeter-wave planar components becomes 
essential. This paper describes the development of high 
performance millimeter-wave planar components such as 
antennas using a low-loss fluorine material. The problems to 
be solved are the low degree of adhesion between copper 
foil and the fluorine material 1-2) and the shape of the 
antenna pattern. In order to solve the problems, surface 
treatment of fluorine films and a fabrication method using 
Electro Fine Forming (EF2) are utilized.  

Polytetrafluoroethylene (PTFE) films were irradiated 
with electron beam, and different degrees of grafting were 
achieved by immersing the irradiated films for different 
grafting time in monomer solution. After the grafting, 
copper was sputtered on the surface of the films for 
measuring the peel strength between the metal and the 
grafted-films. As a result, a large increase in the peel 
adhesion strength was obtained by the graft polymerization 
using acrylic acid on the PTFE surface.  

The processes of the EF2 fabrication technique include 
the lithography process and the electrotyping process. EF2 
abilities are made possible by the integration of two unique 
technologies. One is a micro-lithography exposure 
technique used to enhance forming resolution and provide 
precise aperture patterns with micron level tolerances. 
Another is "Stay-Land Technology", which controls plating 
thickness and ensures an evenly distributed metal deposition 
so that parts are formed in a very controlled and uniform 
manner 3). Figure 1 shows a millimeter-wave antenna 
prototype using EF2 fabrication technique. 

We have designed an antenna pattern to improve 
antenna properties using CST Microwave Studio�. The 
fabricated antennas were based on commercially available 
conventional substrates and grafted-PTFE films for 
performance comparison. The millimeter-wave antenna 
array has 280 elements and the size of the antenna is about 
88 mm x 64 mm. The near-field antenna radiation pattern 
was measured using a vector network analyzer (Anritsu / 
37297C), while the far-field pattern is derived using 
conversion software. Figure 2 shows the calculated and 
measured characteristics of antenna patterns in the E-plane 
at a frequency of 76 GHz using 0.3 mm-thick grafted-PTFE 
films. The measurements are in good agreement with the 
calculation. In the measured antenna radiation patterns, the 
sidelobe level of the millimeter-wave antenna prototype was 
reduced in the E-plane by using grafted-PTFE films and 

EF2 fabrication technique. 

References 
1) S. R. Kim: J. Appl. Polym. Sci. 77 (2000) 1913. 
2) S. Wu, E. T. Kang, K. G. Neoh, C. Q. Cui, and T. B. 

Lim: IEEE Trans. on Adv. Packag. 23, No.3 (2000) 
538. 

3) L. Yang, N. Ito, C. W. Domier, N. C. Luhmann, Jr., and 
A. Mase: Proc. IEEE MTT-S Int., (2007) 1887. 

Fig. 1  8-element beam steering antenna using EF2 
fabrication technique. 

Fig. 2  Concept of H-plane and E-plane (a) and 
calculated and measured characteristics of antenna 
radiation patterns in E-plane (b). 

(a)

(b)
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1.  Introduction 
   Polyacrylamide gel is often used in electrophoresis as 
separation medium. In isoelectric focusing (IEF) separation, 
proteins were separated according to their isoelectric point 
(pI), and low-concentration gel is preferred because proteins 
can migrate fast through the relatively large pore of the gel. 
The authors developed low-concentration IEF gels 
supported by multifilament yarns1) and applied them to fast 
IEF separation of two-dimensional gel electrophoresis2).
However, lower concentration polyacrylamide than 2.5 %T 
(total monomer concentration; %T) is difficult to be 
obtained by the chemical polymerization process so far. In 
the present study, radiation polymerization process was 
introduced to prepare low-concentration polyacrylamide gel, 
and IEF separation performance was investigated. 

2.  Expermental 
Monomer solutions containing acrylamide and 

N,N’-methylenebisacrylamide at 1.5, 2.0 and 2.5 %T and 0, 
2 and 4 %C (cross-linker proportion; %C) were prepared. 
Multifilament yarns used as gel support were got through 
the glass capillaries (ID 1.15 mm). The monomer solutions 
degassed using ultrasonic and vacuum pressure were 
introduced into the capillaries. Co-60 gamma-ray was used 
as a radiation source and irradiated onto the monomer 
solutions through the capillaries at dose rate of 10 kGy/h. 
After polymerization, the gels were pulled out from the 
capillaries and provides as IEF media. Protein samples used 
for IEF were colored proteins: C-phycocyanin (MW 264 
kDa, pI 4.3), hemoglobin (MW 67 kDa, pI 7.2) and 
cytochrome c (MW 13 kDa, pI 9.6). 

3.  Results and Discussion 
The 2.0 and 2.5 %T solutions were solidified at dose of 

10 kGy (1.0 h irradiation) and the 0 %C solutions were also 
solidified and cross-linked by radiation polymerization, as 
well as 2 and 4%C solutions. The 1.5 %T solutions were 
solidified at dose of 15 kGy (1.5 h) and 20 kGy (2.0 h), but 
not at 10 kGy. The dose of 10 kGy was enough to 
polymerize the 2.0 and 2.5 %T solutions, but not for the 
1.5%T solutions. IEF separation using the 2.0 %T, 0 %C 
polyacrylamide gel prepared by radiation polymerization 
process is shown in Fig. 1. The three colored proteins were 
separated along the gel in 20 min. 

To evaluate IEF separation performance of the 
polymerized gels, migration distance of C-phycocyanin was 
monitored and plotted in Fig. 2. For comparison, the result 
using 2.5 %T, 5.4 %C polyacrylamide gel prepared by 
chemical polymerization process is shown in the solid line. 
The protein migrated fastest in the 2.0 %T, 0 %C gel 
polymerized at dose of 10 kGy. In the gels prepared at dose 
of 20 kGy, the protein moved almost at the same speed as 
the chemically polymerized 2.5 %T, 5.4 %C gel. This is 
considered because the excess dose of 20 kGy promoted 
polymerization and produced as small pores as the 
chemically polymerized 2.5 %T, 5.4 %C gel. 

References 
1) J. Li, A. Ogasawara, T. Odake, T. Umemura and K. 

Tsunoda, Anal. Sci., 20 (2004) 1673–1679. 
2) T. Odake, K. Kamezawa, K. Miyata H. Hotta, Y. 

Kojima and K. Tsunoda, Proc. Total Analysis Systems 
2006 Symp., 1 (2006) 392–394. 

Fig. 2  Migration distance of C-phycocyanin during IEF.

Fig. 1  IEF separation of colored proteins using 
2.0 %T, 0 %C polyacrylamide gel prepared by 
radiation polymerization process. 
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Rivers in Gunma Prefecture are sources of water supply 
to metropolitan areas. There are many swine households 
near the rivers and treated waste water from the swine 
households comes into the rivers. According to an inquiry 
by the Agricultural Production Bureau, Ministry of 
Agriculture, Forestry and Fishery, the biggest problem in 
the swine breeding is water pollution 1). Reducing amount of 
phosphate ion and nitrogen coming into the rivers is 
expected for environmental conservation and high quality 
water supply. Meanwhile, shortage of phosphorus becomes 
a big concern in the world. Animal waste is a potential 
phosphorus source. Aiming to solve both problems, Gunma 
Prefecture started a project, “Prefecture Collaboration of 
Regional Entities for the Advancement of Technological 
Excellence” sponsored by Science and Technology Agency 
of Japan (JST). Industries, universities and governments join 
the project to realize clean Gunma and utilization of animal 
waste as resources. Each institution is in charge of different 
objective. Gunma Industry Support Organization and Japan 
Atomic Energy Agency collaborate to develop a gel to 
reduce the amount of phosphate ion contained in the effluent 
from the swine breeders using carboxymethyl cellulose 
(CMC).

CMC itself does not absorb phosphate ion, however, 
combination of CMC and metal ion can provide absorbent. 
Known as a preparation of CMC gel, multivalent metal ion 
forms ionic crosslinks among CMC molecules. Aluminum 
and iron ions are the most commonly used metal ions in the 
CMC gel preparation. A gel was formed instantaneously 
when CMC was mixed with ferric salt [hereafter expressed 
as Fe(III)] solution, however, it took time when ferrous salt 
[hereafter expressed as Fe(II)] aqueous solution was used.  

Aqueous solutions of Fe(II) compounds are oxidized to 

those of Fe(III) compounds in the air. The oxidation 
proceeds gradually, however, we found CMC promoted the 
reaction. Immediately after the addition of CMC to aqueous 
solution of Fe (II) compound, the color of the solution 
changed from pale green to reddish brown. 

We developed a novel method to prepare CMC gel using 
CMC and acid 2). Mixing CMC with acid resulted in a gel 
replacing sodium in CMC with hydrogen. 

Combination of both reactions, oxidation and gelation, is 
expected to result in CMC-Fe gel which can absorb 
phosphate ion in swine urine effectively. Gels prepared from 
CMC, iron and water did not keep shape after absorbing 
phosphate ion, while, those prepared from CMC, iron and 
acid solution kept the shape even after phosphate ion 
absorption.  

Gels prepared from CMC, Fe(II) and acid solution 
effectively absorbed phosphate ion in artificial urine and 
swine urine after primary treatment as shown in Figs. 1 and 
2, respectively. The initial concentrations of phosphorus in 
the artificial and the swine urine were 457 and 78 mg/L, 
respectively.  The concentrations decreased to less than 3 
and 2 mg/L, respectively, after treatment by CMC-Fe(II) 
acid gel regardless of the species of acids. The values were 
less than regulation average value in a day eluted from 
swine breeders, 8 mg/L. Not only phosphate ion in the 
artificial urine but also phosphorus in the swine urine could 
be removed by the gels. 

References 
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Fig. 2  Removal of phosphate ion in swine urine after 
primary treatment using CMC-Fe(II)-acid gels. 
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Carboxymethyl cellulose (CMC) is a water soluble 
polysaccharide having various application fields such as 
civil engineering, oil drilling, fish feed, food additives, 
pharmaceuticals, and textile printing. CMC forms a gel 
when mixed with acid as a result of replacement of sodium 
in carboxymethyl group with hydrogen. If CMC can form 
mixture gel with other material in the presence of acid, the 
gel shows different properties with CMC gel.  
   Konjac mannan (KM) has high molar mass and high 
viscosity in low concentration aqueous solution in nature. 
The molar mass of KM can be easily decreased by 
�-irradiation.  

Molar mass of KM will have a big effect on CMC-KM 
mixture gel. The aims of this study are to examine 
mechanical properties of CMC-KM mixture gel and 
elucidate the effect of KM molar mass on characteristics of 
CMC-KM mixture gels. 
   CMC-KM mixture paste was prepared by mixing 8 g 
of CMC with 92 g of the KM aqueous solution containing 
2 g KM using a mixer. Then the mixture was pressed to a 
sheet with the thickness of 1 mm. CMC-KM mixture gel 
was obtained by immersing the mixture paste in 0.5 M 
hydrochloric acid. Immersion time was 8 h, 16 h, 32 h and 
64 h. Mechanical properties of the gel were measured 
using a compact table-top universal material tester and 
then Young’s modulus and elongation were determined. 
   The Young’s modulus of the CMC-KM mixture gel 
increased with increasing of the immersion time and 
showed a maximum at 16 h then decreased with the 
immersion time. The CMC-KM mixture gel is more elastic 
than the CMC gel. The strength of CMC-KM mixture gel 
is quite high as compared with that of the CMC gel.  The 
reason of the maximum strength at 16 h immersion is 
estimated as follows: the CMC molecules shrink 
moderately when immersed for 16 h, however, CMC and 
KM molecules distribute uniformly. But CMC molecules 
shrink more after 32 h and 64 h immersion, CMC and KM 

Fig. 1  The schematic model for gelation of CMC-KM 
mixture gel in acid.  

molecules separate, and they become weaker than those 
immersed for 16 h. 
   Influence of molar mass of KM on gel property were 
investigated using CMC-KM mixture gels made from CMC 
and �-irradiated KM with various molar mass by acid 
treatment. The CMC-KM mixture gel was more elastic than 
the CMC gel when molar mass of KM was higher than 
1,000 kDa. But the Young’s modulus of the CMC-KM 
mixture gel was almost the same with that of the CMC gel 
when molar mass of KM was lower than 500 kDa. Figure 1 
shows the schematic model for gelation of the CMC-KM 
with high molar mass mixture gel. In the early stage, KM 
molecular chains might entangle with the loosely aggregated 
CMC molecules and the interaction such as hydrogen 
bonding could be occurred between the KM and CMC 
chains. The strength of the CMC-KM mixture gel should be 
increased by the synergistic effect.  

When the immersion time increases, the CMC chains 
coagulate tightly by themselves, and the KM chains are 
excluded from the mixture. Then the system changes to the 
inhomogeneous structure and the strength of the mixture gel 
decreases with the immersion time. 

In the case of the low molar mass KM (Fig. 2), the KM 
molecule might disperse more homogeneously in CMC-KM 
paste because of the short chain length. The degree of 
swelling of the CMC-KM paste in aqueous solution was 
higher than that of the high molar mass KM. This means 
that the interaction between CMC molecules and KM 
molecules with low molar mass is weak. When the paste is 
immersed in acid, the CMC molecules coagulate and make a 
network structure, while KM chains remain as the 
interpenetrating polymer with less interaction.  
Accordingly, the remarkable synergistic effect hardly 
appears, and the properties of the mixture gel show the 
similar properties of the CMC gel. 

Fig. 2  The schematic model of CMC-KM mixture gel 
prepared by different molar mass KM. 
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Preparation of Blend Hydrogels Based on Cellulose- and 
Starch-Derivatives and Their Properties 

A. Hiroki a), H. T. T. Pham b), N. Nagasawa a) and M. Tamada a)

a) Environment and Industrial Materials Research Division, QuBS, JAEA,  
b) Research and Development Center for Radiation Technology, Vinagamma, VAEC 

It is well known that hydrogels of carboxymethyl 
cellulose (CMC) and carboxymethyl starch (CMS) are 
produced by gamma or electron beam irradiation with their 
high concentrated aqueous solution1). The resulting 
biodegradable hydrogels have been applied in various fields 
such as medicine and agriculture. However, the hydrogels 
remain an issue concerning with water absorbability or 
mechanical strength in order to use as a super water 
absorbent in agriculture. In this work, blend hydrogels of 
CMC and CMS were synthesized by radiation crosslinking 
method to improve the properties such as a degree of 
swelling (Sw) and gel strength.  

CMC and CMS were purchased from Daicel Co. Ltd, 
Japan and Gunei Chemical Industry Co. Ltd., Japan, 
respectively. The degree of substitution of carboxymethyl 
group of CMC and CMS were 1.34 and 0.12, respectively. 
The CMC/CMS aqueous solution of 40 wt.% (blend ratio of 
CMC/CMS: 100/0, 75/25, 50/50, 25/75, 0/100) were sealed 
in polyethylene-nylon bags after degassing. The irradiations 
were carried out using 60Co �-ray source at the Takasaki 
Advanced Radiation Research Institute, Japan Atomic 
Energy Agency. The samples of paste state were irradiated 
to total a dose of 1 to 40 kGy at room temperature to obtain 
blend hydrogels. Gel fraction of the obtained hydrogels was 
determined gravimetrically by measuring insoluble part 
after water extraction of sol. The Sw of the blend hydrogels 
was calculated from weight ratio, (Ws – Wd) / Wd, where 
Ws is the weight of the swollen gel and Wd is the weight of 
dried gel. The gel strength was measured by compressing 
CMC/CMS blend hydrogels cut into cylindrical form. 

The gel fraction of CMC/CMS blend hydrogels 
increased sharply up to 10 kGy and reached a constant value 
at 30 kGy. Increase in the ratio of CMC increased the gel 
fraction of blend hydrogel. As a result of the measurement 
of swelling kinetics, these hydrogels reached the 
equilibrium swelling state from initial dried gel in about 2 
hours at room temperature. Figure 1 shows the Sw of the 
CMC/CMS blend hydrogels swollen to the equilibrium state 
as a function of dose. The blend hydrogels with the 
maximum Sw of about 800 were obtained at only 2 kGy. 
The Sw decreased significantly with increasing the dose, 
and leveled off in the range of 20-40 kGy. At the dose range 
of 10 to 20 kGy, the CMC/CMS (25/75) blend hydrogels 
showed the highest Sw of 246 and 181 in the blend 
hydrogels, respectively. 

The effect of the dose on the gel strength of the obtained 
CMC/CMS blend hydrogels is shown in Fig. 2. The gel 
strength of the blend hydrogels increased with increasing 
the dose, which was independent of the composition of 
CMC and CMS. As the ratio of the CMS increased from 0% 
to 50%, the gel strength at 10 kGy decreased to about    
0.4 MPa. However, the further increase in the ratio of the 
CMS increased the gel strength, resulting in about 1.7 MPa. 

From the above mentioned results, it was found that the 
CMC/CMS (25/75) blend hydrogel showed the both high 
Sw and high gel strength as compared with others. 
Therefore, that blend hydrogel at 10 kGy could be suitable 
to use as a super water absorbent for agriculture. 

Reference 
1) F. Yoshii, et al., Nucl. Instr. and Meth. B, 208 (2003) 
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Application of Ozone Decomposition Catalyst to 
Electron-beam Irradiated Toluene/Xylene/Air Mixtures 

T. Hakoda, K. Matsumoto and K. Hirota 

Environment and Industrial Materials Research Division, QuBS, JAEA 

Electron beam (EB) technology has an advantage for 
treating dilute environmental pollutants in off-gases due to 
high-density population of active species. When irradiated 
to air, various oxidizing species such as OH radicals and O 
atoms are produced from air components. In general, OH 
radicals play an important role of initiating the 
decomposition and removal of such pollutants. On the other 
hand, most of O atoms rapidly react with O2 in air and 
produce inert O3. In our preliminary study using a few tens 
keV EBs, an O3 decomposition catalyst was applied to an 
irradiated VOC/air mixture as a method for changing from 
inert O3 into an active species1). This catalytic process 
enabled to oxidize the irradiation byproducts of VOCs into 
CO2. In the present study, EB irradiation followed by the 
catalytic process (EB/catalytic process) was performed 
using 1-MeV EB under practical off-gas conditions such as 
lower initial VOC concentrations and multi-components 
VOCs/air mixtures to examine the effectiveness of this 
catalytic process to practical off-gases. 

Air containing toluene and xylene at both initial 
concentrations of 10 ppmv was prepared at a flow rate of 5 
L/min as sample gas for only EB irradiation and an 
EB/catalytic process. This sample gas was irradiated with 
1-MeV EBs using a 1st accelerator and introduced into the 
layer of MnO2 pellets, one of O3 decomposition catalysts, 
heated to a temperature of 393 or 443 K. The volume of the 
catalyst was 21.5 cm3. The ratio of this volume to the gas 
flow rate was similar to that observed at practical usage of 
catalysts. The sample gas was analyzed by a FTIR system 
after 1 hr since the EB/catalytic process begun to examine 
the catalytic effect with keeping adsorption equilibrium. 

The decomposition ratios of remaining toluene and 
xylene were obtained as a function of dose for only EB 

irradiation, EB irradiations with 393-K MnO2, and that with 
443-K MnO2, as shown in Fig. 1. All decomposition ratio 
for EB irradiation using MnO2 layers was 5–25% higher 
than that for EB irradiation. Another experiment 
demonstrated that toluene and xylene was not decomposed 
on such heated MnO2 pellets. Furthermore, this 
decomposition ratio was obtained after adsorption 
equilibrium on the MnO2 pellets was achieved. Therefore, 
the increase in the decomposition ratio with MnO2 suggests 
that a portion of remaining toluene/xylene was decomposed 
by the catalytic process. 

Product analysis results showed that EB irradiation 
produced CO2 and CO through oxidation of toluene/xylene 
and their byproducts induced by active species. However, 
the catalytic process generated active oxygen from O3

decomposition and subsequently produced only nontoxic 
CO2 though oxidation of above organics and a portion of 
CO. Relative concentration of CO2 and CO, �, in irradiated 
sample gases with and without using MnO2 was obtained as 
a function of dose. (Fig. 2) The � under any conditions 
appeared to increase lineally with dose. The � for 
EB/catalytic process was 18–40% higher than that for EB 
irradiation due to the contribution of active oxygen 
produced on the MnO2 pellet surface. These results indicate 
that the application of a catalytic process using O3

decomposition catalysts enables the reduction in the dose of 
irradiation required for oxidation of VOCs and the 
byproducts into nontoxic CO2 under practical treatment 
conditions. 

Reference 
1) T. Hakoda et al., Radiat. Phys. Chem. 77 (2008) 585. 
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Decomposition of Chloroethylenes in Air by Electron 
Beam 

A. Shimada and K. Hirota

Environment and Industrial Materials Research Division, QuBS, JAEA,  

Chloroethylenes are used for industrial solvents for dry 
cleaning and de-oil of metal, machine, and electric device1).
They are released into the environment from the factory, and 
accumulated in the soil and groundwater. The accumulation 
has an influence on human and causes headache, nausea, 
dizziness and so on2). Although electron beam (EB) is 
expected to be one of the useful methods for treating 
pollutants, it is difficult to treat chloroethyeles in the soil 
and water because of its very short range. Releasing 
chloroethylenes by aeration of the soil and water is required 
for EB treatment.  

In general, kinds of chloroethylenes exist in the real soil 
and groundwater. Thus, it is important to do a basic research 
on the treatment of a mixture of chloroethylenes with 
electron beams. However, interaction among target 
chemicals after irradiation often makes it difficult to 
understand reaction mechanism in electron processing. In 
this study, trans-dichloroethylene (DCE), trichloroethylene 
(TCE), and tetrachloroethylene (PCE) in air were irradiated 
separately with electron beams. To compare the 
decomposition behaviors, the irradiation of a mixture of the 
chloroethylenes in air was also carried out. 

Air containing 300 ppmv of chloroethylene (DCE, TCE, 
or tetrachloroethylene (PCE)) and 1 w% water was 
irradiated with EB at absorbed doses of 0.6-22 kGy. An 
accelerator was operated on 1 MV with a current of
0.22~8.7 mA. The irradiation was carried out at ambient 
temperature. The change in the concentration of each 
chloroethylene as a function of dose is shown in Fig. 1. The 
concentration decreased exponentially with dose. TCE and 
PCE were decomposed by about 90 %, but DCE is 
decomposed by about 50 %, at a dose of 2.8 kGy. From the 

initial slope of the curves in Fig. 1, the decrease in the 
chloroethylene concentration per 1 kGy was estimated to be 
72, 285, 300 ppmv/kGy for DCE, TCE, PCE, respectively. 
These values are much larger than that of OH radical 
generated by EB, i.e., 10 ppmv/kGy. These results can be 
explained in terms that chloroethylenes were decomposed 
by a chain reaction� by Cl radicals3). Chloroethylenes were 
decomposed through reactions with OH radicals produced 
from the irradiation of air, and released the Cl radicals.

A mixture of 300 ppmv trans-DCE, TCE, and PCE was 
irradiated under the same condition as done separately. The 
change in the concentration of each chloroethyelene as a 
function of dose is shown in Fig. 2. The concentration 
decreased exponentially with dose. DCE and TCE were 
decomposed by about 60 %, but PCE was decomposed by 
about 40 % at a dose of 2.8 kGy.

Compared to the results of chloroethylenes irradiated 
separately, DCE in a mixture was readily decomposed. On 
the other hand, TCE and PCE in a mixture required much 
energy to obtain more than 90 % decomposition. It may be 
explained that DCE had a higher reactivity against the Cl 
radicals generated from chloroethylene decomposition than 
TCE and PCE. The amount of Cl radicals was abundant in 
the irradiation of a mixture of chloroethylenes.

References
1) http://www.eic.or.jp. 
2) http://www.jaish.gr.jp/anzen/gmsds/0161.html. 
3) T. Hakoda, Z. Zhang, S. Hashimoto, Radiat. Phys. 

Chem., Vol.54 (1999) 541. 

Fig. 1  Concentration of chloroethylene in air as a 
function of dose (irradiated separately).

Fig. 2  Concentration of chloroethylene in air as a 
function of dose (irradiated in a mixture).
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Decomposition of Biologically Persistent�
Pharmaceuticals by Ionizing Radiation 

A. Kimura, M. Taguchi and K. Hirota 

Environment and Industrial Materials Research Division, QuBS, JAEA 

Introduction 
There has been growing studies about the influence of 

pharmaceuticals on aquatic environment in the recent years. 
The pharmaceuticals are classified into emerging 
environmental contaminants that are extensively and 
increasingly being used in human and veterinary medicine. 
They have been detected in drinking water in the range of 
the concentration from ng to �g /L 1). Some pharmaceuticals 
are persistence toward the activated sludge system. 
Long-term exposure of pharmaceuticals to the human body 
might have an influence on our physiological system. 
Treatment of pharmaceuticals should be investigated to 
minimize the long-term risk. Addition treatment methods 
such as advanced oxidation technologies (AOTs) were 
required to treat the secondary effluent of existing 
wastewater treatment plant with the activated sludge system. 
Ionizing radiation, one of AOTs, can treat a trace amount of 
persistent chemicals in water because it produces hydroxyl 
radicals quantitatively and homogeneously2,3).
Decomposition of pharmaceuticals was investigated by 
ionizing radiation.  

Experimental 
Aspirin, ibuprofen, carbamazepine, and oseltamivir were 

selected as representative pharmaceuticals and dissolved in 
pure water. Activated sludge was obtained from wastewater 
treatment plant near our institute. The aqueous 
pharmaceutical solution was mixed with the activated 

sludge solution, which was pored into the glass bottle and 
stirred under air saturated condition. The �-ray irradiations 
of the aqueous pharmaceutical solutions saturated with air 
were carried out using 60Co �-ray sources. The aqueous 
pharmaceutical solutions before and after biodegradation 
and �-ray irradiation were analyzed with HPLC-MS.

Results and Discussion 
Pharmaceuticals were treated with the activated sludge 

to confirm their biodegrability as shown in Fig. 1. Aspirin 
and oseltamivir in water were easily decomposed 2 hours, 
for which was half reaction time compared to that of 
ibprofen. Carbamazepine was not decomposed by the 
activated sludge system, which is consistent with the 
previous report1).

Ibprofen and syucarbamazepine at 1 mg/L in water were 
decomposed by �-ray irradiation as shown in Fig. 2. Each 
concentration was exponentially decreased and they were 
eliminated at 120 Gy. The ionizing radiation could treat 
ibuprofen and carbamazepine which were hard to be 
decomposed by activated sludge system.  

References 
1) A. Fent, et al., Aquatic Toxicology, 76 (2006) 122-159. 
2) N. Getoff, Radiat. Phys. Chem., 65 437-446 (2002) 

437-446. 
3) A. Kimura, et al., Radiat. Phys. Chem., 76 (2007) 

699-706. 
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Fig. 1  Biodegradation of pharmaceuticals in water. 
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Chemical and Biological Assays of Aqueous 
Chlorophenol Solutions Irradiated with �-rays 
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b) Tatebayashi Forestry and Environmental Affairs Center, 

c) Environmental Quality Measurement Section, Research Center for Environmental Risk, 
 National Institute for Environmental Studies 

Introduction 
Ionizing radiations can make reactive species in water, 

and are applicable to a waste water treatment. We have so 
far done the treatment research of water containing 
Endocrine Disrupting Chemicals (EDCs) by ionizing 
radiations1,2,3). 17 �-estradiol has the highest estrogen 
activity and is released from human and domestic animals. 
Nonylphenols are persistent and toxic artificial chemicals. 
They were decomposed by �-ray irradiation. The biological 
activities of these aqueous solutions were evaluated by the 
enzyme-linked immunosorbent assay and the yeast 
two-hybrid assay before and after irradiations. These assays 
are based on the response of the endocrine system. In order 
to apply the ionizing radiations to the waste water treatment, 
a biological assay for the acute toxicity is also important 
because real waste water contains not only EDCs but also 
acute toxic chemicals. Organic chlorine compounds, for 
example, dioxin and PCB, have the toxicities but have been 
investigated mainly by the chemical analysis. 2- and 
4-Chlorophenols were selected as first targets since they are 
model compounds of the organic chlorine compounds.  

Experimental 
2- and 4-Chlorophenols were dissolved in water to 

prepare samples at the concentration of 1 mmol L-1. The 
aqueous chlorophenol solutions were poured in glass vials 
and bubbled with oxygen during irradiation. The �-ray 
irradiations were carried out at 298 K using 60Co sources in 
JAEA/Takasaki A HPLC (Agilent 1100 series) with a 
reverse phase column (Shodex RS pak DE-613) was used 
for the qualitative and quantitative analyses of the aqueous 
chlorophenol solutions before and after �-ray irradiation. 
The acute toxicity of the aqueous chlorophenol solutions 
before and after irradiation were evaluated by a biological 
assay using luminescence bacteria (photobacterium
phosphoreum). The bacteria was exposed to chemicals and 
incubated in the culture medium. The light emitted from the 
bacteria was measured with a luminometer 
(Luminesencecer-JNR, AB-2100). 

Results and discussion 
2-Chlorophenol (2CP) was exponentially decomposed in 

water by �-ray irradiation as shown in Fig. 1. 
Chlorohydroquinone and 3-chlorocatechol were formed as 
primary irradiation products by a low-dose irradiation 
(Scheme 1), and decomposed by a further irradiation. The 

aqueous 2CP solution has a weak acute toxicity before 
irradiation. The toxicity of the solution, however, increased 
monotonously with dose. The solution irradiated at the dose 
of 8 kGy, at which 2CP and the primary irradiation products 
were almost decomposed, has a stronger acute toxicity than 
that before irradiation. The toxicity increased by irradiation 
was larger than the toxicity expected from the sum of the 
toxicities of 2CP and the primary products. The aqueous 
4-chlorophenol solution has the toxicity before irradiation, 
and the toxicity increases with dose like 2CP. The increment 
of the acute toxicity can be considered to be caused by not 
only the primary irradiation products but maybe hydrogen 
peroxide and organic acids, and/or the synergistic effect of 
toxic irradiation products. 

References 
1) A. Kimura, et al., Radiat. Phys. Chem., 69 (2004) 

295-301. 
2)  A. Kimura, et al., Radiat. Phys. Chem., 75 (2006) 61-69. 
3) A. Kimura, et al., Radiat. Phys. Chem., 76 (2007)�

699-706. 

Scheme 1  Reaction scheme of 2-chlorophenol in water 
under oxygen saturated condition by �-ray irradiations.
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   Deinococcus radiodurans is characterized by an 
exceptional capacity to withstand the usually lethal effects 
of DNA-damaging agents including ionizing radiation, UV 
light and desiccation.  Analysis of DNA-damage-sensitive 
strains of D. radiodurans has identified a novel regulatory 
protein, PprI1).  PprI is involved in regulating the induction 
of PprA, a DNA repair promoting protein2).
   In a previous study, we identified the radiation- 
responsive minimal promoter region of the pprA gene and 
demonstrated that upregulation of pprA expression by PprI 
is triggered at the promoter level3).  PprI seems to be a 
membrane-bound protein, and this suggests that the effect 
of PprI on PprA induction is indirect, and that there may be 
yet to be identified components of the PprI-dependent 
response to radiation stress in D. radiodurans that are 
downregulated by PprI following irradiation.  In an effort 
to explore this possibility, we compared the two- 
dimensional protein profiles of wild-type and pprI
disruptant strains that had been exposed to �-rays followed 
by post-incubation.  Over 300 protein spots were resolved 
on Coomassie Brilliant Blue-stained gels.  Of those, some 
protein spots were demonstrably larger in the pprI
disruptant strain, and were successfully identified by 
MALDI-MS spectra measurements and database searches.  
To determine whether the identified proteins are responsible 
for the radiation resistance of D. radiodurans, gene 
disruptant strains were generated and survival rate was 
examined.  As the result, dr0907 disruptant strain 
exhibited markedly higher sensitivity to �-rays than the wild 
type.  This result suggests that DR0907 plays an important 
role in the pprI-dependent radiation response in D. 
radiodurans.          
   Furthermore, to determine whether the regulation of 
PprA induction amidst disruption of dr0907 takes place at 
the transcriptional level, a luciferase reporter assay was 
employed using D. radiodurans strains carrying a reporter 
plasmid in which the radiation responsive promoter of pprA
had controlled expression of a luciferase reporter gene�
(Fig. 1).  The result suggested that DR0907 downregulates 
expression of the pprA gene at the promoter level under 
normal growth conditions and is involved in modulating the 
radiation response of pprA.  Thus, DR0907 was designated 
PprM (for a modulator of PprA).  This study strongly 
suggests that PprM plays an important role in the induction 
of PprA and is involved in the unique radiation response 
mechanism controlled by PprI (Fig. 2).       
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306. 
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Fig. 2  Hypothesis detailing the PprI-dependent signal 
transduction pathway in D. radiodurans.

Fig. 1  Relative reporter activity of wild-type (WT), 
dr0907 disruptant and pprI disruptant D. 
radiodurans strains. Following a post-irradiation 
incubation for 0 h (open boxes) or 2 h (filled 
boxes), luciferase reporter activity was measured. 
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During the course of our study on UV-resistance 
mechanisms in higher plant, we have isolated a novel gene 
AtREV1, which encodes a member of Y-family DNA 
polymerases. The Y-family polymerases share common 
features, i.e., low fidelity and low processivity, and are 
thought to bypass various DNA damage. Our previous study 
showed that the AtREV1-deficient plant was more sensitive 
to UV-B or cross-linking reagents than the wild-type plant, 
but it was only slightly sensitive to �-ray exposure than the 
wild type1).  Thus, it has been suggested that the AtREV1 
is involved in the bypass of UV- or other kinds of DNA 
damage.  

To study the function of AtREV1 biochemically, here we 
expressed AtREV1 protein in E. coli and analyzed its 
enzymatic activity in vitro.  The recombinant AtREV1 
protein was purified by affinity and ion-exchange column 

chromatographies to near homogeneity (Fig. 1).  Then, the 
deoxynucleotidyl transferase activity was examined by 
using a 32P-labelled oligonucleotide primer annealed with 
five different templates.  As a result, AtREV1 performed 
quite low-fidelity replication and preferentially inserted a 
dCMP regardless of the template base (Fig. 2).  Moreover, 
the AtREV1 inserted a nucleotide at the opposite of 
base-loss damage (AP), which is generated spontaneously or 
induced by DNA-damaging agents. In contrast, AtREV1 
hardly inserted a nucleotide at the opposite of UV-induced 
damage 2).

We next examined whether the low fidelity replication 
activity of AtREV1 causes mutations in vivo. A 
point-mutated uidA gene, as a reporter, was introduced into 
the wild type or AtREV1-deficient plants.  The plants were 
treated with UV-C or �-rays and reversion events, observed 
as blue GUS+ sectors, were counted.  As a result, the UV- 
or �-ray-induced reversion frequencies in the 
AtREV1-deficient plants were significantly lower than that 
in the wild-type plants.  These results suggest that AtREV1 
is involved in the mutagenic replication of UV- or 
�-ray-induced damage in vivo.

Although the recombinant AtREV1 failed to bypass the 
UV damage, the lower UV-induced mutation frequency in 
the AtREV1-deficient plants suggests the involvement of 
AtREV1 in the process of UV-damage.  This inconsistency 
would be explained by the hypothesis that the AtREV1 
co-operates with other protein(s), such as AtREV3 or 
AtPOLH3), to replicate UV-induced damage in Arabidopsis. 

References 
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Fig. 2  Deoxynucleotidyl transferese activity of recombinant AtREV1 protein.  AtREV1 preferentially inserted 
a dCMP regardless of the template base.  AP, apurine/apyrimidine (abasic) template; arrow, unelongated 
primer; arrowhead, elongated primer by the action of AtREV1. 

Fig. 1  Purification of recombinant AtREV1 by column 
chromatography.  Expression of AtREV1 was induced 
by adding IPTG, and cell lysate was fractionated with 
Ni-, Heparin, and ion-exchange columns.
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Mutation breeding is one of the valuable breeding 
techniques that can produce various new phenotypes in 
plant and bacteria. Recently, ion beams have been used for 
mutation breeding. Ion beams have high liner energy 
transfer (LET) comparing with �-rays. The mutagenic 
effects of ion beams and �-rays have been studied in many 
organisms. In plant, Shikazono et al., who investigated the 
mutation events occurring on Arabidopsis chromosomal 
DNA with carbon ions, have reported the high incidence of 
chromosomal rearrangement1,2). However, analyses on 
ion-beam induced mutations in plants have been hardly 
proceeded because there was no efficient mutation- 
detection system as in bacteria and animal3). It is essential 
to characterize the types of mutations induced by ion 
beams for the promotion of ion beam breeding. In this 
study, we analyzed mutation spectrum induced by ion 
beams and �-rays by using rpsL transgenic Arabidopsis
(Arabidopsis/rpsL) mutation detection system4). In this 
system, a plasmid containing rpsL gene is integrated in 
Arabidopsis chromosomal DNA and this plasmid is 
collected by plasmid rescue after treatment of mutagen. 
Mutated rpsL clone is then screened in Escherichia coli.
Since intact plasmid confers Sms and Kmr on Smr E. coli,
plasmid-borne rpsL mutations can be easily detected from 
Smr and Kmr E. coli transformants. Our purpose of this 
study is to compare the mutation spectrum induced by ion 
beams and �-rays and to estimate the efficient irradiation 
condition for ion beam breeding. 

Arabidopsis/rpsL seeds were irradiated with 140 Gy of 
220 MeV carbon ions and 740 Gy of �-rays. Compared 
with background, mutant frequency was increased by 2.8 
and 3.3 times with carbon ions and �-rays, respectively 
(Table 1). Both radiations efficiently induced deletion 
mutations as reported in bacteria and animal5, 6). Frameshift 
mutation was the most frequent mutation occurred in 
�-rays while this type of mutation was few in carbon ions 
(Fig. 1). The carbon ions induced G:C to A:T transition 
and complex type of mutation more frequently than �-rays. 
These differences may result from different types of DNA 
damage formed by carbon ions and �-rays. 

Furthermore, we analyzed mutation induced by carbon 
ions near the Bragg peak in Arabidopsis/rpsL seed. The ion 
beams in the region near the Bragg peak comprise almost 
stopping ions and have higher LET than penetrating ion. 
From this experiment we will estimate the effect of LET 
strength on mutation induction in plant. Our preliminary 
data indicated that mutant frequency was seldom increased 
by exposure to 64 Gy of carbon ions near the Bragg peak 
(Table 1). We chose 64 Gy as the dose that gives the same 
killing effect as 140 Gy of penetrating carbon ions and  
740 Gy of �-rays, based on the dose response curve. The 
fluence of carbon ions near the Bragg peak would decrease 
by 1/4 because it has higher cell killing effect. In our 

irradiation condition, the fluence of carbon ions near the 
Bragg peak might be too low to induce mutation efficiently 
in the rpsL gene of 375 bp in length. To detect mutation 
induced by high LET ion beams, an alternative mutation 
detection system that can detect mutation occurred in 
longer region might be eligible. Further study is needed to 
elucidate the effect of LET strength on mutation induction. 
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Table 1  Mutant frequency. 

 Mutant Frequency 
Background 3.3�10-5

Carbon ion (220 MeV) 9.3�10-5

�-rays 1.1�10-4

Carbon ion (Bragg peak) 4.3�10-5

Mutant frequency is indicated as the ratio of mutants 
to total rescued clones. 

Fig. 1  Mutant frequency of each type of mutation. 
Mutant frequency is indicated as the ratio of mutants 
to total rescued clones. Statistical analysis is 
performed by the method based on Poisson 
distribution.
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1.  Introduction 
The ion beams are widely used as the mutagen for 

developing new varieties of plants and also used for cancer 
therapy1). However, precise effect of ion beams to DNA 
molecules has not been elucidated. 

This study is intended to elucidate the molecular 
mechanism of the mutagenesis caused by ion beams. The 
budding yeast Saccharomyces cerevisiae was used as a 
model eukaryotic organism to comprehend the molecular 
mechanism of the mutagenesis caused by ion beams.  

We reported that the main mutations induced by 
high-LET carbon ion were transversions last year2). In this 
report, we describe the in vivo mutagenecity of 8-oxodGs 
caused by ion beam irradiation in ogg1 mutant strain, which 
is deficient in DNA glycosylase activity and thereby is not 
capable to remove 8-oxodG3).
2.  Experimental procedures 

S. cerevisiae strains used in this study were S288c
(RAD+) and ogg1. The yeast cells were irradiated with 
carbon ions (12C5+; 220 MeV) with the dose 100 Gy, and 
LET is 107 keV/µm. Carbon ion beams were generated 
from AVF cyclotron in JAEA. The mutation rates following 
irradiation were determined on the basis of colony-forming 
ability. And, selection of ura3 cells was accomplished by 
plating the cells on the media containing 5-fluoroorotic acid.   

The mutation sites of ura3 mutants were determined by  

DNA sequencing. 
3.  Results and Discussion 

The frequency of ura3 mutation at 100 Gy in the ogg1
was increased to 3.8×105, 2-fold higher than the wild type.  

Figure 1 shows the mutational spectrums and Figure 2
shows the summary of the sequence analyses. Our results 
indicate that the types of base changes in the carbon-ion 
induced mutants in wild type cells included GC to TA 
transversions (41%), the other type of base substitution 
(41%) and deletions/insertions (18%). In the case of ogg1,
GC to TA transversions were largely observed (70%), but 
neither deletion mutation nor insertion mutation was 
observed. GC to TA transversions are known to be caused 
by misincorporation of 8-oxodG to DNA. Therefore, this 
result probably implies that the concentration of 8-oxodG in 
ogg1 mutant cells is higher than in wild type cells, since 
8-oxodGs produced by ion beam irradiation are removed 
less efficiently in ogg1 mutant cells than in wild type cell. 
Our results suggest that the mutations by ion beams were 
mainly caused by the production of 8-oxodG in the 
nucleotide pool of the irradiated cells. 

References 
1) A. Tanaka et al., J. Exp. Bot. 53 (2002) 683. 
2) Y. Matuo et al., Mutat. Res. 602 (2006) 7. 
3) S. Boiteux et al., Biochimie 81 (1999) 59. 
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Fig. 1  Mutation spectrum induced carbon-ion beams irradiation of yeast. 
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Fig. 2  Mutation class of wild and ogg1.
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Orchid is the main export for Malaysia’s floriculture 
industry. Due to the increasing demand for orchid pot plants 
and cut flowers, new commercial varieties with new 
characteristics such as colour, shape and longer shelf life of 
flower are needed. The use of hybridization for orchid 
breeding is restricted by sexual incompatibility, sterility 
problems and long breeding time. Mutation induction by ion 
beam provides an alternative for improvement of orchids. In 
this study, we tried to produce mutants with new flower 
colour, shape and shelf life.  

The protocorm-like bodies (PLBs) of two orchid species; 
Dendrobium crumenatum (Fig. 1) and Dendrobium 
mirbellianum (Fig. 2) were placed on 6-cm sterile petri 
dishes containing half strength MS media (½ MS)1). The 
samples covered with a Kapton film were irradiated with 
320 MeV 12C6+ ion beams at various doses ranging from 0 
to 12.0 Gray (Gy) from the TIARA AVF cyclotron (JAEA, 
Takasaki). The irradiated PLBs were transferred onto fresh 
½ MS and incubated at 25±2 oC under 12-hour photo period 
for proliferation. Subsequently, the cultures were transferred 
onto fresh media every four weeks for multiplication and 
regeneration. Plantlets were allowed to proliferate and 
multiply for several months before being hardened in 
glasshouse. 

In glasshouse, plantlets of D.mirbellianum were found to 
grow slower as compared to D.crumentum. Unlike irradiated 
D.mirbellianum, some D.crumenatum plants have been 

already flowering. The length of blooming period was 
recorded. No extension of blooming period was observed in 
irradiated plants as compared to the controls, which bloom 
for only one day. Details on morphological changes 
observed in flowering mutant plants are given in Table 1, 
whilst variations on the flower sizes are shown in Fig. 3. 
One of the 6.0-Gy irradiated plantlets shows an increase in 
flower width. The flower measures 55 mm across as 
compared to that of the control, which is approximately 49 
mm (data not shown).  

A plant in the 0.2-Gy population exhibited a longer 
flower stalk which measures at 31.2 cm in length, 
approximately double the length of the flower stalk of the 
control which is averaged at 15 cm. More tissue culture 
plantlets were transferred from time to time into the 
glasshouse for screening. Plantlets of D. mirbellianum are 
growing very slow and have not reached flowering stage. 

Table 1  Morphological variations of flowering D.crumenatum
plants irradiated by ion beams. 

Fig. 3  Large flowers of D.crumenatum variations irradiated 
at 0 (left; control), 0.2 (center) and 8.0 (right) Gy. 

Reference 
1) T. Murashige and F. Skoog, Physiol. Plant. 15 (1962) 

473.

Flower morphology Plant 
formDose 

(Gy)

Number of 
flowering

plant

Number 
of 

mutant Flower 
size

Long 
stalk

Different 
shape

Different 
orientation Dwarf

0 32 0      
0.2 7 2 1 1    
0.4 6 0      
4.0 19 1    1
6.0 2 1 1
8.0 23 1 1     
10.0 10 2 2     
20.0 7 7     7

Fig. 1  Flowers of Dendrobium crumenatum.

Fig. 2  Flowers of Dendrobium mirbellianum. 
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1. Introduction 
Ion beams have different effect from that of electron 

beams on mutation generation of crops and have great 
impact on plant seed and seedling business. New carnation 
variety series with 10 flower color variations have been 
developed by ion beam breeding in the joint R&D between 
Kirin Agribio Co., LTD. and JAEA. They have been 
commercialized in Japan and Europe 1), and their wholesale 
market has amounted to 450 million yen per year. 

We are trying to develop an advanced application 
system of ion beams to produce color variations or to add 
improvements in transgenic plants that have acquired useful 
characteristics such as tolerance to multi-diseases by 
recombinant DNA techniques.  

2. Materials and Methods 
Agrobacterium-mediated transgenic chrysanthemum 

plants (Dendranthema grandiflora) expressing 
double-stranded RNA-specific ribonuclease gene (pac1) 
derived from Schizosaccharomyces pombe were used as 
materials for ion beam breeding. Leaf segments were placed 
in petri dishes containing Murashige and Skoog medium 
supplemented with 0.05 mg/L NAA and 0.1 mg/L BA,   
30 g/L sucrose and 7 g/L agar. The samples were irradiated 
with 5 Gy to 12 Gy of 320 MeV carbon ion beams from the 
TIARA AVF cyclotron (JAEA, Takasaki). Irradiated plants 
have been cultivated in the biohazard glasshouse and their 
flower color and shape were investigated. 

3. Results and Discussions 
Transgenic chrysanthemum plants expressing pac1 gene 

showed tolerance against Chrysanthemum Stunt Viroid 
(CSVd) (Fig. 1) and Tomato Spotted Wilt Virus (TSWV) 2).
In total, 832 plants from ion beam irradiation have been 
cultivated and flowered. Flower color mutants such as pale 
pink, dark pink, salmon, white, yellow etc. have been 
obtained (Table 1, Fig. 2, 3). 

Table 1  Flower color mutants obtained from ion beam 
breeding of transgenic chrysanthemum plants. 

-------------------------------------------------------------- 
5Gy;  Light Pink (4), Dark Pink (2), Bronze (2) 

10Gy;  Dark Pink (2), Salmon (2), White (1) 
12Gy;  White (1), Yellow (2) 
--------------------------------------------------------------- 

Ion beam breeding is effective to produce color 
variations, once the transgenic plants with virus- and 
viroid-resistance have been acquired. 

From the results we confirmed that the advanced 

application system of ion beams will contribute to the 
development of variety series of ornamentals with high 
quality at lower cost, as compared with the method to 
introduce useful characteristics into several varieties with 
different flower color by transformation one by one. 

Fig. 1  Symptoms by CSVd infection. (from left to right) 
Non-transgenic with CSVd infection, non-transgenic 
without infection, transgenic with infection, transgenic 
without CSVd infection. 

Fig. 2  Flowering test in biohazard glasshouse of 
transgenic chrysanthemum plants with multi-disease 
tolerance irradiated with 320 MeV carbon ion beams.

Fig. 3  Flower color mutants obtained from ion beam 
breeding of transgenic chrysanthemum plants with 
multi-disease tolerance. Upper left; parent. 

References 
1) M. Okamura et al., Floriculture, Oranamental and Plant 

Biotechnology Vol.I, Global Science Books (2006) 
p.619. 

2) T. Ogawa et al., Breeding Sci. 55 (2005) 49. 
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� �
 We evaluated ‘Yoshikinasudai2gou’ and ‘Yoshikinasudai3gou’ regenerated from ion beam irradiated microspores of 

‘Hiranasu’ (Solanum interifolium) for their resistance to bacterial wilt caused by Ralstonia solanacearum and observed their 
characteristics. Their susceptibility to five bacterial groups classified by differential reaction in Solanum species, were similar 
to ‘Hiranasu’, which is resistance to bacterial group � and � and susceptible to group � , �  and � . The percentage of 
diseased seedlings was lower than ‘Hiranasu’ on the pots test, but all of the seedlings were died within three weeks in 
infected field test. The ‘Yoshikinasudai2gou’ had longer internode lengths and higher plant height, and the 
‘Yoshikinasudai3gou’ showed larger fruit size compared to the ‘Hiranasu’. 
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Table 1  Percentage of diseased seedlings 
by Ralstonia solanacearum.

� � �
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References 
1)� K. Takata et al., TIARA Annual Report 2004 (2005) 

48.
2) Y. Uchimura et al., JAEA Takasaki Annual Report 

2005 (2007) 80. 
3) ��������� 44 (1990) 291. 
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(2002) 103�

Varieties
� � � � �

% % % % % %
Yoshikinasudai2gou 0 0 42 67 42 100
Yoshikinasudai3gou 0 0 33 50 17 100

Hiranasu 0 0 50 83 75 100
Senryo2go 58 50 58 42 58 100
Torubamu�biga 0 0 0 17 0 100
Tsunonasu 0 50 92 67 0 -

Inoculation bacterial groups
on pots

On
infected
fields
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To get thornless eggplant, the microspore of eggplant ‘AE-P11’ (Solanum melongena L.), and the seeds of ‘AE-P03’, 
‘AE-P08’ and ‘AE-P11’ were irradiated with 320-MeV carbon ion beams from AVF cyclotron. No thornless eggplant was 
regenerated. Other mutants were observed, such as deletion for purple colour, spots of purple colour and leaf viridis, until the
first flower stage. The overall mutant frequencies were 0.8% in irradiated microspore and 0.6% in irradiated seeds, 
respectively.  
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Table 1  Evaluation of mutants from ion-beam irradiated 
microspores and seeds of eggplant. 

� � � � � � �

�   A         B      � � � �   C 
Fig. 1 Mutants obtained from ion-beam irradiated 

microspores and seeds of eggplant.
A: Deletion of purple colour on vein, petiole and stem 
(Regenerant from microspores), B: Deletion of purple 
colour on vein, petiole, stem, calyx and fruit (M2 
Seeds), C: Spots of purple colour on leaves and fruit 
(M2 Seeds). Bar indicate 1 cm. 

References 
1) Y. Saiki et al., JAEA Takasaki Annual Report 2006 

(2008) 70. 
2) S. Kuno et al., Res.Bull.Aichi Agric.Res.Ctr. 37 (2005) 

29.

Regenerants
from ion beam

irradiated
microspores

 M1 seeds1)

Number of plants investigated          259          439

   Thornless              0              0
   Albino (cotyledon)              0              3
   Xantha (cotyledon)              0              4
   Viridis ( leaves)              1              1
   Deletion of purple colour (vein, petiole and stem)              1              0
   Deletion of purple colour (vein, petiole, stem, calyx and fruit)              0              1
   Spots of purple colour (leaves and fruit)              0              1

Percentage of mutations2)              0.8              0.6
    1) Progeny test
    2) Mutations with viridis, deletion of purple colour and spots of purple colour 

Mutations
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Introduction 
Osteospermum is one of the composite perennials, and 

characterized by a long flowering time.  Recently, the 
production of Osteospermum has increased as potted plants 
and flowerbed materials.  Besides the ordinary mating, bud 
mutation has been used for the breeding of new varieties.  
However, the development of new and more efficient 
mutagenesis techniques with an artificial manner is expected 
at production fields.  Previously, we irradiated 
Osteospermum 'Mother Symphony' with ion beams, and 
selected 37 flower-color and morphological variants out of 
approximately 3,000 individuals1).  Among them, an 
unprecedented pastel color variant was applied to the variety 
registration as 'Vient Flamingo (tentative name)' in March 
20072).  Besides, many petal color variants such as white 
and orange could be obtained from irradiated 'Mother 
Symphony' that has yellow petals. Usually, Osteospermum 
has different colors in each side of the petals.  Interestingly, 
the irradiated variants included orange- and 
yellow-isochroous variants.  However, we could not obtain 
a white-isochroous variant that has a potentially high market 
value.  Therefore, in an effort to obtain a variant with 
white-isochroous petals, we irradiated again the white petal 
variant OM7 of 'Mother Symphony' with ion beams. The 
leaf disc sections of re-irradiated variant OM7 exhibited 
higher sensitivity to ion beams than those of 'Mother 
Symphony'. For this reason, the optimized irradiation dose 
for the selection of variants from OM7 was determined to be 
0.1 to 5 Gy3). Then, we irradiated the ion beam to a lot of 
individuals on this condition to obtain the white-isochroous 
mutant.  

Materials and methods 
(1) Preparation of re-irradiation material

Leaf sections (quadrilateral pieces with 0.5 to 1 cm in 
size) of the white variant OM7 of Osteospermum 'Mother 
Symphony' were put on 1/2 MS medium supplemented with 
0.1 mg/L NAA and 1.0 mg/L BA.  After irradiation and 
post-cultivation, the re-differentiated individuals were 
obtained. 
 (2) Selection of variants using the optimized dose

Leaf disc sections were irradiated with carbon ions 
(12C5+ and 12C6+) at a range of 0.1 to 5 Gy. After 24 hr, the 
leaf disc sections were transferred to fresh 1/2 MS medium 
supplemented with 0.1 mg/L NAA and 1.0 mg/L BA to 
induce adventitious buds. After about 1 month, grown 
adventitious buds were transplanted on fresh 1/2 MS 
medium, and cultivated to obtain plantlets.  The resultant 
plantlets were acclimatized and then grown in a greenhouse 

to investigate flower color and morphological changes. 

Results and Discussion 
The white petal variant OM7 was derived from irradiated 

'Mother Symphony' that originally has yellow petals.  
Second irradiation of OM7 resulted in acquisition of 
variants such as purple and multi-petals that did not appear 
in first irradiation experiment, suggesting that re-irradiation 
induced additional mutations in pigment synthesis or 
morphogenesis pathways. Total 1,582 plants were raised 
until now this year, and 22 individuals that have variation in 
petal color, petal shape and plant type were selected (Table 
1). In the color variation, white purple and light bitter 
orange mutants, and light yellow in the back side of the 
petal were obtained (Fig. 1). Two individuals (OM705, 
OM706) that show discoloration in the back side of the petal 
were selected for further analysis. 

References 
1) M. Iizuka et al., TIARA Ann. Rep. 2004 (2005) 50. 
2) M. Iizuka et al., JAEA Takasaki Ann.Rep.2005 (2006) 81. 
3) M. Iizuka et al., JAEA Takasaki Ann.Rep.2006 (2007) 71. 

Table 1 Mutants in the white variant OM7 by the 
irradiation of 0.1�5 Gy 12C5+ and 12C6+ ion beams. 

Radiation No. of hardening
color 6(0.8)z

plant type 4(0.5)
color 7(0.8)

plant type 5(0.6)
zThe percent is shown in the parenthesis.

Plant type variation� type of petal�5, dwarf 2 ,  others 2

12C6 828

Color variation �white purple 5, light bitter orange 2, back of the
petal is light yellow 2,  others 4

No. of mutants

12C5 754

Fig. 1  Mutants in color of the white variant OM7 by the 
irradiation of ion beams. 
A�OM7(derived from irradiated 'Mother Symphony')  
B�white purple  
C�light bitter orange 
D�back of the petal is light yellow. 

� ���� ��
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Ion Beam Breeding of Sugarcane Cultivar "Ni17" 

Y. Takenoshita a) , F. Tohjima b) , H. Nishi c) , T. Shirao a), T. Nagatani a), �
M. Ooe a), Y. Hase d) and I. Narumi d)

a) Kagoshima Biotechnology Institute, b) Kagoshima Prefectural Institute for Agricultural 
Development Kumage Branch, c) Kagoshima Prefectural Institute for Agricultural 

Development Tokunoshima Branch, d) Radiation-Applied Biology Division, QuBS, JAEA 

Sugarcane cultivar "Ni17" has hard hair on its leaf sheath.  We have intended to induce hairless or few hair mutants using 
ion beam irradiation to cultured tissue of leaf explants.  As a result of nursery selection, individual selection and line 
selection, we have selected one line among the 2,223 regenerated plants.  This line has a few hairs on its leaf sheath, and its
growth as well as yield is higher than "Ni17".  However, its stalk diameter is thinner than "Ni17".  These results suggest 
that ion beam breeding is effective in improvement of sugarcane cultivar "Ni17". 
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References 
1) M. Takemure et al., �������������32

(2004) 81. 
2) F. Tohjima et al., JAEA Takasaki Annual Report 2005 

(2007) 83. 
3) F. Tohjima et al., JAEA Takasaki Annual Report 2006 

(2008) 73. 

Table 1  Characteristics of the selected line by spring planting(2007)
Dose hair millable

stalk
length

stalk
diameter

weight
per stalk

number of
millable
stalks

weight of
millable
stalks

(G�) (cm) (mm) (g/number) (number/a) (kg/a)

Ni17 � many 155 26.2 853 688 586

KB04-25 5 few�

moderate 170 23.2 703 1,042 730

Line

Table 2  Characteristics of the selected line by ratooning(2008)
Dose hair millable

stalk
length

stalk
diameter

weight
per stalk

number of
millable
stalks

weight of
millable
stalks

(G�) (cm) (mm) (g/number) (number/a) (kg/a)

Ni17 � many 220 23.8 964 833 805

KB04-25 5 few�

moderate 242 21.6 831 1,177 977

Line
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Induction of Mutations Affecting Pollen Formation  
by Ion Beam Irradiation 

to Lilium× formolongi hort (cv. White Aga)

M. Kondo a), Y. Koike a), H. Okuhara a), M. Oda b), Y. Hase c), R. Yoshihara c) and H. Kobayashi a)

a) Department of Biotechnology, Niigata Agricultural Research Institute, 
b) Horticultural Research Center, Niigata Agricultural Research Institute, 

c) Radiation-Applied Biology Division, QuBS, JAEA 

We have been working on producing marketable blue 
lilies. It has been impossible to produce blue lilies by 
crossbreeding or mutation, because they lack flavonoid 
3',5'-hydroxylase (F3'5'H), which is necessary for synthesis 
of the blue pigment, delphinidin. Therefore, we developed 
an Agrobacterium-mediated transformation system for lilies 
to transfer the F3’5’H gene1). For the marketing of the 
transformed blue lilies, we have to regulate the spreading of 
the pollen to prevent them from crossing with other lilies, 
because they are genetically modified plants. The ion beam 
has been shown to be useful to improve one property such 
as flower color, flower shape, flowering time etc. without 
inducing undesirable mutations together with them2),3).
Therefore, we adopted the ion-beam irradiation to obtain 
male-sterile mutants of lilies4). In this study, we regenerated 
the plants from the irradiated calluses and investigated the 
pollen formation. 

Filaments of a lily cultivar “White Aga” were cultured 
on a callus proliferation medium. The cultures were 
maintained at 25 °C in the dark. The calluses induced from 
the filaments were maintained by subculturing monthly onto 
the same fresh medium under the same condition. The 
penetration range of 100 MeV 4He2+ from an AVF cyclotron 
(JAEA) was 6.2 mm. The diameters of the induced calluses 
were about 10.0 mm or more. Therefore, we crushed the 
calluses to about 1.0 mm diameter by squashing on stainless 
steel sieves of 1.29 mm mesh (the mesh size of 16) and 
filtration through them. The crushed calluses were placed on 
a modified callus proliferation medium and covered with 
sterilized Kapton film (7.5 µm in thickness, 45 mm square 
in size, Toray-DuPont, Japan), and exposed at total doses of 
0-2 Gy of 100 MeV 4He2+ beam from the AVF cyclotron.   

The exposed calluses were transferred to a regeneration 
medium and cultivated for 4 months. The calluses were 
maintained by subculturing every month onto the same fresh 
medium. Regenerated shoots were transferred to bulb 
propagation medium and cultivated for 10 months and 
maintained by subculturing every 2 months onto the same 
fresh medium. The culture was performed under a 16 hr 
light/8 hr dark cycle at 25 °C. The propagated about 2500 
bulblets were incubated at 4 °C for 2–3 months and planted 
in a field in April 2006. We investigated the aberration of 
anthers and selected 10 R0 plants, which showed less pollen.  
In October 2006, the selected 10 R0 plants were planted and 
examined for the aberration of anthers again. One of them 
showed twisted anthers and less pollen than original “White 

Aga” (Fig. 1). This mutant had been exposed at total dose of 
0.8 Gy and showed normal appearance excluding the 
anthers.   

This mutant was planted in field in October 2007. This 
mutant will be examined again for pollen fertility by 
staining and culturing of the pollen grains. 

References 
1) Y. Hoshi et al., Plant Cell Rep. 22 (2004) 359. 
2) M. Okamura et al., TIARA Annual Rep. 2003 (2004) 

51.
3) K. Ueno et al., TIARA Annual Rep. 2003 (2004) 53. 
4) M. Kondo et al., JAEA Takasaki Annual Rep. 2005 

(2007) 89. 

Fig. 1  Selected lily mutant exposed at total dose of 0.8 Gy.
A: Original “White Aga”. 
B: Selected lily mutant, which showed twisted anthers 
and less pollen. 
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Mutation Induction on Delphinium and 
Limonium sinuatum Irradiated with Ion Beams 

S. Chinone a), K. Tokuhiro a), K. Nakatsubo a), Y.Hase b) and I. Narumi b)

a) Kaneko Seeds CO., LTD., b) Radiation-Applied Biology Division, QuBS, JAEA 

To obtain mutants of Delphinium and Limonium sinuatum, we investigated the influences of ion beam irradiation. The 
survival rate of leaf brades on Delphinium and the growth of shoot on L. sinuatum irradiated with 320 MeV carbon ions 
decreased at 0.5 and 1.0 Gy, respectively. The suitable doses for mutation induction were estimated to be around 0.5-1.0 Gy 
for Delphinium and 1.0 Gy for L. sinuatum. In the future, we will continue to test for characteristic of flower colour, etc. 
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Fig. 1  Influence of 320 MeV carbon ion beam irradiation 
to leaf blade on survival rate and number of shoots in 
Delphinium.

Fig. 2  Influence of 320 MeV carbon ion beam irradiation 
to in vitro shoots on growth in L. Sinuatum.

Fig. 3  Ion beam-irradiated plants of Delphinium ‘7P’ that 
were planted and grown in pot. 

Reference 
1) M. Okamura et al., JAEA Takasaki Annual Report 2005 

(2007) 82. 
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Dose Response and Mutation Induction by Ion Beam 
Irradiation in Chrysanthemum 

N. Furutani a), A. Matsumura a), Y. Hase b), R. Yoshihara b) and I. Narumi b)

a) Kyoto Prefectural Institute of Agricultural Biotechnology, 
b) Radiation-Applied Biology Division, QuBS, JAEA 

Recently the irradiation with ion beams has become a new method for mutation breeding of Chrysanthemum. This study 
was conducted to evaluate the effect of ion beam irradiation on mutant induction of Chrysanthemum cultivar ‘H13’. The 
irradiation by ion beams induced flower colour changing; vermilion, white/red, and several other colours were induced from 
the original ‘H13’ red. Furthermore, the variation of T type flower cluster was obtained from the conventional diamond 
flower cluster. These results suggest the valuable effects of beam irradiation on mutant induction in Chrysanthemum. 
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Fig. 1  Selected mutations of cv. ‘H13’.

Fig. 2  Selected mutation of cv. ‘H13’. Left, conventional 
diamond flower cluster; right, T type flower cluster. 

Reference 
1) S. Nagatomi et al., TIARA Annual Report 1997 (1998) 
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Mutation Induction in Azalea Seedlings 
Using Ion Beam Irradiation 

N. Kobayashi a), K. Tasaki a), S. Kano a), S. Sakamoto a), A. Nakatsuka a),
Y. Hase b) and I. Narumi b)

a) Faculty of Life and Environmental Science, Shimane University,
b) Radiation-Applied Biology Division, QuBS, JAEA 

1.  Introduction 
Creation of new flower color and shape is most 

important factor in ornamental plant breeding as well as in 
azalea breeding1). For the purpose to obtain flower color 
and/or shape mutation and to analyze the key genes of these 
mutations, azalea seeds of several species and cultured leaf 
segments were irradiated by ion beams2), 3). The germination 
rates of irradiated seeds and regeneration rate of shoot 
primordia and shoot from irradiated leaf segments were 
described in previous reports2),3). The growth and survival 
rate of seedlings obtained from ion beam irradiated seeds 
are investigated. 

2.  Materials and Methods
Seeds of Rhododendron ripense, R. japonicum, R.

wadanum, and R. degronianum var. okiense were irradiated 
with carbon ion beams (220 MeV 12C5+) at 0 to 50 Gy. 
Irradiated seeds were sowed on sphagnum moss bed in pot. 
The germination rate was evaluated after 6 weeks.  
Seedlings were transplanted into pots and maintained with a 
conventional cultivation method. The growth and survival 
rate of seedlings were observed and compared with control 
plants grown under identical conditions at 10 months after 
sowing. At the same time, variations in leaf morphology 
were also investigated. 

3.  Results and Discussion
The optimal irradiation doses for seeds considering from 

median germination decrease were different depending on 

species2), 3). Growth and survival rate of seedlings were also 
similar to these results (Fig. 1). R. ripense and R. japonicum
seedlings grew up to 20-Gy irradiation. R. wadanum and R. 
degronianum var. okiense seedlings grew up to 30-Gy 
irradiation. While germination rates were highest in 
unirradiated seeds of four azalea species, survivals rates 
were higher at low dose irradiation conditions. These results 
would be caused by stimulation effect of ion beam 
irradiation.  

Variegated leaves were observed in some of seedlings 
(Fig. 2). Dwarf and poor growth seedlings were included in 
R. japonicum, R. wadanum, and R. degronianum var. 
okiense. �

It takes 3 to 4 years to flower from seed sowing in 
azalea.� It is expected to obtain flower color and shape 
mutant from these seedlings and their progenies, which 
contribute to study of azalea breeding. 

References
1)  J. de Reik et al., The potential of molecular analysis and 

interspecific hybridization of azalea phylogenetic 
research. In: A.K. Sharma and A. Sharma (Eds) Plant 
Genome: Biodiversity and Evolution. Vol.1, E (2007) 
pp. 251. 

2)  N. Kobayashi et al. JAEA Takasaki Annual Report 
2005 (2007) 96. 

3)  N. Kobayashi et al. JAEA Takasaki Annual Report 
2006 (2008) 87. 

Fig. 1  Dose response of survival rate in Rhododendron
species at 10 months after sowing. 

Fig. 2 Varied growth seedlings of azalea species 
obtained from ion beam irradiated seeds. 
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Effects of Ion Beam Irradiation on Soybean Seeds 
Evaluated by Plant Growth and Seed-Setting in a Field 

A. Kanazawa a), J. Abe a), H. Hase b) and I. Narumi b) 

a) Research Faculty of Agriculture, Hokkaido University, 
b) Radiation-Applied Biology Division, QuBS, JAEA

Soybean (Glycine max) is an important crop in terms of 
production of food, oil, and forage. However, existing 
mutant lines of soybean is very limited, which is a constraint 
on performing a genetic study and breeding of this plant. 
This plant is considered to have derived from ancestral 
plant(s) that have a tetraploid genome, and as a consequence, 
more than 90% of nucleotide sequence in the soybean 
genome is duplicated1). It is conceivable that such a 
duplicated nature of the genome brought about a low 
frequency of mutant production by conventional methods 
for mutagenesis such as �-ray or X-ray irradiation as well as 
chemical treatments. In these circumstances, we have started 
to examine whether ion beam irradiation is effective in 
producing a mutant in soybean because ion beam irradiation 
is expected to cause genomic changes that are more drastic 
than those induced by conventional mutagenesis. 
 We have previously analyzed the effects of ion beam 
irradiation on plant growth and morphology in soybean by 
exposing dried seeds to the 320 MeV carbon ions with the 
range of 0.2-25 Gy2). The irradiated seeds were sown on soil 
and plants were grown for three weeks in a greenhouse. A 
prominent decrease in plant height was observed depending 
on the dose in the range of 5-25 Gy, but not in the dose 
range lower than 5 Gy (0.2, 0.5, 1.0, and 2.0 Gy), indicating 
that irradiation doses higher than approximately 5 Gy affect 
plant growth rate. In addition to the inhibition of plant 
growth, morphological changes such as changes in the shape 
of primary leaves and unscheduled generation of stem(s) 
from the node where cotyledons were formed at the doses of 
5 Gy and 2 Gy. 

 In order to establish a plant population that can be 
available for screening mutants, we further examined the 
effects of irradiation by growing plants in a field (Fig. 1). 
Plant height was measured 1.5 months after sowing 
irradiated seeds in the field (Fig. 2). A decrease in plant 
height depending on the doses of irradiation was observed in 
the field as in the greenhouse. Plants were grown further in 
the field, and seeds were harvested. The ratio of the number 
of plants that survived until seed-setting per the number of 
seeds sown in the field also depended on the doses of 
irradiation (Table 1). 
 We also grew plants from irradiated seeds in a large scale 
to obtain a population of M2 seeds: 3,200 seeds and 3,320 
seeds irradiated at 5 Gy and 2.5 Gy, respectively, were sown 
in the field and plants were grown for harvesting seeds. The 
survival ratio until seed-setting was higher in plants 
irradiated with 2.5 Gy than 5 Gy mainly because the latter 
was more vulnerable to an environmental damage such as 
strong wind during the growth in the field. Seeds were 
harvested from more than 1,400 individual plants irradiated 
at 2.5 Gy, which was approximately two times higher than 
the number of 5-Gy irradiated plants that survived until 
seed-setting. We are currently producing the progeny of the 
irradiated plants to screen mutants. 

References 
1)  R. C. Shoemaker et al., Genetics 144 (1996) 329. 
2)  A. Kanazawa et al., JAEA Takasaki Annual Report 2006 

(2008) 88.

Fig. 1 Young soybean plants grown from 
irradiated seeds in the field of 
Hokkaido University. 

Table 1   Effects of irradiation on survival of plants until seed-setting in the field.

Dose (Gy) 0 1 2.5 5 10 20

19/80 12/80 2/80
No. of plants with seed-
setting / no. of seeds
sown in the field

39/80 24/40 31/80
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Fig. 2  Growth of plants after irradiation at the doses 
of 1-20 Gy. Average ± SE are shown.
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Comparative Effect of 12C6+ Beam and Gamma-ray 
Irradiation on Callus Growth and Shoot Formation 

from Lavandin Isolated Cells 

M. Tsuro a), C. Iwata a), R. Kataoka a), R. Yoshihara b) and Y. Hase b)

a) Faculty of Agriculture, Meijo University, 
b) Radiation-Applied Biology Division, QuBS, JAEA 

In order to develop a new lavandin, Lavandula � intermedia Emeric., plant with different fragrance from original plant, 
effect of several doses of 12C6+ beams and gamma-rays on callus growth and shoot formation from isolated cultured cells was 
analysed. Large differences for responses of callus growth and shoot formation were observed between two ionizing 
radiations. In 12C6+ beam irradiation, callus proliferation was strongly restricted with increase of irradiation dose. On the 
other hand, the response of gamma-ray irradiated cells was different. Up to 20 Gy, callus proliferation was stimulated with 
increase of irradiation dose, although, over 20 Gy, callus growth was inversely restricted with increase of irradiation dose. 
Similar results were observed in shoot formation. These results suggested that a large difference of biological effect for 
lavandin cultured cells was existed between 12C6+ beams and gamma-rays. Root differentiation and acclimatization are now 
conducted to obtain regenerated plants from shoots. 
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Table 2 Effect of different doses of gamma-ray on shoot formation 
from isolated cell-derived callus in lavandin
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Screening of Higher Astaxanthin Producing Mutants of 
a Green Unicellular Alga Haematococcus pluvialis at 

Elevated Acetate Concentrations by Ion Beam Irradiation 

T. Kakizono a), D. Ohmichi a), R. Yoshihara b), Y. Hase b) and I. Narumi b)

a) Department of Molecular Biotechnology, AdSM, Hiroshima University, 
b) Radiation-Applied Biology Division, QuBS, JAEA 

A highly anti-oxidative ketocarotenoid, astaxathin has been produced by culturing a unique green unicellular alga 
Haematococcus pluvialis in large-scale photobioreactors at rich solar energy areas such as Hawaii islands. Since it seems 
disadvantageous to carry out the algal culture phototrophically in a commercial basis in Japan, we have applied heterotrophic 
cultivation for the alga. In the dark condition, the alga was found to grow 2.5 fold more in cell number (reaching 1.12 million 
cells/mL) after subculturing three times. The acclimatization effect was also verified in several separate cultures at different
acetate concentration. Upon ion-beam irradiation at various intensities, acetate-tolerant mutants and higher astaxanthin 
producing mutants were extensively subcultured in either liquid cultures or agar plate cultures containing several acetate 
concentrations from 30 to 60 mM. At over 45 mM plate cultures, only red colonies were formed unlike green colonies at the 
lower concentrations of acetate. The former was identified as mostly enlarged cysts cells, whereas the latter was a regular 
vegetative cell. The result indicated that the plate culture condition was likely to mimic the oxidative stress condition under
phototrophic culture possibly as drought stress condition. 
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Fig. 1  Morphological change from vegetative cells (left) to 
cyst cells (right) of H. pluvialis, and massive 
astaxanthin formation in cyst cell. 
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Table 1  Effect of dark culture acclimatization on the algal 
growth at 4 d. 

[Cell]  (�105 cells/mL)   
        Acetate 

Acclimatization 15 30 45 mM 

Before  3.8 3.2 1.6 

After*  5.6 11.2 2.3 

The alga was sub-cultured three times in dark. 
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Induction of Thornless Yuzu Mutant 
by Heavy Ion Beam Irradiation

Y. Matsuo a), Y. Hase b), R. Yoshihara b) and I. Narumi b)

a) Saga Prefectural Agricultural Fruit Tree Experiment Station, 
b) Radiation-Applied Biology Division, QuBS, JAEA 

Yuzu (Citrus junos) tree bears long thorns that deteriorate fruit quality. We are trying to produce thornless mutant of 
Yuzu by carbon-ion irradiation. Cut surface of lower hypocotyls were exposed to carbon ions with a total energy of 320 MeV. 
Based on the shoot regeneration rate, we determined less than 8 Gy is appropriate for our culture system. We successfully 
obtained completely thornless mutant together with several mutant plants with weak thorns or lesser number of thorns. We 
top-grafted these mutant plants for aging into Satsuma mandarin, and will examine characteristics of fruit. 
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Thornless Yuzu mutant Yuzu 

Fig. 1  Execution condition of top-grafting for aging 
(rootstock;Satsuma mandarin).

(Gy) (%) (%)

2 1,000 878 87.8 21 2.39

4 1,000 915 91.5 12 1.31

Table 1. Shoot regeneration rate from hypocotyls irradiated with carbon ions
�����and Appearance rate Thornless Yuzu mutant.

4 month after irradiation
No. of

Thornless
Yuzu mutant

Appearance
rate

Dose No. of
irradiation No. of shoots Regeneration

rate

5 5 2 1 13

2 4 1 1 8

Table 2. The number of  Thornless Yuzu mutant and  Top-grafting.

1 2 8 Total

No. of Thornless Yuzu
mutant

No. of
Top-grafting

4

12
�

6+ : D ose  (Gy)
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Mutation Breeding on the Ornamental Plants of 
Gypsophila and Gentiana Species (II) 

S. Tsuji a), M. Miyamoto a), Y. Hase b) and I. Narumi b)

a) Oita General Service Co., Ltd.,
b) Radiation-Applied Biology Division, QuBS, JAEA 

Gypsophila paniculata and Gentiana trifida var. japonica are important ornamental crops for cut flower use in Japan.  In 
an attempt to induce mutants for breeding use, plant shoots on the LS medium were irradiated with carbon ion beams from 
the JAEA AVF cyclotron. From the preliminary irradiation experiments, the doses suitable for mutation induction are 
estimated to be 2 to 4 Gy for Gypsophila and 0.5 to 1 Gy for Gentiana, respectively.  The additional irradiation experiments 
were conducted, and 833 and 255 regenarated plants were obtained for Gypsophila and Gentiana, respectively.  So far, 38 
mutants have been selected in Gypsophila.  Propagation of the mutants is under way for further analysis.  
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Fig. 1  Morphological mutant of Gypsophila. Right: non-
irradiated control plant, left: mutant plant obtained from 
16-Gy carbon-ion irradiation. 
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Producing New Gene Resources in Fig by Using 
Ion-beam Irradiation

I. Asami a), S. Fukuta a), S. Kuroyanagi a), Y. Ootake a),
Y. Hase b), R. Yoshihara b) and I. Narumi b)

a) Aichi-ken Agricultural Research Center, b) Radiation-Applied Biology Division, QuBS, JAEA 

The goals of our study are to produce new gene resources in fig by mutation induction with ion-beam irradiation, because 
the breading by varietal crossing in fig is very difficult. As the second paper of our study, we report the influences of carbon
ion beam and soft X-ray irradiation to in vitro lateral buds on mutation induction in fig ‘Banane’. In vitro buds were 
irradiated with carbon ion beams (320 MeV 12C6+ ) at TIARA, and with soft X-rays (100 kVp, 5 mA, 120 Gy/h) at Aichi 
Agric. Res. Ctr. The efficiency of survival rate of buds, the fresh weight and the length of lateral shoots, and the rate of shoot
that grows over 1 cm were investigated. The optimum doses for carbon ion beams and soft X-rays were 7.5 Gy of  320 MeV 
12C6+ and 35 Gy of soft X-rays, respectively. Radiation sensitivity of ‘Banane’ was lower than ‘Masui- Dauphine’.    
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Fig. 1  Influence of 320 MeV carbon ion beam irradiation
on growth of in vitro lateral buds in fig “Banane”. 
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Fig. 2  Influence of soft X-ray irradiation on growth of in
vitro lateral buds in fig ”Banane”. 
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Characterization of Enhancers and Suppressors of 
Circadian Clock Mutant elf3 in Arabidopsis 

R. Nefissi a), K. Miyata a), K. Niinuma a), A. Oda a), Y. Hase b),
M. Nakagawa b) and T. Mizoguchi a)

a) Gene Research Center, University of Tsukuba, 
b) Radiation-Applied Biology Division, QuBS, JAEA 

���Developmental transitions of plants are strongly affected 
by light quality, intensity and duration. Arabidopsis is a 
facultative long-day (LD) plant that flowers earlier under 
LD than SD photoperiods. Exposure to blue or far-red lights 
promotes flowering of Arabidopsis. Many genes have been 
reported to be required for the photoperiodic regulation of 
flowering in Arabidopsis.
   Photoperiodic flowering is affected by circadian clock1).
Genetic approach has identified more than a dozen of key 
genes for clock functions in Arabidopsis2). Although 
phenotypic characterization of the clock mutants and 
identification of the corresponding genes have been done, 
biochemical functions of the clock proteins have been 
largely unknown1). For example, EARLY FLOWERING 3 
(ELF3), GIGANTEA (GI) and EARLY FLOWERING 4 
(ELF4) are proposed to play key roles in the clock function 
of Arabidopsis and these clock genes were identified from 
the end of 1990’s to the beginning of 2000’s3). However, 
ELF3, GI and ELF4 genes encode novel proteins with no 
significant sequence similarity to characterized proteins in 
the existing public databases. There has been almost no clue 
to investigate biochemical roles of these clock proteins. 
   EARLY FLOWERING 3 �ELF3� gene of Arabidopsis
regulates a wide variety of processes such as plant 
morphology, flowering time and circadian rhythms4�. The 
elf3-1 mutation was the 1st loss-of-function allele of elf3
and identified in a screen for early flowering under SD. 
Mutations in ELF3 result in the loss of both photoperiod 
sensitivity and circadian regulation, making ELF3 a 
candidate for linking circadian clock function with the 
photoperiodic induction of flowering1,4�. The elf3 mutant 
plants flower earlier than the wild type under both short and 
long photoperiods. The mutant plants show phenotypes 
associated with defect in reception or transduction of light 
signals, namely, pale-green leaves, elongated hypocotyl and 

petioles, suggesting that ELF3 is a multi-functional protein. 
However, it has not been elucidated for a long time how the 
ELF3 protein accomplishes the multi-tasks. 
   Several ways of approaches have been taken to 
understand how the mysterious protein “ELF3” regulates 
several important biological processes in Arabidopsis.
Recently, we have identified new alleles of elf3 as 
suppressors of lhy;cca1 under LL2,3,5). We have found that 
ELF3 physically interacts with both a clock protein CCA1 
and a floral repressor SVP, suggesting that ELF3 may 
mediate between the oscillator and one of the outputs of 
circadian clock in Arabidopsis. To understand roles of ELF3 
in more details, we have performed genetic screening of 
enhancers and suppressors of the elf3-1 by mutagenesis 
using irradiation of heavy ion beam. Seeds of elf3-1 mutant 
were exposed to 220-MeV carbon ions with a dose of   
120 Gy. Mutants with altered hypocotyl and petiole length 
were screened in the M2 generation. In this genetic 
screening, we have identified 7 suppressors and 1 enhancer 
that have shorter and longer hypocotyls and petioles, 
respectively (Figs. 1 & 2). Genetic mapping is underway. 
Identification of novel factors that control stability or 
activity of ELF3 will much advance our knowledge on roles 
of circadian rhythms to regulate proper development of 
plants. 
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3)  T. Mizoguchi et al., Plant Cell 17 (2005) 2255. 
4)  T. Tajima et al., Plant Biotechnol. 24 (2007) 237. 
5)  S. Fujiwara et al., unpublished data.

Fig. 1  Suppressor of the Arabidopsis clock mutant, 
elf3-1. Wild type (left), elf3-1 (middle) and suppressor 
line (right) are shown. 

Fig. 2  Enhancer of the Arabidopsis clock mutant, 
elf3-1. Wild type (left), elf3-1 (middle) and 
enhancer line (right) are shown.
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Mutation Induction of Strawberry�Fragaria × ananassa�
Using Ion Beam Irradiation

N. Chiba a), K. Arakawa a), S. Nakamura a), Y. Iwasaki a),
R. Yoshihara b), Y. Hase b) and I. Narumi b)

a) Miyagi Prefectural Agriculture and Horticulture Research Center, 
b) Radiation-Applied Biology Division, QuBS, JAEA 

We examined the irradiation effect of helium and carbon ions on regeneration rate of strawberry (Fragaria × ananassa), 
and investigated the effect of carbon ion on flower budding. Twenty M1 plants showed earlier date of flower budding than 
untreated plants in tested 286 M1 plants. Carbon ion irradiation seems to be an effective technique to induce strawberry 
mutants. 
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Table 2  Number of tested and selected M1 plants. 

Dose Regeneration Rate
(Gy) (% of Untreated)

He C
2 97
4 93 100
8 90 100

16 100 100
32 57 91
64 54 81

128 43
256 11

Dose of Carbon (Gy)
Date of Flower Budding 8Gy (%) 16Gy (%)

December 6, 2007 2 ( 1.0 )
December 10, 2007 3 ( 1.6 ) 1 ( 1.1 )
December 12, 2007 1 ( 0.5 )
December 17, 2007 3 ( 1.6 ) 1 ( 1.1 )
December 27, 2007 3 ( 1.6 ) 6 ( 6.4 )
January 4, 2008 � 180 ( 93.8 ) 86 ( 91.5 )
January 4, 2008 Untreated

Total 192 � 100 � 94 ( 100 )

Table 1  Effect of carbon and helium ion beams on 
regeneration rate. 
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Mutation Induction by Ion-Beam Irradiation in Fragrance 
Cyclamen (Cyclamen persicum × C. purpurascens)

E. Kondo a), Y. Hase b), I. Narumi b) and H. Ishizaka a) 

a) Saitama Prefectural Agriculture and Forestry Research Center, 
b) Radiation-Applied Biology Division, QuBS, JAEA 

Fragrance cyclamen of amphidiploid (2n=4x=82) was produced by chromosome doubling of the hybrid (2n=41) that was 
hybridized between cultivar (Cyclamen persicum, 2n=2x=48) and fragrant wild species (C. purpurascens, 2n=2x=34). 
However, flower of fragrance cyclamen lacked the diversity in the color, the shape and the size compared with those of 
cultivar. Mutation breeding that combined ion-beams with tissue culture technique was attempted for overcoming this issue. 
Petals were collected from immature flower buds of the amphidiploid. Two types of etiolated petiole, one was induced from 
the amphidiploid seedlings cultured in artificial medium in the dark, and the other was induced from the haploid plantlets 
derived by anther culture of the amphidiploid in the dark. These petals and etiolated petioles were irradiated with 220 and 
320 MeV carbon ion-beams at doses of 0-50 Gy respectively, and then they were cultured in the regeneration medium. The 
survival rate of petals and etiolated petioles decreased rapidly at doses higher than 2 Gy, and mutants containing useful traits
were obtained at doses of 0.1, 0.2, 0.5, 1 and 2 Gy. 

���������(Cyclamen persicum, 2n=2x=48)�
������(C. purpurascens, 2n=2x=34)������
����(2n=41)�����������������
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Table 1  Effect of ion beam irradiation on mutation induction in 
fragrance cyclamen (Cyclamen persicum�C. purpurascens).

99pi7 99pi7  99pu1 
Petal 
(Amphidiploid) 

Etiolated petiole  
(Haploid) 

 Etiolated petiole
(Amphidiploid) Dose

(Gy)
No. of 
flowering plant 
(No. of mutant) 

No. of  
flowering plant 
(No. of mutant) 

No. of  
flowering plant 
(No. of mutant) 

0 150(0) 108(0)  58(0) 
0.1  58(0) 114(2)  18(0) 
0.2  32(5) 180(2)  28(1) 
0.5  40(1) 176(3)  53(5) 

1  46(0) 184(1)   75(16) 
2  43(2) 147(3)  30(0) 
4 - -   3(0) 
5  2(0) 72(4)  - 
8 - -   1(0) 

10 0 71(4)  - 
16 - -   2(0) 

Fig. 1  Effect of ion beam irradiation on survival rate in 
fragrance cyclamen (Cyclamenpersicum �C. purpurascens).
A: Survival rate of etiolated petioles of 99pu1.   
B: Survival rate of petals of 99pi7. 
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Development of Rice Mutant with Low Cadmium Trait 
-Mutation Induction by Ion Beam Irradiation- 

S. Ishikawa a), T. Arao a), K. Baba a), S. Mori a), N. Nishizawa b), H. Nakanishi b),         
R. Yoshihara c) and Y. Hase c)

a) Soil Environmental Division, National Institute for Agro-Environmental Sciences,
b) Graduate School of Agricultural and Life Sciences, the University of Tokyo, 

c) Radiation-Applied Biology Division, QuBS, JAEA 

In order to obtain rice mutants with low cadmium trait, rice seeds (cv. Koshihikari) were irradiated with 12C6+ at     320 
MeV of ranging from 40 to 160 Gy using AVF cyclotron. The germination ratio was hardly affected by 40 Gy. However, a 
severe inhibitory germination was observed by the doses of 80-160 Gy. The shoot growth was steeply suppressed with 
increasing the dose of irradiation. Even 40 Gy decreased the shoot growth by 60 % of the non-irradiated control. Although 
we need to investigate the effect of ion beam irradiation on seed ripening, the optimum dose for developing Koshihikari 
mutant was estimated to be 40 Gy or less. 
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Fig. 1 Effect of ion beam irradiation on germination ratio 
in rice (cv. Koshihikari). 

Fig. 2  Effect of ion beam irradiation on shoot fresh 
weight in rice (cv. Koshihikari). 
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Mutation Breeding of a New Chrysanthemum Variety by 
Irradiation of Ion Beams to ‘Jinba’ 

�

H. Watanabe a), T. Toyotac) , K. Emoto b), S. Yoshimatsu a), Y. Hase d) and S. Kamisoyama b)

a) Floriculture Research Institute, Oita Prefectural Agriculture, Forestry and Fisheries Research Center,�
b) Paddy Farming Research Institute, Oita Prefectural Agriculture, Forestry and Fisheries Research 

Center, c) Oita Prefectural north Promotion Bureau, 
d) Radiation-Applied Biology Division, QuBS, JAEA 

In order to raising deep yellow “Jinba”, light yellow mutant line that was spontaneously obtained in Oita prefecture was 
irradiated with 1�2�3�4�5 Gy of carbon ions. Seven candidate plants that shows delayed color degradation were obtained. 
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Table 2  Changes of color indices b. 

Individual Dose Bud

�Gy) Inside Outside
No.14 2 40.28 18.92 7.96
No.15 3 40.74 34.45 24.64
No.16 3 35.77 26.16 8.46
No.17 3 36.04 35.90 10.69
No.18 2 35.46 32.21 7.79
No.19 1 - - -
No.20 3 44.59 31.93 33.77

‘Hama no hikari’ - 44.47 - -
‘Kishuuhou no tikara’ - 37.46 - -

‘Seikou kougyoku’ - 41.09 - -
‘Jinba’ - 11.16 2.02 2.41

Light yellow‘Jinba’ - 30.84 23.67 1.57

Full Bloom

Tissue Source Energy(MeV) number
Leaf 12C5+ 220 1378
Petal 12C5+ 220 776
Leaf 12C6+ 320 657
Petal 12C6+ 320 1461

Table 1  The number of regenerated.
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DNA Damage Yields in Hydrated DNA Exposed to Neon 
Ion Particles 

T. Ushigome a,b), H. Tauchi a), A. Yokoya b), N. Shikazono b), K. Fujii b) and A. Urushibara b)

a) Department of Environmental Sciences, Faculty of Science, Ibaraki University, 
b) Advanced Science Research Center, JAEA 

Various types of DNA lesions, such as strand breaks, 
base lesions are generated after exposure of cells to ionizing 
radiation. One of the unique feature of the radiation-induced 
lesions is that they contain clustered damage sites, which 
consist of two or more elemental DNA lesions within one or 
two helical turns of DNA1). Clustered DNA damage sites 
are considered to be less readily repaired than isolated 
lesions and therefore may induce deleterious and serious 
genetic alterations in cells. The complexity of clustered 
damage is proposed to increase with increasing ionizing 
density of the radiation. It has been demonstrated that the 
direct effect of low LET (linear energy transfer) radiation 
produces 30-40% of the lesions in cells2). This value 
increases up to 70% when cells are irradiated with 
�-particles2). However, few investigations have been 
systematically undertaken to elucidate the nature of lesions 
produced by the direct effects of radiation with varying 
ionizing density.  

To gain insights on the nature of lesions induced by the 
direct effect of ionizing radiation, yields of single- and 
double-strand breaks (ssb’s and dsb’s), and base lesions in 
hydrated plasmid DNA were measured after exposure to 
neon ions (20Ne8+, 17.5 MeV/n, AVF cyclotron (TIARA, 
JAEA)) with different LETs. The LETs were calculated 
using the E-LOSSM code. In hydrated DNA, lesions would 
be generated from direct effect of the radiation, and indirect 
effect (attacking of DNA by radicals arising from bulk 
water) could be neglected. Base lesions were detected as 
additional strand breaks after treatment of irradiated DNA 
with two glycosylases, Nth and Fpg proteins, which convert 
the oxidative base lesions into ssbs. 
   The yield of prompt ssb after exposing hydrated plasmid 
DNA to neon ion particles with a LET of 361 keV/µm was 

5.8 � 10-11 ssb/Gy/Da (Fig. 1). This value of around � � �

6 � 10-11 ssb/Gy/Da is comparable to that obtained after �-
irradiation3).  The yields were slightly smaller for neon ion 
particles with LETs of 491 and 842 keV/µm, which gave �
4.8�10-11 and 4.7�10-11 ssb/Gy/Da, respectively. The yields 
of prompt dsb, they appear to be fairly constant in the LET 
range (Fig. 2). Consequently, the ratio of prompt ssb to dsb 
decreases as the LET increases, indicating that clustered 
strand breaks, some of which would produce dsb’s, are more 
readily induced at higher LETs. 
�  Results of enzymatically induced ssb and dsb revealed 
that the amount of base lesions susceptible to cleavage by 
Nth and Fpg become less as the LET gets higher (Fig. 1 and 
Fig. 2). We cannot fully disregard the possibility that the 
number of radiation-induced damaged bases is actually 
reduced at higher LET. However, we favor the 
interpretation that base lesions are clustered and thus 
become less readily cleaved by the glycosylases, as strand 
breaks shows a trend to be more clustered at higher LETs. A 
higher value of enzymatically induced ssb and  dsb with 
neon ions at LET of 491 keV/�m compared to that with 
carbon ions at similar LET (507 keV/�m) also supports the 
conclusion that the amount of cleavable base lesions 
becomes less with increasing ionizing density4).
   In summary, our results indicate that DNA lesions in 
hydrated plasmids become more readily clustered on 
increasing ionizing density of the radiation.

References
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2) C. M. de Lara, et al. Radiat. Res. 144 (1995) 43. 
3) A. Yokoya, et al. J. Am. Chem. Soc. 31 (2002) 8859. 
4) T. Ushigome, et al. JAEA-Review 2007-060 (2007) 97. 

Fig. 1  Number of prompt and enzymatically induced 
single strand breaks (ssbs) as a function of LET 
(keV/µm). Prompt (�), Fpg+Nth treatment (�).

Fig. 2  Number of prompt and enzymatically induced 
double strand breaks (dsbs) as a function of LET 
(keV/µm). Prompt (�), Fpg+Nth treatment (�).
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DNA Damages Analysis Induced by 4He2+ Ion Beam 
Compared to Those of 60Co �-rays in the Solid State 

K. Akamatsu 

Division of Environment and Radiation Sciences, NSED, JAEA 

1. Introduction 
Information in relation to chemical structures and their 

distribution on DNA is quite important to clarify following 
biological repair procedures. In case of ionizing radiations, 
especially, it is expected that three-dimensional distribution 
of DNA damages is diversified as well as their chemical 
structures, and the diversity makes investigations of 
physicochemical processes in radiation effects difficult. In 
fact, double-strand breaks produced by high linear energy 
transfer (LET) alpha particles are more difficult to rejoin in 
living cells than those produced by low LET 137Cs �-rays1).
To investigate difference of DNA damage spectrum 
between radiations, we have developed new methodology to 
analyze strand break-termini and nucleobase lesions using 
snake venom phosphodiesterase (SVPD), calf intestinal 
alkaline phosphatase (CIAP) and piperidine2). In this report, 
the results of the DNA damage spectra induced by 4He2+ ion 
beam and 60Co �-rays are demonstrated. The 4He2+ ion beam 
used was obtained from TC1 port of 3MV tandem 
accelerator in TIARA at Takasaki Advanced Radiation 
Research Institute. The 60Co �-rays, as a standard radiation 
source, were irradiated in 7-cell in the 2nd building of 
�-irradiation facility at the same institute. 
2. Renewal of the irradiation system 
  The depth-tunable cell irradiation equipment3) at TC1 port 
we have used and its current measurement system 
dysfunctioned owing to aging at an experiment in 
September. Then, we have restructured the system with 
higher userbility and better reproducibility in quantitative 
data. As a result, a value of beam current at the exit of the 
beamline became more stable around 10 pA (~ ± 1) than 
before. Moreover, the theoretical fluence (5.0 � 107

particles/nA/cm2/pass) was comparable with the fluence 
determined experimentally at 10 pA by pit counting on 
CR-39® dosimeter (4.4 � 107 particles/nA/cm2/pass) at a 
vertical velocity with 70 mm/s of the irradiation stage. 
Although there is a problem on difficulty of beam 
adjustment, we are sure that the TC1 port has been revived 
to use at least at low dose-rate. 
3. Experiments 
  Linear formed pUC19 plasmid DNA digested by Sma I 
(pUC19/Sma I) was used. pUC19/Sma I aqueous solution 
was mounted on a silicon plate and dried thoroughly in 
vacuum under P2O5. For �-irradiation, the dried DNA 
sample on a plate was put into a glass tube sealed in vacuum 
to achieve secondary electron equilibrium. Each sample was 
irradiated at a dose (dose rate) of 50 (0.694), 100 (1.389), 
200 (2.778), 400 (5.556), and 900 kGy (12.5 kGy/h) at r.t., 
respectively. For 4He ion beam, the DNA- mounted plate 

was fixed in a cylindrical chamber (39 mm�, hight: 22 mm) 
with a Kapton® window (8 �m) under argon gas. Each 
sample was irradiated with the beam with LET of        
~ 85 keV/�m, which was controlled using the renewal
depth-tunable cell irradiation equipment, was irradiated at a 
dose (dose rate) of 102 (1.068), 406 (1.068) and 913 kGy 
(507 Gy/pass) at r.t. (beam current: 90 nA). The doses were 
determined based on the number of pits on CR-39 dosimeter 
at 10 pA. The irradiated DNA samples were recovered by 
water at 0°C to be 0.32 �g/�L. The new method for DNA 
damage analysis is introduced in previous paper in datail2).
Based on the series of the experiments, the yields of total 
3’termini, those of 3’termini with or without phosphate, and 
piperidine-labile lesions were calculated. 
4. Results and Discussion  
   Table 1 shows the yields of DNA lesions calculated. 
Additionally, the yields of unaltered nucleobase release are 
also demonstrated as a reference. At a glance, All DNA 
damage yields estimated for the 4He ion beam were three 
times larger than those for the �-rays. This result implies 
either (1) the energy transfer efficiency of the ion beam to 
DNA is higher than that of the �-rays, (2) it is difficult to 
extrapolate the real fluence at 90 nA from the 
experimentally-obtained fluence at 10 pA, or (3) the 
Faraday cup is not in position to receive whole beam. 
Anyhow, more accurate beamline adjustment should be 
needed to obtain trustful data to be discussed particularly at 
a high dose-rate. 
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Analysis of Mutagenic Effect Induced by Ion Beams for   
Breeding of Aspergillus oryzae
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   We investigated the mutagenic effect induced by ion beams for breeding of Aspergillus oryzae, which is used in the 
manufacture of traditional Japanese fermented foods. We irradiated conidia of A. oryzae with 220 MeV carbon ions by AVF 
cyclotron at JAEA at doses of 300-500 Gy. Genomic southern analysis of sB gene indicated that large size deletions occurred 
in variants. Furthermore, pulsed-field gel electrophoresis revealed large structural alteration in chromosomal DNA pattern. 
These results suggest that ion beam irradiation is effective as a new mutation breeding method for A. oryzae.
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Fig. 1  Genomic southern analysis of the sB gene of A.
oryzae. M, DNA size marker; Lane 1 to 11, 
variants ; WT , wild type.

Fig. 2  Separation of A. oryzae chromosomal DNAs. 
M, Schizosaccharomyces pombe chromosomal 
DNAs as size markers; WT, niaD300 ; No.11, 
variants. 
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Deletion of Minor Enzyme Activities of Rhizomucor 
miehei by Heavy Ion Irradiation 

K. Sakai a), H. Kobayashi a), M. Shimizu a), A. Oshima a), S. Kato a),
K. Satoh b) and I. Narumi b)

a) Tokyo Research Laboratory, Meito Sangyo Co. Ltd., 
b) Radiation-Applied Biology Division, QuBS, JAEA 

Heavy ion beam of 220 MeV 12C5+ and 350 MeV 20Ne8+ was irradiated respectively at a dose of 200 Gy on Rhizomucor
miehei sporagiospore to obtain low lipase activity mutants. Coagulation enzyme activity was used to evaluate the phenotype 
of irradiated samples. No mutant with low lipase activity was isolated but a few mutants with decreased coagulation activity 
were isolated. Mutant D-111, one of them, produced only 10% coagulation activity in comparison with its parent strain. 
Analyses of the cultivated broth by SDS-PAGE and anion-exchange chromatography revealed that the protein profile and 
productivity of the mutant were almost equal to those of parent strain. Several point mutations were found in a protease gene 
of the mutant, one mutation was located in a glycosylation site. No mutation was observed at the catalytic site of the protease.
Deletion mutation was not found in the protease gene including its upstream and downstream regions. 
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Mutation Breeding of Koji Mold Induced by Ion Beam 

K. Ito a), J. Takeichi a), Y. Hanya a), K. Satoh b), Y. Hase b) and I. Narumi b)

a) R&D Division, Kikkoman Corp., b) Radiation-Applied Biology Division, QuBS, JAEA 

Introduction 
A defective mutant of the pyrG gene, which codes the 

orotidine 5’-phosphate decarboxylase, is used as a host cell 
for transformation system of Aspergillus species. The pyrG
deficient mutant results in uracil auxotrophy and resists to 
5-fluoroorotic acid (5FOA) that is a substrate analogue. It is 
difficult to obtain a pyrG deficient mutant of Aspergillus 
oryzae RIB40 by conventional mutagens without genetic 
manipulation.  

In this report, we tried to obtain a pyrG deficient mutant 
of A. oryzae RIB40 by ion beam irradiation to improve the 
occurrence frequency and pattern of mutation in Aspergillus
species.   

Materials and Methods 
(1) Isolation of 5FOA resistant mutants 
   The suspension containing 106 conidia (A. oryzae 
RIB40) were spread on Malts agar plate containing 10 mM 
uracil and incubated at 30 ºC for 6 hours for germination. 
Germinated conidia were irradiated with 220 MeV 12C5+

(121.8 keV/µm) ion beam accelerated by AVF cyclotron at 
TIARA, with the doses of 150 and 200 Gy. Irradiated 
conidia were cultivated at 30 C for 3 days and resuspended 
in 0.01% Tween80 solution. The suspension containing 
1×106-irradiated conidia was spread out on Czapex-Dox 
medium containing 10 mM uracil and 3.0 mg/ml 5FOA. 
5FOA resistant mutants were purified three times by single 
conidium isolation. The uracil auxotrophy of mutants was 
confirmed by the nonviability on Czapex-Dox medium. Sole 
mutant was picked up from each irradiated plate. 
(2) DNA analysis of 5FOA resistant mutants. 

The 5FOA resistant mutants with uracil auxotrophy 
result from not only the pyrG deficiency but also the pyrF
deficiency that encodes an orotate phosphoribosyl-�
transferase1). The 5FOA resistant mutants were transformed 
by PCR fragment of the pyrG gene and/or pyrF gene 
amplified from wild type for the genetic complementation 
analysis. The pyrG or pyrF gene of each mutant was cloned 
and sequenced to detect the mutation pattern. 

Results and Discussion 
The thirty-three mutants resistant to 5FOA with uracil 

auxotrophy were obtained from 5×108 of irradiated conidia 
(50 irradiated plates). Reversion was observed in the eight 
mutants. Among the remaining twenty-five mutants, the 
thirteen mutants were complemented by pyrG and the 
twelve mutants were complemented by pyrF gene. To 
investigate the type of mutations, the pyrG gene or pyrF
gene of each mutant was cloned and sequenced respectively. 
Among thirteen pyrG deficient mutants, two mutants had 

single base deletion mutations in the coding region and 
resulted in frameshift mutations. The others had single base 
substitutions in the coding region that causes nonsense 
mutations. All the sites of base substitution were different 
from each other and the number of transversion was 
approximately equal to that of transition (Table 1).  

On the other hand, among twelve pyrF deficient mutants, 
six mutants had deletions and the others had single base 
substitutions. Among six deletion mutants, two had regional 
deletions (25 base- or 1,409 base-deletion), while remaining 
had single base deletions in the coding region. Among six 
single base substitution mutants, mutations occurred at the 
one of the initiation codon in four mutants. The initiation 
codon of pyrF gene might be a hot spot for ion beam 
irradiation.  

In conclusion, it was easy to obtain pyrG deficient 
mutants but also pyrF deficient mutants of A. oryzae RIB40 
without genetic manipulation by means of ion beam 
irradiation. Mutagenesis by ion beam is a powerful tool to 
obtain a novel mutant in Aspergillus species especially for 
the gene that are tough to obtain by conventional mutagens.  

Reference 
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ESR Detection Method of Irradiated Black Pepper 
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ESR techniques for studying the detection of radicals induced in gamma irradiated pepper were presented. In particular, 
the saturation behaviors of radicals, as well as threshold value of ESR peak intensity, were illustrated in the case of radicals
observed in irradiated pepper. With a standard addition method for solid sampling technique we revealed a novel detection 
method for irradiated pepper. 
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Fig. 1  ESR spectrum of pepper. 

Fig. 2  Threshold value of black pepper before 
and after irradiation. 
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Fig. 3  ESR peak intensity of radiation induced�
radical at various irradiation dose. 
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Irradiated Meats Using Anti-8-OHdG Antibody  
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   Food irradiation is carried out for benefits of public health, 
the reduction of post-harvest losses and quarantine treatment 
of certain foods1). Consumers can choose irradiated or 
un-irradiated foods following its label2). Detection methods 
for irradiated foods are required to endorse the reliability of 
labels. To date, physical, chemical and biological detection 
methods have been developed3). However, there are various 
kinds of difficulties on practical use of those methods. 
Therefore, an easy versatile detection method for irradiated 
foods is necessary for appropriate management. For the 
purpose, we focus to detect oxidative DNA damages as a 
common target on living things or foods using ELISA 
technique. Preliminary data for the affinity of anti-8-OHdG 
antibody against 8-oxoG in DNA were reported4). Toward the 
practical use of our novel ELISA method, precise detection 
for various meats will be described here.  
   Ground meats purchased from a market were irradiated to 
60Co � rays with a dose rate of 3 kGy/h at TARRI/JAEA. 
Genomic DNAs of the meat were isolated using DNeasy 
Tissue kit and eluted in sterilized water. DNA concentration 
was measured at 260 nm. The meat DNAs were 
heat-denatured, mixed with anti-8-OHdG antibody, and put 
into wells of protamine-coated microtiter plate. The plate was 
incubated for 3 h at room temperature. After several washing, 
those were incubated with peroxidase-labeled secondary 
antibody for 1 h. The plate was washed five times, and then 
LumiGLO Reserve substrate was added into the wells. 
Chemiluminescence was measured using Lumi-Imager. 
   To confirm the distinguishable dose of 8-oxoG using 
ELISA method, DNAs isolated from irradiated meats with 
various doses were investigated. As shown in Fig. 1, the 
chemiluminescence intensity increased with increasing doses 
although non-irradiated sample didn't give the value of zero 
since spontaneous 8-oxoG lesions occur on DNA due to OH 
radicals that come from endogenous metabolism in its alive 

period. A linear dose-intensity response for irradiated beef 
was observed up to 9 kGy, while that for chicken meat 
seemed to be within 6 kGy, and that for pork might be up to  
3 kGy. 
   To examine the effect of long period storage, we detect 
8-oxoG in irradiated meats after 1-year storage at –20 C. Our 
detection method was capable of showing the dose 
dependency of the intensity related to 8-oxoG content in the 
meat samples (Fig. 2). We think that the release of 8-oxoGs 
was seldom occurred in cells of meat, especially under normal 
storage condition. Therefore, this method is applicable to 
detect 8-oxoG even after long storage.  
   Although most food irradiation is carried out below    
10 kGy5), our experiments dealt with meat samples subjected 
to irradiation up to 12 kGy. In the case of meat, 20 mg sample 
was sufficient for the 8-oxoG detection, and 3 kGy- or 
higher-irradiated meats were expected to be distinguished 
from non-irradiated samples6). This method has a potential 
that can be applied to most foods that contain DNA, perhaps 
including grains and fruits to be examined in future. 
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Fig. 1  Detection of 8-oxoG for irradiated meats using 
ELISA. Each point represents the mean value and 
standard error from three independent experiments. 
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after 1-year storage in freezer using ELISA.
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Cell-killing Effect of Heavy Ions Having Different LETs 
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Introduction: High-LET ion beams have greater biological 
effects (e.g. reproductive death, chromosome aberration and 
mutation) than low-LET radiations1-3). As a part of its 
mechanism, it is expected that DNA damage induced by 
high-LET ions are complex and difficult to repair precisely. 
However, they are not understood well how complex DNA 
damage is induced and how do the DNA damage causes 
great biological effects. In this study, we investigated the 
cell-killing effect of ion beams having different LETs in 
immortalized normal human cells. 

Materials & Methods: Telomerase-immortalized human 
diploid fibroblast BJ-hTERT cells were seeded at 5 � 103

cells/cm2. Culture medium was refed on day 4, and 
confluent cell monolayer was irradiated with �-rays 
(LET=0.2 keV/�m), helium (17 keV/�m), carbon (70, 110, 
150 and 212 keV/�m), neon (310 and 430 keV/�m) and 
argon ions (1320 and 1530 keV/�m) on day 7. Cell survival 
was determined using a clonogenic survival assay 2).
Surviving fraction was obtained by dividing the colony 
formation rate of irradiated cells by that of sham-irradiated 
cells. Survival data were fitted to the equations: y = 1 � [1 �
exp (�ax)]b for �-rays and helium ions or y = exp (�ax) for 
carbon and heavier ions where a and b are the coefficients, x
and y are the dose and surviving fraction, respectively. The 
dose needed to reduce the surviving fraction to 0.1 (D10)

was calculated from the equations. Relative biological 
effectiveness (RBE) was calculated by dividing the D10 of 
�-rays by that of ion beams. 

Results and Discussion: Slopes of the survival curves were 
dependent on LET and became steepest at carbon ions  
(Fig. 1). RBE based on D10 arrived at the maximum of 4 at 
100-200 keV/�m of carbon ions (Fig. 2), indicating that the 
cell-killing effect of carbon ions per dose was almost 
fourfold greater than that of �-rays. This LET-RBE 
relationship is similar to the reported result in normal human 
fibroblasts having a finite lifetime2), raising the possibility 
that BJ-hTERT cells are well suited for radiobiological 
studies because of their extended lifetime without 
transformed phenotype4,5). In future plan, we will 
quantitatively analyze the initial induction and rejoining of 
DNA double-strand breaks that are induced at intervals of 
one hundred bp to several mega bp for better understanding 
of high-LET ion-induced DNA damage. 

References 
1) Y. Yokota et al., Int. J. Radiat. Biol. 79 (2003) 681. 
2) N. Hamada et al., Radiat. Res. 166 (2006) 24. 
3)  Y. Yokota et al., Radiat. Res. 167 (2007) 94. 
4)  A. G. Bodnar et al., Science 279 (1998) 349. 
5)  X. Jiang et al., Nat. Genet. 21 (1999) 111. 

Fig. 1  Survival curves. Carbon ion irradiation showed the 
steepest slope among the radiations used in this study. 
Each point represents mean � standard deviation of 2-4 
independent experiments. Only the results of some 
radiations are shown here to avoid congestion. 

Fig. 2  LET-RBE relationship on clonogenic survival. 
RBE peaked at 100-200 keV/�m of carbon ions.
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Ionizing radiation (IR) induced learning impairment and 
abnormalities in the nervous system are important potential 
risks in interplanetary space missions and radiation therapy. 
Using Caenorhabditis elegans (C. elegans) as a neuronal 
model organism, we have studied the effects of IR on the 
learning behavior, and found the followings; (1) the 
modulatory effect of IR on salt chemotaxis learning via 
gamma subunit of G protein1), (2) the difference of initial 
effects of gamma-ray irradiation on olfactory adaptation to 
benzaldehyde2), and (3) the effects of carbon ion irradiation 
on locomotion. Here, we report the new findings in 2007. 
(1) Modulatory effect of gamma irradiation on salt 
chemotaxis learning. We reported that gamma-ray exposure 
influences chemotaxis to NaCl only during the transition 
stage of salt chemotaxis learning3). To investigate the 
mechanism by which this occurs, we used the gpc-1 mutant, 
which is defective in GPC-1 (one of the two gamma 
subunits of the heterotrimeric G-protein) and responsible for 
the chemosensory avoidance of NaCl. This mutants learn by 
combined stimulation with starvation and exposure to NaCl 
as well as wild type animals. Wild type and gpc-1 mutant 
animals were exposed to gamma-rays 30-60 min after the 
start of salt chemotaxis learning conditioning. Immediately 
after irradiation, we measured the chemotaxis to NaCl. We 
found that IR-induced decreases in chemotaxis were 
significantly suppressed in the gpc-1 mutant (Fig. 1). The 
result suggested that the effect of IR on salt chemotaxis 
learning in C. elegans was mediated by GPC-1.

 (2) Effects of gamma irradiation on olfactory adaptation. 
To investigate the effect of IR on learning behavior of C.
elegans ohter than salt chamotaxis learning, we employed 
the olfactory adaptation to benzaldehyde, and examined the 
effect of IR on the transition stage of the adapation to 
benzaldehyde. Animals were exposed to gamma-rays   15-
30 min after the start of benzaldehyde adaptation. 
Immediately after irradiation, we measured the chemotaxis 
to benzaldehyde (Fig. 2). There was no significant decrease 
in chemotaxis to benzaldehyde of C.elegans, indicating the 
difference in the IR-induced response between the 
adaptation to benzaldehyde and the salt chemotaxis learning.

Fig. 2  No significant difference in the chemotaxis to 
benzaldehyde between sham-irradiated and irradiated 
wild type animals. The error bars represent SE of 4 or 
more experiments. 

(3) Effects of carbon ion irradiation on locomotion. To test 
whether IR induces any decrease in locmotion, we examined 
the effect of gamma and carbon irradiation. After gamma 
irradiation at the dose of 500 Gy, exposed animals showed 
the decrease of 30% in body-bends of the non-irradiated 
ones. On the other hand, carbon exposed animals showed 
the normal locomotion. The results contradict to the fact 
that high linear energy transfer (LET) radiation induces 
more severe biological effects than low-LET radiations.

References 
1) T. Sakashita et al., FASEB J. 22 (2008) 713. 
2)  T. Sakashita et al., Biol. Sci. Space 21 (2007) 117. 
3)  T. Sakashita et al., JAEA Takasaki Annual Report 2006 

(2007) 110. 

Fig. 1  Decrease of chemotaxis in wild type and gpc-1
mutant animals. The error bars represent SE of 4 or 
more experiments. * indicates the significant difference 
(p < 0.05).
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Using the collimated heavy-ion microbeam system, we 
have been carried out the analysis of bystander effect for 
assessing the effect of heavy-ion radiation on biological 
system 1-2). The only ion species that were utilized in 
heavy-ion microbeam system and has more than      
1,000 keV/µm of LET has been 40Ar13+ 460 MeV 
(LET=1,260 keV/µm). However this ion has only 260 µm 
projectile range in water. Although the medium of target 
sample is removed before irradiation to make the ion 
penetrate whole sample and the ion to detect and count by 
scintillator-PMT assembly installed in opposite side of beam 
exit, it sometime became impossible to detect ions 
according to the media-removal condition. Therefore, for 
solving this issue, we adopted 40Ar14+ 520 MeV ions 
(LET=1,130 keV/µm), which become available recently and 
have a projectile range in water of 320 m, and verified 
whether this ion species can be utilized in the target 
irradiation of individual cells by heavy-ion microbeam 
system. In addition, generation of cocktail microbeam of 
40Ar14+ 520 MeV and 20Ne�� 260 MeV were also tested. 

To confirm the feasibility of collimated microbeam of 
40Ar14+ ion, we first carried out the irradiation of CR-39 film. 
The energy profile of ions extracted into the air via 
microaperture of 5 or 20 µm in diameter showed clear 
energy distribution peak without low-energy ion mainly 
arisen by scattering at the edge of the collimator, indicating 
successful generation of collimated microbeam of 40Ar14+

ion. The special distribution of ion track visualized by 
etching of irradiated CR-39 film indicated that the ion hit 
was localized within the size of collimator used for 
microbeam generation (Fig. 2a).  

We next verified that the cocktail beam of 40Ar14+ and 
20Ne7+ is able to utilize in our collimated heavy-ion 
microbeam system. By changing the acceleration frequency 
of AVF cyclotron, we were able to obtain two different 
energy profiles of extracted ions within 5 min without 
re-tuning of beam line and microbeam end station. The 
etched pit visualized on CR-39 film indicated that (1) there 
were no significant differences in special distribution of ion, 
and (2) the size of etched pit showed clear difference 
between different acceleration frequencies, i.e. different ion 
species (Fig. 2). These result indicated that, by changing the 
acceleration frequency of AVF cyclotron, we can rapidly 
switch the ion species each other at any time and irradiate 
on individual cell target in our collimated heavy-ion 
microbeam system. 

From these results, we concluded that 40Ar14+ ion and 
cocktail beam of 40Ar14+ and 20Ne7+ ion is able to utilize in 
our collimated heavy-ion microbeam system. The ion of 
40Ar14+ will solve the issue of unstable count of hit ions on 
cellular targets. Moreover, the rapid switching of ion species 
using cocktail microbeam makes enable to irradiate multiple 
ion species within single beam time, so that it will be useful 
for comparing the ion hit effect of different ion species on 
biological system. Taken all together, this utilization of new 
ion species will accelerate the analysis of radiation induced 
bystander effect, and helps understanding the effect of 
heavy-ion radiation on biological system. 

References 
1) T. Funayama et al., J. Radiat. Res. 49 (2008) 71. 
2) T. Funayama et al., IEEE Trans. Plasma. Sci. 36 (2008) 

in press. 

Fig. 1  Energy distribution of ions irradiated on CR-39. The 
energy of ions penetrated CR-39 film was detected by 
PMT and measured by MCA. 

Fig. 2  Irradiation of CR-39 with collimated microbeam of 
40Ar14+ or 20Ne7+ ions. A film of CR-39 was irradiated 
with collimated microbeam of 20 µm in diameter (10 
particles). The ion tracks were visualized as etched pit 
by etching with alkaline solution (13.4 N KOH, 75 ºC,  
5 min). (a) Ion track of 40Ar14+ 520 MeV microbeam. (b) 
Ion track of 20Ne7+ 260 MeV microbeam.
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Convincing experimental evidence has accumulated 
demonstrating that ionizing radiation induces biological 
effects in nonirradiated bystander cells having received 
signals from directly irradiated cells1). However, little 
information is available hitherto as to the potential impact of 
energetic heavy ions on the bystander effect. Taking into 
consideration that fewer irradiated cells should coexist with 
more nonirradiated counterparts in a population exposed to 
a lower dose of higher-LET heavy ions, a clarification of the 
effects arising not merely in irradiated cells but in their 
bystander cells would be crucial to comprehend the 
mechanism of biological action of heavy ions.  

Herein, we set out to examine heavy ion-induced 
bystander effects in confluent density-inhibited fibroblast 
cultures. AG01522D primary normal human diploid 
fibroblasts at passages 7-9 were inoculated at 1 � 104

cells/cm2, replenished on days 4, 7 and 9, and used for 
irradiation experiments on day 112,3). To see the effects in 
bystander cells, we employed precise microbeams of carbon 
ions (18.3 MeV/u, 103 keV/µm) and neon ions (13.0 MeV/u, 
375 keV/µm) for targeting only a very small fraction of cells 
in confluent cultures4). Converntional broadfield irradiation 
with broadbeams of carbon ions (18.3 MeV/u, 108 keV/µm) 
and neon ions (13.0 MeV/u, 437 keV/µm) was conducted in 
parallel to see the effects in irradiated cells5,6).

First, cell survival was determined by the clonogenic 
survival assay. Exposure of 0.00026% of cells led to nearly 
10% reductions in the survival regardless of ion species7).
Second, apoptosis was detected by the terminal 
deoxynucleotidyl transferase-mediated dUTP-biotin 
nick-end labeling method. Irradiation of 0.00026% of cells 
caused twofold rises in the apoptotic incidence irrespective 
of ion species7). Whilst apoptotic frequency increased with 
time up to 72 h postirradiation in irradiated cells, its 
frequency escalated up to 24 h postirradiation but declined 
at 48 h postirradiation in bystander cells, indicating that 
bystander cells exhibit transient commitment to apoptosis7).
Third, p53 phosphorylation was analyzed with western 
blotting. Carbon- and neon-ion microbeam irradiation 
similarly caused almost twofold increments in the levels of 
serine 15-phosphorylated p53 proteins, irrespective of 
whether 0.00026, 0.0013 or 0.0066% of cells were targeted. 
Whereas the levels of phosphorylated p53 protein were 

elevated and remained unchanged at 2 h and 6 h 
postirradiation in irradiated cells, its levels rose at 6 h 
postirradiation but not at 2 h postirradiation in bystander 
cells, suggesting that bystander cells manifest delayed p53 
phosphorylation7). Finally, gene expression changes in 
carbon ion-irradiated cells and their bystander cells were 
evaluated with the microarray analysis. Irrespective of the 
target numbers (0.00026, 0.0013 or 0.0066% of cells) and 
the time (2 or 6 h postirradiation), similar expression 
changes were observed in bystander cells8). Nearly three 
quarters of the genes whose expression changed in 
bystander cells were downregulated, and most of the genes 
upregulated in irradiated cells were downregulated in 
bystander cells8). Pathway analysis revealed serial activation 
of G protein/PI-3 kinase pathways in bystander cells, but 
that of p21Waf1 and NF�B pathways in irradiated cells8).
Taken together, interleukin genes were upregulated in 
irradiated cells while its receptor gene was upregulated in 
bystander cells, indicative of the signal transmission from 
irradiated to bystander cells8).
   In conclusion, we have demonstrated that exposure of 
less than 0.01% of cells to heavy ions results in bystander 
responses, which can be manifested as inactivated 
clonogenic potential, a transient apoptotic response, delayed 
p53 phosphorylation, and gene expression changes at a 
genome-wide level. The data highlight distinct response of 
irradiated cells and their bystander cells. These induced 
bystander responses could be a defensive mechanism that 
would avert or minimize further expansion of aberrant cells. 
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To clarify the mechanism of cell death induced by heavy-ion irradiation, human lung cancer cells were exposed to X-rays 
or carbon ions and cell survival was tested by clonogenic assays. Targeted exposure of 0.0004-0.002% of cells within the 
confluent culture resulted in 8-14% reduction of surviving fraction. Furthermore, this marked reduction was diminished when 
cells were treated with the inhibitor of gap junction. These results suggest that gap junctional intercellular communication 
may play an important role in the mechanism of heavy charged particle irradiation-induced bystander effect.  
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Fig. 1  Relative surviving fraction of confluent density-
inhibited culture of A549 cells where 25 cells were 
irradiated with 5 carbon ions with or without treatment 
with lindane or cAMP. The surviving fraction of the 
nonirradiated A549 control was normalized as 1. The 
plating efficiency of control was 46-57%. 
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Radiation Induces Upregulation of Myogenic Genes in 
Drosophila Schneider Cells 
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H. Kazama a), N. Hamada c, d), T. Funayama d), T. Sakashitad), Y.Kobayashi c, d),

T. Nakano a) and T. Izumi b)

a) Department of Radiation Oncology, b) Department of Biochemistry, c) Department of Quantum 
Biology, Gunma University Graduate School of Medicine, 

d) Radiation-Applied Biology Division, QuBS, JAEA 

The cells exposed to genotoxic stress, such as 
ionizing-radiation and DNA damaging agents, either arrest 
the cell cycle to repair the genome, or undergo apoptosis, 
depending on the extent of the DNA damage. DNA damage 
has been implicated in various differentiation processes. It 
has been reported that gamma-ray exposure or treatment 
with DNA damaging agent such as neocarzinostatin and 
etoposide could induce myogenic differentiation in 
Schneider cells although the mechanism underlying this 
process was poorly understood. 

Exposure of Drosophila Schneider cells to 20 Gy of C5+

heavy ion beam or X-rays caused both increase of 
TUNEL-positive cells and conversion of round-shape cells 
to elongated cells (Fig. 1) confirming the previous report. 
Quantitative RT-PCR analysis showed upregulation of 
genes related to myogenesis including Mef2 which is a 
MADS-box family of transcription factor, nautilus which is 
MyoD ortholog, and blown fuse which is required for proper 
myoblast fusion. Immunostaining with anti-myosin heavy 
chain antibody also confirmed that the morphological 

changes were accompanied with myogenic differentiation. 
It has been known that extracellular stresses increased 

intracellular ceramide concentration, and exogenous 
ceramide was able to induce apoptosis in mammalian cells. 
We observed that intracellular ceramide level was increased 
in Schneider cells after exposure to radiation such as UV, 
and X-rays. We examined whether exogenous ceramide 
could mimic radiation induced myogenic differentiation. 
Addition of membrane permeable C2-ceramide, which has 
shortened fatty acyl chain, to Schneider cells also increased 
TUNEL-positive cells and cells with elongated morphology. 
Induction of myogenesis related-genes was also confirmed 
by real-time RT-PCR analysis and immunostaining with 
anti-myosin antibody. It has been reported that no 
differentiation was observed when cells were treated with 
non-genotoxic inhibitors of cell cycle, indicating that cell 
cycle arrest is not the trigger of the differentiation process. 

These results suggested that ceramide plays important 
roles in both apoptosis and the radiation-induced myogenic 
differentiation process.  

�

Fig. 1  Heavy ion irradiation induced apoptosis and morphological changes in Drosophila Schneider cells. 
The Schneider line 2 cells were irradiated with 20 Gy of heavy ion beam (A).  Untreated control cells 
are shown in (B).  Cells were fixed and subjected to TUNEL assay 48 hours after irradiation.  
TUNEL positive cells are stained with purple dye.  Arrows indicates cells with elongated morphology. 
Notice that both TUNEL positive cells and cells with extended morphology is increased in irradiated 
cells compared to unirradiated control cells. 
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Proliferation and Cell Death of Human Glioblastoma Cells
After Carbon-ion beam Exposure: 

Morphologic and Morphometric Analyses
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Purpose 
   Histological analyses of glioblastoma cells after 
carbon-ion exposure are still limited and ultrastructural 
characteristics have not been investigated in detail. Here we 
report the results of morphological and morphometric 
analyses of a human glioblastoma cell line, CGNH-891),
after ionizing radiation to characterize the effect of a 
carbon-beam on glioblastoma cells.  

Materials and Methods 
   CGNH-89 cells with a G to A transition in codon 280 in 
exon 8 of the TP53 gene had nuclei with pleomorphism, 
marked nuclear atypia and brisk mitotic activity.  
For X-ray and heavy-ion beam exposure, CGNH89 cells 
were divided into 3 groups; control, 5 Gy and 10 Gy 
exposure. For each group, cells were fixed at the same 
time-points. Hematoxylin-Eosin (HE) and 
immunohistochemical staining were done in formalin-fixed 
cells. For electron microscopy, cells were fixed in fixative 
(1% glutaraldehyde, 10% formaldehyde). These samples 
were postfixed with osmium and embedded in Quetol 812. 
Ultrathin sections were examined under a transmission 
electron microscope. 

Results and Discussion 
   After carbon-ion and X-ray exposure, living cells 
showed decreased cell number (Fig. 1), nuclear 
condensation, increased atypical mitotic figures, and a 
tendency of cytoplasmic enlargement at the level of light 
microscopy. The deviation of the nuclear area size increased 
during 48 hours after irradiation (Fig. 2), while the small 
cell fraction increased in 336 hours. In glioblastoma cells of 
the control, 5 Gy carbon-beam, and 10 Gy carbon-beam, 
and MIB-1 labeling index decreased in 24 hours (12%, 11%, 
7%, respectively) but increased in 48 hours (10%, 20%, 
21%, respectively). Ultrastructurally, cellular enlargement 
seemed to depend on vacuolation, swelling of mitochondria, 
and increase of cellular organelles, such as the cytoskeleton 
and secondary lysosome. We could not observe apoptotic 
bodies in the CGNH-89 cells under any conditions. We 
conclude that carbon-ion irradiation induced cell death and 
senescence in a glioblastoma cell line with mutant TP53. 
Our results indicated that the increase of large cells with 
enlarged and bizarre nuclei, swollen mitochondria, and 

secondary lysosome occurred in glioblastoma cells after 
carbon-beam exposure. 

Fig. 1  Cell counts per 1mm2 of CGNH-89 cells before and 
after irradiation. In non-irradiated cells, cell numbers 
increase over time. In irradiated cells, cell numbers 
show a tendency to decrease dependently dose over 
time. Control: non-irradiated CGNH-89 cells. 1 Gy,   
5 Gy, and 10 Gy: CGNH-89 cells irradiated by 
carbon-ion of 1 Gy, 5 Gy and 10 Gy. 

Fig. 2  In CGNH-89 cells irradiated by carbon-ion at 48 
hours, with dose response, the deviation of the nuclear 
area size show a tendency to increase dose dependently. 
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1)  S. Ishiuchi et al, Nature medicine 8 (2002) 971.
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  A morphological phenotype consistent with cellular senescence, that is, an enlarged and flattened appearance, was 
observed in a human glioma-derived cell line, NP-2, after irradiation with carbon ion beam (18.3 MeV/amu 12C).  The 
senescent nature of these cells was further indicated by positive staining for SA-�-gal activity, accumulation of lipofuscin, 
and marked increase in lysosomal mass.  Most of SA-�-gal-positive NP-2 cells did not incorporate BrdU, indicating that 
these senescent cells did not synthesize DNA.  We also detected phosphorylated p53 (Ser15) and induction of p21 in 
irradiated NP-2 cells, suggesting that p53-p21 pathway might play an important role in induction of cellular senescence in 
NP-2 cells after irradiation with carbon ion beam. 
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MicroRNA Expression in Response to Heavy Ion 
Beam Irradiation 
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The influence of the heavy ion beam irradiation on the expression of microRNAs was analyzed. C2C12 myoblasts 
were irradiated with broadbeam (20Ne7+ : 260 MeV, 2 Gy) and the level of microRNA expression was quantified at 1 
hour after irradiation by microRNA array. Compared to the non-irradiated control, some microRNAs were increased, 
and some were decreased in the expression level after irradiation (Fig. 1). Using real-time PCR technique, the time 
course of expression levels of No. 9 and 11 of Figure 1 after irradiation were analysed. The expression levels of both 
No. 9 and 11 reached maximum at 1hour after irradiation and then gradually decreased.  
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Fig. 1  The result of microRNA array analysis. The expression levels of representative microRNAs 1 hour after 
irradiation (20Ne7+ : 260 MeV, 2 Gy, solid column) and control (open column) were indicated with arbitrary units.
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Though the usefulness of carbon ions (12C) therapy has been reported recently, little has been known about effects of 12C
on the normal brain tissue, especially at the developing stage.  Hence, in this study, we investigated the effects of 12C and X-
ray on the early postnatal cerebellum using a modified organotypic slice culture system.  In the 12C-irradiated slices, the 
hematoxylin and eosin (HE) staining showed that the granule cells (GC) of the external granule layer (EGL) spread over the 
molecular layer and the zone of the EGL was extended.  The GC in the irradiated slices at 5 days after 12C-irradiation still 
existed in the EGL, whereas almost all of the GC in the non-irradiated slices migrated toward internal granule layer.  
TUNEL methods showed that most of the GC in the EGL was densely stained at 24 h after 12C-irradiation.  In addition, the 
processes of Bergmann glia (BG) retracted in the 12C-irradiated slices.  These changes were similar to those occurred by X-
irradiation.  The abnormality of EGL caused by irradiation was as a result of the loss of migration ability of the GC and the 
disorganization of BG processes.  The relative biological effectiveness of 12C-particles to X-ray was 1.4~1.6 in the EGL. 
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Fig. 1  Images of HE stain for tissue that cultivated 12 h 
after irradiation.  These image shows slice following 
non-irradiation (a), 12C-irradiation of 10 Gy (b) and X-
irradiation of 10 Gy (c). 

Fig. 2  Images of HE stain for tissue that cultivated 5 days 
after irradiation.  These image shows slice following 
non-irradiation (a) and 12C-irradiation of 10 Gy (b). 
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Induced by Carbon-ion Microbeams 
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JAEA, c) Department of Quantum Biology, Gumma University Graduate School of Medicine

In the field of fundamental biological studies for 
high-LET radiations, there are many reports regarding 
bystander cellular effects after exposure to alpha particles 
derived from 238Pu or helium-ion microbeams. However, 
only limited sets of studies have examined bystander effects 
after exposure to different ion species heavier than helium, 
such as carbon ions1). In this study we have been 
investigating bystander cellular responses in both normal 
human cells and human tumor cell lines irradiated with 
different ion species heavier than helium, such as carbon, 
neon and argon ions. Last year, we have begun to study 
bystander cellular effects, such as cell-killing effect, in 
normal human skin fibroblasts irradiated with carbon-ion 
microbeams generated with the HZ1 port. This year, 
expanding to this work, we have examined other cellular 
effect, such as mutation induction, using the same 
experimental condition with the last year’s study. 

Carbon-ion microbeams (12C5+, 220 MeV) were 
generated with the HZ1 port. Approximately 6 � 105

exponentially growing cells were inoculated into each of 
microbeam dish, which was made of acrylic resin ring with 
36 mm diameter and attached 7.5 µm-thick polyimide film 
on the bottom of the ring, 2 days before irradiation. One day 
before microbeam irradiation, half of the sample dishes 
were treated with a specific inhibitor of gap-junction 
mediated cell-cell communication (40 µM of �-isomer of 
hexachloro-cyclohexane). At the irradiation period, cultures 
were confluent. Cell cycle distribution of the confluent 
cultures was analyzed using a flow cytometory and around 
95% of the cells were G1- or G0-phase. Irradiation was 
carried out using a 256 (16 � 16)-cross-stripe method 
described in the last year’s report. The value of linear 
energy transfer (LET) was estimated to be 103 keV/µm at 
the sample position. Microbeams of 20 µm in diameter were 
irradiated in each point with 8 delivered ions. 

Figure 1 showed the results of mutation induction at hprt
locus mapped on the X chromosome, which was detected 
with 6-thioguanine resistant clones, in microbeam-irradiated 
dishes (IR) and microbeam-irradiated dishes with a specific 
inhibitor of gap-junction mediated cell-cell communication 
(L+IR). The mutation frequency in cells irradiated with 
carbon-ion microbeams was 6 times higher than those of 
non-irradiated control cells. In our 256-cross-stripe 
irradiation method, we estimated that the percent of 
carbon-ion direct hit cells was around 0.2% of all cells in 
the dish. We evaluated that the mutation frequency in the 
microbeam-irradated cell population detected with our 

256-cross-stripe irradiation method was the same level with 
non-irradiated control population, based on the data using 
carbon-ion broad beams (LET=80 keV/µm, 0.4 Gy). The 
result showed a higher mutation induction in the 
microbeam-irradiated cell population than that of the 
expected frequency of mutation induction. There is clear 
evidence that carbon-ion microbeam irradiated cells have 
enabled to induce mutation by a bystander cellular response 
in neighboring cells, which are not directly hit by carbon 
ions in the same dish, as well as cell-killing effect. 

Fig. 1  Mutation induction in normal human fibroblasts 
irradiated with carbon-ion microbeams treated with 
(L+IR) / without (IR) a specific inhibitor of gap-junction 
mediated cell-cell communication. The data are the 
means and standard errors from 5 independent beam 
times. The sample “L+Control” means non-irradiated 
samples only treated with a specific inhibitor of 
gap-junction mediated cell-cell communication. 

Furthermore, the mutation frequency of carbon-ion 
microbeam irradiated cells with a specific inhibitor of 
gap-junction mediated cell-cell communication (L+IR) was 
almost the same level with non-irradiated cells only treated 
with a specific inhibitor of gap-junction mediated cell-cell 
communication (L+Control). Our studies provide clear 
evidence that a possible mechanism of bystander cellular 
effects observed in both cell-killing effect and mutation 
induction is gap-junction mediated cell-cell communication. 
Now we have begun to examine bystander cellular effects 
using human tumor cell lines, which are not active of 
gap-junction mediated cell-cell communication, comparing 
to the normal human skin fibroblasts.

Reference 
1) N. Hamada et al., Mutat.Res., 639 (2008) 35. 
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Analysis of Molecular Mechanisms for 
Radiation-Induced Bystander Effects Using 

Heavy Ion Microbeams 
�

H. Matsumoto a), M. Hatashita a), M. Tomita b), K. Otsuka b), T. Funayama e),
T. Sakashita e), N. Hamada c,d,e) and Y. Kobayashi c,d,e)

�
a) Faculty of Medical Science, University of Fukui, b) Central Research Institute of Electric 

Power Industry, c) Gunma University Graduate School of Medicine, d) The 21st Century 
Center of Excellence Program for Biomedical Research Using Accelerator Technology,    

e) Radiation-Applied Biology Division, QuBS, JAEA 

The objective of this project is to elucidate molecular mechanisms of the bystander response using heavy ion microbeams 
in JAEA. We found that the foci of �H2A.X and pNBS1 were formed in the unirradiated cells in the target colony including 
the irradiated cell 6 h after irradiation with 460 MeV 40Ar beams and that this formation of the foci was almost completely 
suppressed by the addition of DMSO or Lindane. Also we found that the foci of �H2A.X and pNBS1 were formed in the 
unirradiated cells in the untargeted colonies 6 h after irradiation and that this formation of the foci was almost completely 
suppressed by the addition of aminoguanidine or c-PTIO. Our findings strongly suggested that ROS and NO are 
initiators/mediators for evoking heavy ion microbeam-induced bystander responses. 
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Deficiency of L-dopa causes degeneration of the 
substantia nigra in the brain and L-dopa is used in the 
treatment of Parkinson’s disease. We proved that L-dopa 
produced NO and superoxide, and had the cytotoxic effects 
on the retinal pigment epithelial cells 1). L-dopa injected into 
the vitreous of the rats dilated the vena in the ciliary body 2).
The gamma ray (60Co) causes ionization uniformly in the 
whole irradiated tissue. We found out that high dose of 
gamma irradiation prevented programmed cell death 
regulated by p53 and bcl-2 genes in the ciliary body 
dissected from living body, and was useful for preservation 
of organ after culture by the protective influence of 
inflammatory reaction 3).   

The ion beam is an ionization ray that is induced by 
acceleration of the ionizing atom of 12C and 4He, 1H so on, 
but has a characteristic to lose energy and stop at the 
constant depth of tissue. The reaching depth to the tissue 
depends on the ion species and the acceleration energy.  
The reaching depth in water is 1.08 mm in 220 MeV 12C, 
and 1.64 mm in 50 MeV 4He. 

If ion beam can selectively irradiate NPE in the ciliary 
body that causes hyper-secretion of aqueous humor, we 
might be able to cure ocular hypertension and glaucoma 
instead of surgery. Gamma ray penetrates into the tissue, but 
an ion beam has the strongest energy and a maximum 
influence at a point inside the tissue. Moreover, the ion 
beam is supposed to have a bystander effect around the 
irradiated tissue. We investigate which part of the ciliary 
body the ion beam influences, and we compared the effects 
among the species of the ion. As for as we know, this is the 
first report concerned with morphological changes in ciliary 
body cultured after the ion beam irradiation. 

The anterior segments from porcine eyes consisting of 
the ciliary body, iris, and cornea incubated with L-dopa�
(250 �M) for 2 hrs were exposed to an ionization radiation 
that is induced by acceleration of the ionizing atom of �
220 MeV 12C and 50 MeV 4He. The anterior segments were 
fixed in a combined fixative of 5% formalin and 2.5% 
glutaraldehyde after 4, and 8h of incubation, embedded in 
paraffin, and cut into 3 µm thick sections using a microtome. 
After deparaffinizing the sections with xylene and ethanol, 
the specimens were stained with hematoxylin and eosin, 
dehydrated in a graded series of ethanol and xylene 
solutions, and mounted. For studying the bcl-2 and p53 
expression, formalin -fixed and paraffin -embedded 

specimens were immunohistochemically stained with a 
mouse monoclonal anti-human bcl-2 or p53 antibody.  

We reported that ion beams with longer projectile range 
such as 4H damaged NPE of the ciliary processes and folds 
strongly4). It might be possible to apply to glaucoma therapy 
as microsurgery technique using the ion beams with longer 
projectile range. The genes related to apoptosis in the NPE 
of the ciliary processes were easy to be influenced by the 
exposure to the ion beam with shorter projectile range such 
as 20Ne. However, the ion beams (4He) whose projectile 
range is long, had the strong effects on the NPE of the 
ciliary folds. These ion beams increased the products by 
Bax gene the most among Bcl-2, Bax, and p53. 

In these experiments, the incubation with L-dopa 
improved the damage of NPE in the organ cultured ciliary 
bodies, decreased the products by expression of p53. The 
morphology of the ciliary body was preserved by 220 MeV
12C and 50 MeV 4He, that inhibited the products by bax 
genes. The products by p53 genes was induced by 50 MeV 
4He, and inhibited by 220 MeV 12C. In the ciliary bodies 
exposed to L-dopa, the products by p53 genes were 
increased by 220 MeV 12C, and localized in the NPE at the 
tips of the ciliary pcocesses. The effects on programmed cell 
death regulated by p53 and bcl-2 genes was related to the 
reaching depth in water as well as the different 
accumulation of the energy irradiated at a point by various 
ions. 
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Canine Spontaneous Tumor Cells
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The dose per fraction of heavy ion therapy may become lower than that of X ray therapy. In this study we investigated 
lethal effect induced by low dose that considered important on heavy ion radiotherapy. Cell lines used for this experiment 
were melanoma cell from spontaneously generated canine tumor. These cells were irradiated 220 MeV 12C5+ ions       
(108 keV/µm) or � rays. Low dose survival rates by carbon ion irradiation were less than extrapolated values from high dose 
irradiation. This result indicates that the lethal effect by low dose carbon ion irradiation is higher than estimated lethal effect. 
And it was considered that low dose higher lethal effect of carbon ion irradiation caused production of radicals after low dose
carbon irradiation by method of radical staining and treatment of radical inhibitor. In this study, it was suggested that 
application of carbon ion radiotherapy to malignant melanoma therapy would lead high therapeutic gain. 
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Fig. 1  Intercellular OH radical levels were measured in 
melanoma cells after gamma and carbon ion irradiation 
(0.4 Gy) using CM-H2DCF-DA probe. 

Fig. 2  Comparison of lethal effect by treatment of DMSO 
and non treatment of DMSO after low dose carbon ion 
irradiation. 
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Polypedilum vanderplanki is the only insect possessing 
ability to resist almost complete dehydration in its larval 
stage and revive within an hour after placing back to water. 
In the previous studies, we showed that dried (dry) larvae 
show higher radiation tolerance compared with active (wet)
ones1,2). Such improvement of radiation tolerance in 
anhydrobiotic larvae, to some extent, can be due to the 
presence of excess of sugar trehalose, which could provide 
structural and biochemical protection of the cells in 
anhydrobiotic state3). Our recent results suggested that, 
however, there are more important factors other than 
protectant 4). Therefore, we focused on DNA-related aspects 
of irradiation-response of the larvae, and analyzed DNA 
breaks and expression of genes involved in general 
stress-response cascades and DNA reparation, after 
irradiation. We used the doses of ion beams which were 
previously found to be ID50 (median inhibitory dose) for 
adult emergence (70 Gy) and pupation (160 Gy) of the 
chironomid 1,2). The larvae were exposed to 50 MeV 4He 
(LET�=16.2 keV/µm) ion beam delivered from the 
azimuthally-varying-field cyclotron at TIARA. DNA status 
and repair were analyzed with alkaline Comet Assay 
standard technique using the fat body cells as a model cell 
type.  

Estimation of relative percentage of DNA in comet 
“tails”, as a quantitative marker of DNA breaks, showed that 
the larvae experienced severe DNA damage after irradiation 
with doses both set of doses (70 Gy and 160 Gy) (Fig. 1, 
inset panel). However, we have not found any evidence of 
massive cell death and/or increasing level of apoptotic cells 
in irradiated larvae. The reparation of DNA to the level 
comparable to one of non-irradiated larvae took at least 96 h 
(Fig. 1). Moreover, non-irradiated dry larvae after revival 
also possessed cells with severely damaged DNA, which 
were also repaired within 96 h after rehydration (Fig. 1).  

The damaged DNA after 4He irradiation and desiccation 
stress should be mended by repair enzymes and other 
stress-response associated proteins. Indeed, we cloned 
complete cDNA of a number of stress-related genes of P.
vanderplanki (ROS-response, chaperons, apoptosis-related, 
DNA-repair involved) and analyze their expression after 
irradiation and desiccation stresses. Thus far, at least one 
gene (UV excision repair protein Rad23, family InterPro: 
IPR004806) was found to be increased expression level 
significantly in response to both radiation and desiccation 
stresses (Fig. 2 A, B). 

On the bases of the results, we assume that higher 
tolerance of dry larvae to different types of radiation could 
be a result of synthesis of stress-related proteins in the 
larvae prior to entering the anhydrobiosis. The upregulation 
of these genes could not prevent DNA damage completely 
upon desiccation, but might give certain advantages for the 
recovery of the revived larvae. 

References 
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(2008) 5093. 
4) M. Watanabe et al., J. Insect Physiol. 53 (2007) 573. 

Fig. 1  Dynamic of DNA reparation in the larvae of P.
vanderplanki exposed to 4He ion beam (0-160 Gy) and 
naturally reviving after anhydrobiosis with no 
irradiation (Rehydration).  Inset panel shows a comet 
of a cell from irradiated larva (70 Gy, 24 h after). a: 
intact DNA. b: broken DNA. Damaged DNA (%) = 
b/(a+b)x100. 

Fig. 2  Relative expression of Rad23 in the larvae of P.
vanderplanki during desiccating (Desi) and following 
rehydration (Rehy), and in non-desiccated larvae after 
irradiation with 70 Gy of 4He (Irrad).  
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   In Bombyx mori, hemopoietic organs are located near or 
attached to the imaginal wing discs at thoracic region, and 
produce and release hemocytes into hemolymph.  However, 
the detailed mechanism of hemopoiesis in the organs has 
not been fully understood until now. 
   Our previous studies elucidated that the hemopoietic 
organ disrupted by selectively localized heavy-ion 
irradiation could regenerate at wandering stage1-2).
Moreover, developmental conditions in larva, including 
hormonal condition, are considered to influence the timing 
for degradation and regeneration of the irradiated organ.  
These observations seem quite interesting to investigate the 
mechanism of hemopoiesis in B. mori.
   Last year, we reported that the two protein markers 
would be involved in degradation process of the organs. 
Those proteins were estimated as soluble alkaline 
phosphatase and eIF2 alfa kinase, by peptide-mass 
fingerprinting. In this report, molecular cloning and 
expression analysis of Bombyx eIF2 alfa kinase (BeK) gene 
were performed. 
   First, a PCR primer pair was synthesized based on the 
DNA sequence of BeK gene.  RT-PCR was performed 
using the primer pair and total RNA extracted from testis of 
5th instar day 3 larvae.  One specific PCR product was 
obtained (Fig. 1) and sequenced.  The sequence of the 
product was identical to that of BeK gene. 
   Next, we examined the real-time RT-PCR analysis using 
different tissues (fat body, midgut, testis, silk gland, 
epidermal tissue) from 5th instar day 3 larvae.  The results 
showed that the expression of BeK gene was detected 
ubiquitously, and expressed more prominently in testis and 
midgut (data was not shown). 

   Next, we investigated the effects of irradiation on the 
expression level of BeK gene.  The hemopoietic organs 
only at left side were selectively irradiated with carbon ion 
beams (100 Gy).  Then the irradiated organs were 
dissected every 24 hours.  Right hemopoietic organs were 
used as the control.  The expression level of BeK of each 
sample was examined by RT-PCR.  As shown in Fig. 2, 
BeK mRNA of the irradiated organs from 5th instar day 1 
larvae was clearly higher than that of the control organ. As 
the putative BeK protein increased at 5th instar day 2, this 
result seems reasonable.  However, the expression of BeK 
was also observed at the other stages.  Especially, BeK 
expressions were detected in all samples from the irradiated 
organs. Therefore, further studies are necessary to conclude 
the participation of BeK in the degradation process of the 
irradiated organs.  
   Now, we are searching for new molecular markers 
which would be involved in regeneration process of the 
irradiated organs. 

References 
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Fig. 1  Cloning of BeK gene by 
RT-PCR using specific 
primer for BeK. 

   Lane1: 250bp marker,  
Lane 2: Product of RT-PCR 
without RT reaction,  
Lane 3: Product of RT-PCR. 
Arrow indicates BeK gene. 

Fig. 2  Developmental changes of BeK expression 
on the product of RT-PCR using specific primer 
for BeK. 
Lane 1:250bp marker. Lane 2, 4, 6 & 8 are 
samples from irradiated hemopoietic organs, and 
lane 3, 5, 7 & 9 from control organs. Lane 2&3 
are samples from 5th instar day 0, lane 4&5 
from day1, lane 6&7 from day 2, and lane 8&9 
from day 3 larvae, respectively. Arrow indicates 
BeK gene. 

3-48



－ 105 －

JAEA-Review  2008-055

Effect of Locally Targeted Heavy-ion Microbeam 
Irradiation on Root hydrotropism in Arabidopsis 

Y. Miyazawa a), T. Sakashita b), T. Funayama b), N. Hamada b, c), H. Negishi a),
A. Kobayashi a), T. Kaneyasu a), A. Ooba a), K. Morohashi a), T. Kakizaki b), S. Wada b, c),

Y. Kobayashi b, c), N. Fujii a) and H. Takahashi a)

a) Graduate School of Life Sciences, Tohoku University, b) Radiation-Applied Biology Division, 
QuBS, JAEA, c) Department of Quantum Biology, and The 21st Century Center of Excellence 

Program, Graduate School of Medicine, Gumma University

   Roots respond to a number of environmental cues such 
as gravity, light, and moisture gradients with gravitropism, 
phototropism and hydrotropism, respectively. Root 
hydrotropism is most likely to play an important role in the 
acquisition of water.1) Studies using seedling roots of pea, 
cucumber, and maize have shown that de-tipped roots of pea 
and maize seedlings display a remarkable reduction in 
hydrotropism, and that an auxin-responsive gene from 
cucumber, CsIAA1, are asymmetrically expressed in the 
elongation zone during the root hydrotropic response of 
cucumber.2,3) More recently, we established an experimental 
system of hydrotropism using Arabidopsis seedling roots, 
and showed that the requirement of root cap cells as well as 
auxin response in root hydrotropism also seemed to be true 
for Arabidopsis,4,5) however, there has been no confirmation 
that columella cells or elongation zone are necessary for 
hydrotropism. In this study, we investigated the role of root 
cap cells and elongation zone on root hydrotropism by 
positional irradiation of heavy-ion and laser microbeam. In 
addition, we examined the auxin-responsiveness by 
monitoring the induction of de novo IAA5 expression after 
systemic irradiation of heavy-ion broad-beam. 
   First, to investigate the role of columella cells and 
elongation zone in the root hydrotropic response of 
Arabidopsis seedlings, columella root cap and elongation 
zone proximal to the root tip were locally irradiated with 
500 Gy of 180-µm-diamter carbon-ion microbeam. Control 
Arabidopsis seedling roots responded to a water potential 
gradient and developed orthotropic curvature. In contrast, 
when cells of the elongation zone proximal to the root tip 
were exposed to carbon-ion microbeam irradiation, the 
hydrotropic response was significantly repressed, 
particularly in the early phase.6) The overall root growth 
during the corresponding period was less affected by 
irradiation.  Unexpectedly, localized carbon-ion irradiation 
of the root cap cells did not affect the development of 
hydrotropic curvature or root growth. Because this result 
was somewhat contradictory to our previous results that 
suggested the necessity of root cap cells for the hydrotropic 
response,4) we further investigated the functional role of the 
columella cells by laser ablation. Laser ablation of stories 1 
and 2 (the first and second proximal cell layers, 
respectively) of the columella cells severely repressed the 
development of hydrotropic curvature for as long as 12 h 
post-irradiation, indicating that columella cells play an 
important role in the early phase of the hydrotropic 
response.6) Laser ablation of root cap cells did not affect the 
overall root growth during this period.   
   We further examined changes in auxin-responsive gene 
expression in the presence of exogenously applied auxin to 
determine whether systemic heavy-ion irradiation with 
broad-beam inactivates irradiated cells, so as to confirm the 

effectiveness of heavy-ions on suppression of de novo gene 
expression. We chose IAA5 gene as a probe, for its 
expression is highly sensitive to exogenously applied auxin 
among the IAA genes.7) In the following experiments, we 
used seedlings that did not receive irradiation (cold-run 
seedlings) as a control, to take into account possible effects 
of the experimental procedure on gene expression levels and 
hydrotropism. When control Arabidopsis seedlings were 
treated with 1 µM IAA for 1 h, there was a 43.3-fold 
increase in the mRNA of the auxin-responsive gene IAA5
compared to mock-treated cultures. In contrast, systemic 
irradiation of Arabidopsis seedlings with 500 Gy of 
carbon-ion broad-beam caused a 8.3-fold increase in the 
level of IAA5 mRNA, which was significantly low when 
compared to control cultures.6) We also monitored MIZ1
gene whose product is responsible for root hydrotropism in 
Arabidopsis.8) In contrast to the IAA5, 500 Gy of carbon 
beam irradiation caused neither increase nor decrease in 
MIZ1 mRNA level.6) Considering that MIZ1 is 
predominantly expressed in columella cells, and that MIZ1
is not an auxin-responsive gene, our present result suggests 
that the decrease in root hydrotropic curvature by heavy-ion 
beam irradiation is not due to the decrease of MIZ1 mRNA 
level, rather de novo expressions of auxin-responsive IAA
genes at elongation zone might be involved.  However, our 
present data do not completely explain the necessity of de
novo gene expression at the elongation zone during root 
hydrotropism, and thus efforts should be made to verify 
gene expression profiles of several genes to explain the 
necessity of de novo gene expression in root bending in the 
future. 
   In summary, our present results indicate that both the 
root cap and elongation zone have indispensable and 
functionally distinct roles in root hydrotropism, and that de 
novo gene expression might be required for hydrotropism in 
the elongation zone, but not in columella cells. 

References 
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In this study, to clarify the effects of ionizing radiation 
on individuals at the molecular level, we monitored global 
transcriptional alterations in the nematode Caenorhabditis 
elegans, which is easy to handle and is genetically well 
characterized, and whose development and life cycle are 
well understood. In addition, approximately 40% of the C.
elegans genes show good homology to mammalian genes, 
and transcriptional profiles of individual cells or tissues at 
different developmental stages as determined by DNA 
microarray analysis have been reported1). We therefore 
compared the transcriptional profiles of nematodes at adult 
stage that were exposed to 100 Gy of whole-body (TIARA 
HY1 port of AVF cyclotoron) with 12C5+ ions, or 100 Gy of 
Co-60 �-ray irradiation using the entire-genome C. elegans
GeneChip array. We compared the relative signal strengths 
estimated from single chips corresponding to 4 h after   
100 Gy 12C5+ ions broad-beam irradiation / control for 4 h. 
In all (signal detection P value: P <0.05), 106 transcripts 
were significantly (2-fold or greater) upregulated and 104 
transcripts were significantly downregulated (0.5-fold or 
less) 4 h after IR exposure. Combining the data for both 
12C5+ ions broad-beam and �-ray irradiation showed that 38 
genes were significantly (2-fold or greater) upregulated 
under both conditions. The cadmium responsive and 
glutathione S-transferase-like genes cdr-2 and -4, some 
C-type lectin genes, and the secreted surface protein genes 
F01D5.1 and F49F1.6, were specifically induced by IR. 
Especially, we observed the largest alteration of the F49F1.6 
gene expression.  

To confirm the microarray expression results, we 
performed real-time RT-PCR to quantitatively measure the 
expression levels of F49F1.6 using the translation 
elongation factor 2 gene eft-2 as an internal standard against 
which to normalize these PCR data. The real-time PCR 
results confirmed the results of the DNA microarray 
analyses, and the expression levels were increased by 
18-fold and 30-fold in L1 larvae and adult hermaphrodites, 
respectively (Fig. 1). In addition, 4 h after irradiation of  
100 Gy of body-surface at 10 �m depth with 12C5+ ions 
(TIARA 3MV tandem accelerator), the expression level in 
L1 larvae was increased by 2-fold (Fig. 1). Its upregulation 
was transiently, and the expression became steady-state 
level 24 h after IR irradiation2).

F49F1.6 gene product has a signal peptide and 
Metridin-like ShK toxin domain and shows good similarity 
to the N-terminal region of mammalian Mucin-2 precursor. 
It has been reported that the gene expression is upregulated 
by infection of Psudomonas aeruginosa and the regulation 
is required for p38 MAPK pathway3). In addition, our 
preliminary analysis indicates that the gene expression 
increases in the defect of mitochondrial DNA replication. 
These results suggest that F49F1.6 gene may be involved in 
immune response genes controlled by pathogen response, 
oxidative damage and ionizing radiation. We are now 
attempting to study biological function and transcriptional 
regulation of F49F1.6 gene. 

References 
1) S. J. McKay et al., Cold Spring Harb. Symp. Quant. 

Biol. 68 (2003) 159.  
2) T. Kimura et al., Bioelectromagnetics (2008) in press. 
3) E.R. Troemel et al., PLoS Genet. 2 (2006) e183.

Fig. 1 Induction of F49F1.6 gene expression by 
whole-body and body-surface irradiation of IR. 
** P<0.01, *P<0.05. 
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The positron emitting tracer imaging system (PETIS) is 
the most promising approach for in vivo plant molecular 
imaging that facilitate an understanding of the dynamics of 
water, nutrients and pollutant in plants. Furthermore, the 
PETIS and its quantitative tracer images have the potential 
to analyze the plant physiology of a test plant. In order to 
acquire the analyzable dynamic data of PETIS images 
quantitatively, a scheduled work for constant quality 
controls is absolutely essential.  

We have performed experiments of quarterly 
maintenance of the uniformity and sensitivity correction of 
this system. The system uniformity and sensitivity on the 
focal plane of field of view (FOV) were measured using a 
flat uniform phantom1) in an environmental control chamber. 
The flat phantom has inner dimensions of 3 mm thickness, 
210 mm width and 330 mm height, contains a radioactive 
solution and is made of three acrylic plates (each 3 mm 
thick). Figure 1 shows an example of the focal plane image 
measured by the flat phantom filled with 18F- solution, 
where the image is corrected for the density of coincidence 
lines back-projected on the FOV. The phantom image on the 
left in Fig. 1 has a sharper pattern that is acquired at high 
activity, on the other hand the image on the right at low 
activity has more uniformity at the same time noisier. These 
patterns depend on the target activity on the FOV. This 

crosshatching pattern on the image indicates that the 
peripheral regions of detector unit generated the low 
sensitivity area. As a result of the activity dependence, we 
made a modification to the PETIS software in the sensitivity 
correction, and we have recommend the following algorism; 
in some measurements for the plant study having very 
low-activity tracer, it may be preferable to correct the 
sensitivity with low-activity phantom data. 

At the same time, the quantitative performance of PETIS 
has been checked with a time activity curve (TAC) of the 
18F phantom images. Figure 2 shows an example of a TAC 
(black dot) generated with the dynamic phantom data 
without physical decay correction and an ideal TAC 
(extrapolated straight line) estimated with the physical 
decay of 18F (109.8 min). The two TACs represented the 
PETIS linearity was kept for approximately 10 times of the 
half-life, that is the quantitatively dynamic range of PETIS 
had between from 20 kBq to 20 MBq. 
   These works of the maintenance for constant quality 
controls support the many other plant physiological 
experiment of PETIS studies and guarantee quantitative 
kinetic analysis. 

Reference 
1) H. Uchida et al., Nucl. Instr. Meth. A 516 (2004) 564. 

Fig. 1  Phantom images at the high activity (left) and at 
low activity (right). The bottom plot profiles indicate its 
sharpness and uniformity. 

Fig. 2  Time activity curves of phantom PETIS images of 
18F- solution. They generated with region of interest 
drawn over the whole FOV. The extrapolated straight 
line indicates the physical decay of 18F.
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The heavy metal hyperaccumulation phenotype seen in 
Thlaspi caerulescens is the result of physiological 
differences at the cellular, organ and whole plant levels 
relative to non-hyperaccumulator plant species.  These 
differences lead to the accumulation of zinc (Zn) and 
cadmium (Cd) as high as 40,000 ppm Zn and 10,000 ppm 
Cd dry weight in shoot tissues. Most non-hyperaccumulator 
plant species only accumulate 100-300 ppm Zn and 0.1-10 
ppm Cd foliar concentrations. These differences in Zn and 
Cd content relative to non-hyperaccumulators is due, in part, 
to enhanced metal transport at a number of different sites 
within the plant, including the root surface, xylem loading 
and reabsorption of xylem-born metals by leaf cells. These 
differences are also seen at the molecular level with higher 
expression of metal transporter genes in both roots and 
shoots of T. caerulescens relative to T. arvense, a closely 
related non-hyperaccumulating plant species. For example, 
expression of the Zn/Cd transporter, ZNT1, is much greater 
in roots and shoots of T. caerulescens than in T. arvense and 
down-regulation of ZNT1 expression with increased plant 
Zn status requires accumulation of much higher levels of Zn 
in T. caerulescens plants.  As a result, one of the 
characteristics for metal hyperaccumulators is the enhanced 
translocation of Zn and Cd from the roots to the shoots. 

In the present study, the translocation of 62Zn from the 
roots to the shoots in T. caerulescens (hyperaccumulator) 
relative to T. arvense (non-hyperaccumulator) was 
examined by the positron-emitting tracer imaging system 
(PETIS). 

T. caerulescens and T. arvense were hydroponically 
cultured in a growth chamber. Plants were supplied with 20 
mL of culture solution in polyethylene bags. The plants and 
the bags were fixed on an acrylic board and placed between 
a pair of PETIS detectors in a chamber. 62Zn (about      
25 MBq) were added to culture solution. The plants were 
monitored by PETIS for 300 min.  

The serial images of translocation of 62Zn from the roots 
to the shoots were obtained (Fig. 1). And time-activity 
curves for translocation of 62Zn in the basal shoot and the 
root region were shown in Fig. 2. 

The slopes of time-activity curves from 200 to 300 min. 
in the root and the basal shoot regions, implying the flow 
rate of 62Zn in the region, were higher in T. caerulescens 
than those in T. arvense, although the transpiration rate in T. 
caerulescens (0.5 mL h-1) was lower than that in T. arvense 

(0.75 mL h-1). It was indicated that the translocation of Zn 
from the root to the shoots of T. caerulescens, that is a 
Zn/Cd-hyperaccumulator, would be enhanced.

Fig. 1  The serial images of translocation of 62Zn from the 
roots to the shoots in T. caerulescens and T. arvense.

Fig. 2  The time-activity curves in the root and the basal 
shoot region in T. caerulescens and T. arvense.

3-52



－ 109 －

JAEA-Review  2008-055

Noninvasive Analysis of Photoassimilate Translocation 
in Tomato Leaves under the Dark Condition by Using 
11CO2 and a Positron-Emitting Tracer Imaging System 

R. Suwa a), S. Ishii b), N. Suzui b), N. S. Ishioka b), S. Fujimaki b), S. Matsuhashi b),
K. Fujita a) and N. Kawachi b)

a) Department of Environmental Dynamics and Management, Hiroshima University, 
b) Radiation-Applied Biology Division, QuBS, JAEA 

Recently, Kawachi et al. (2006)1) established a method 
for the kinetic analysis of 11CO2 for studying 
photoassimilate transport in a leaf, using PETIS. The 
method quantitatively analyzes the photoassimilate transport 
under various light conditions. However, it is important to 
analyze photoassimilate transport under both dark and light 
conditions because leaves transport carbon under both these 
conditions (Mullen et al., 1988)2). In the present study, we 
developed a new method to analyze photoassimilate 
translocation, using PETIS, and 11CO2. This novel method 
clarified the mechanism underlying photoassimilate 
translocation from a leaf under the dark condition by 
noninvasive, repeated imaging experiments, using the same 
specimen. 

Tomato plants were placed in the growth chamber 
equipped with PETIS. 11CO2 was fed to the fifth matured 
leaf for 5 min under artificial irradiance of 150 µmol·m–2·s–1.
Figure 1 illustrates the study protocol. The same plant was 
fed with 11C and monitored 3–4 times consecutively. For the 
first to third feeding experiments, �-ray correction was 
conducted under the dark condition, except in 1 case of 
temporal light condition. In contrast, the fourth feeding was 
conducted under an irradiance of 500 mol·m–2·s–1. The leaf 
blades were intensely labeled with absorbed 11CO2. To 
analyze the kinetics of the 11C-labeled photoassimilate, 15 
regions of interest (ROIs) were manually drawn on the 
integrated 11C PETIS images around the leaf segments of 3 
plants. 

The equation for calculating the amount of 11C activity 
remaining in the fed leaf is as follows. 

C t� � � C 0 � e � � t
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Fig. 1  Time schedule followed for the preparation and 
feeding of 11C.

In the above equation, C(t) is the amount of 11C activity 
remaining in the leaf, C0 is a constant value, � shows the 

proportion of decline per hour as a percentage (b × 100%), 
and t is the time after monitoring was initiated. In the above 
equation, to quantities carbon kinetics the export time 
constant � is determined to the best possible extent by means 
of least-square fitting. 

The calculations provided below are for the 4 sequential 
feeds supplied to Plant 1 at ROI 1. 

C(1) = 9.45 × 103 × exp (–5.41 × 10–3…t)…first feeding. 
C(2) = 8.57 × 103 × exp (–5.49 × 10–3…t)…second feeding. 
C(3) = 8.80 × 103 × exp (5.24 × 10–3…t)…third feeding. 
C(4) = 17.7 × 104 × exp (3.17 × 10–3…t)…fourth feeding. 

Time constants of photoassimilate export for all ROIs 
are summarized in Table 1. 

The technique presented in this paper involves the use of 
PETIS for measuring carbon translocation in plants by 
examining the principal C fluxes in the leaf continuum of 
intact plants with fine temporal resolution. 

These results indicate that plants possess potentially 
high carbon translocation activity during night. 

The proposed methods may be used to elucidate the 
mechanism and relationship between leaf carbon fixation 
and translocation under various conditions. 

References 
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Table 1  Estimated all time constant of photoassimilate 
exporting of all ROIs. 
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To clarify the mechanism of the growth and 
development of fruits such as eggplant and tomato in 
relation to plant growth and yield, examination of the import 
of dry matter into fruits from other organs such as leaves is 
essential. Positron-emitting tracer imaging system (PETIS) 
noninvasively visualizes movement of 11C-labeled 
photoassimilate in plants. So we fed 11CO2 to a leaf and 
monitored the translocation of 11C-labeled photoassimilate 
into the eggplant fruit by PETIS.  

PETIS can obtain two-dimensional serial images of the 
distribution of tracers. Thin organ such as leaf and stalk is 
suitable for localization analysis by PETIS. But it is difficult 
to analyze the three dimensional fruit by PETIS. Then, we 
placed fruit by acrylic board at the early stage of the fruits 
development. As a result, we succeeded in the creation of 
fruits whose thickness is about 1.5 cm. The photoassimilate 
translocation inside fruit was visualized by using this thin 
fruit. The seventh leaf of the eggplant was covered with a 
gas cell and 11CO2 gas and ambient air were introduced into 
the cell and maintained at 200 mL/min. PETIS images were 
acquired every 10 s for 180 min.  

Figure 1 gives examples of the test plants (a) and serial 
PETIS images (b) every 60 min after 11CO2 feeding; these 
images were generated from integration of the 
corresponding images collected every 10 s. 
[11C]photoassimilates began to be translocated to the fruit 
via the leaf petiole about 60 min after feeding (Fig. 1b).
Furthermore, we successfully observed the movement of  

[11C]photoassimilates inside the fruit. 11C signal intensity in  
the fruit increased gradually, and its distribution was not 
uniform. We observed a similar translocation pattern in 
eggplant. Although a number of experiments have reported 
the translocation of photoassimilates from source leaf to sink 
fruit, the translocation of photoassimilates within the fruit has 
never been reported. We examined photographs of sliced 
eggplant fruit after PETIS measurement (Fig. 2a), together 
with BAS images (Fig. 2b). Traces of translocated 
[11C]photoassimilates inside the fruit were clearly shown on 
the BAS image. The images showed that the translocation of 
[11C]photoassimilates was localized. Similar PETIS and BAS 
images were obtained in other independent experiments using 
other plants (data not shown). In the tomato, it is suggested 
that phyllotaxis and the arrangement of the vascular system 
were related to the distribution of photoassimilates. Data 
indicating photoassimilate localization inside the eggplant 
fruit clearly demonstrated that photoassimilate translocation 
was related to phyllotaxis and the arrangement of the 
vascular system. 

Knowledge of the distribution pattern of photoassimilates 
inside the fruit is important for our understanding of the 
morphogenesis, development, and maturation of fruit. The 
production of malformed fruits, such as those that are puffy 
or curved or that show defective development, is a very 
serious problem that reduces fruit yield and quality. Thus, 
PETIS may be a powerful tool for revealing the mechanisms 
of fruit malformation in future research. 

Fig. 1  A plant photograph in the experiment. 11CO2
received leaf was set outside the imaging region 
but the petiole was inside (a). Serial PETIS images 
of translocation of [11C]photoassimilates (b).

Fig. 2 Photographs (a) and BAS (bio-imaging 
analyzer system) images (b) of sliced eggplant 
fruit after PETIS measurement. 
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The nodule is a symbiotic organ of leguminous plants 
with rhizobium. Soybean plants utilize nitrogen (N) fixed by 
nodules from atmospheric N2. Until now, 15N, a stable 
isotope, has long been used for kinetics of N2 fixation and 
dynamics of transport of fixed N. However, because this 
method is invasive, it has been difficult to analyze an instant 
response to environmental (eg. temperature, light 
conditions) changes with these methods because they are 
invasive. 

We are planning to image and analyze such kinetics and 
dynamics quantitatively and noninvasively by using 
nitrogen gas labeled with 13N (half life: 10 min), a positron 
emitting isotope, and PETIS (positron imaging tracer 
imaging system). In this paper, we report the synthesis and 
purification of 13N-labeled nitrogen gas (13N2).

Soybean plants, Glycine max [L.] cv. Williams and 
En1282 (non-nodulated isogenic line) were inoculated with 
rhizobium (Bradyrizobium japonicum strain USDA 110) 
and were hydroponically cultivated with an N-free medium. 
The plants were used for the experiment 30 days after 
sowing. 

13N2 was produced with the 16O (p, �) 13N reaction by 
bombarding CO2 containing 10% He with proton beam 
delivered from the TIARA AVF cyclotron. We collected the 
irradiated gas pressured by Ar gas into a cylinder (Fig. 1, 
without the tube filled with soda lime). A part of the 
collected gas was analyzed by Gas Chromatography (G.C.). 
We found four major peaks in the chromatogram and 
identified three of them as Ar, 13N2, CO2 by using standard 
gas analysis (Figs. 2A and 2B), but the fourth peak 
(indicated as X) has not been identified yet (Fig. 2 B). It is 
known that more than 10% CO2 in atmosphere inhibits N2

fixation 1), so we tried to remove CO2 from the irradiated 
gas. A stainless tube filled with granular soda lime was 
connected before the collection cylinder. The irradiated gas 
pressured by Ar gas was collected through this tube into the 
cylinder (Fig. 1). As a result, the second peak was 
disappeared. In other words, 13N2 without CO2 was obtained 
(Fig. 2 C and 2D).  

We fed the 13N2 to Williams and En1282 and visualized 
13N distribution in the roots and nodules. 13N2 was mixed 
with ambient air and fed to the plants for 10 min. After 13N2

was washed out with fresh air, the roots and nodules were 
contacted to imaging plates for the Bio-imaging Analyzer 
System (FUJIFILM, Tokyo, Japan) for 30 min. We obtained 
13N signal in both the nodules and roots near the nodules as 
shown in Figs. 3A and 3B. However, even in non-nodulated 

soybean (En1282), approximately 50% signal compared 
with that of Williams was detected in the roots (Figs. 3C 
and 3D). We think the signal could be derived from the 
component X. Therefore, now we are trying to isolate and 
collect 13N2 using G.C. from the irradiated gas. 

Reference 
1) N. Ohtake et al., TIARA Annual Report 2002 (2003) 
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Fig. 3  Scanner and BAS images of Williams (A 
and B) and En1282 (C and D). 
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Cadmium (Cd) is one of toxic heavy metal element. Cd 
accumulation in the human body causes serious health 
problems when Cd is taken via the farm products. In order 
to decrease Cd accumulation in these products, it is 
necessary to elucidate mechanisms of Cd long-distance 
transport in the plant body. However, these mechanisms 
are not fully understood so far. In this research, we tried to 
elucidate mechanisms of Cd long-distance transport by 
visualizing Cd transport in the plant body using positron 
emitting tracer imaging system (PETIS). 

107Cd is used as a positron-emitter in the PETIS 
experiment. 107Cd was produced according to the method
established by Ishioka et al.1). Oilseed rape plants 
(Brassica napus L.) were grown hydroponically for two 
weeks after sowing. We selected this plant for our 
experiments because it is expected to be Cd tolerant and a 
Cd accumulator. PETIS experiments were performed in the 
growth chamber where the growth conditions of plants 
were controlled. After setting plants in the chamber, PETIS 
experiments were started by adding purified 107Cd in 
hydroponic solutions. In this study, different 
concentrations of Cd (0.1 µM and 10 µM) were added as a 
carrier to hydroponic solutions. 0.1 µM is comparable to 
the Cd concentration in the soil solution from non 

Cd-polluted soils2). 10 µM is comparable to the toxic Cd 
concentration for oilseed rape plants (unpublished data). 
Time-series images of the 107Cd distribution were obtained 
with the PETIS apparatus. 

We succeeded to obtain fine serial images of Cd 
transport in oilseed rape plants (Fig. 1). Strong 107Cd 
signals were seen in the basal region of the shoot. We also 
could see strong signals of 107Cd in the node. In these 
experiments, the pattern of Cd accumulation in the oilseed 
rape plants was similar in the different Cd concentrations 
(0.1 µM and 10 µM). These results indicate that, at least in 
the young stages, Cd concentration in the hydroponic 
solution don’t have effects on Cd absorption in the root 
systems. 

References 
1) N.S. Ishioka et al., JAEA Takasaki Ann. Rep. 2005 

(2006) 162. 
2) G.J. Wagner, Adv. Agron. (1993) 51, 173-212. 

Fig. 1  Accumulation of 107Cd signals in oilseed rape plants treated with Cd of 0.1 µM and 10 µM. 
Each image is integration of 90 original frames, corresponding to 6 hour.
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   In recent years, Positron Emission Tomography (PET) 
has become established as particularly attractive tracer for 
cancer detection using positron-emitter. The increasing use 
of PET for clinical diagnosis, drug development and 
biological research has prompted many chemists to develop 
new labeling and purification methods. The PET 
radionuclides such as 11C, 13N, 15O and 18F have been used 
for imaging agent, which are short half-lives; 18F with the 
longest half - life is 110 minutes. On the other hand, the 
positron-emitter with a longer half-life that can be applied to 
the PET diagnosis based on a nuclear characteristic is 
proposed besides above-mentioned nuclides. Bromine-76 is 
of potential interest in nuclear medicine: 76Br has been 
suggested as a halogen label with a convenient half-life (T1/2

= 16.1 h) and a sufficient �-branching ratio (57.2%) in PET. 
Here we present the development of a production method 
for no-carrier-added 76Br with protons on 76Se-enriched 
Cu2Se target. 

76Br was produced at the JAEA-TIARA AVF cyclotron. 
Cu2

76Se disk target, which is prepared by mixing 76Se metal 
powder enriched up to 99.67% with Cu metal powder was 
bombarded at 5 µA to make 76Br via the (p, n) reaction. The 
76Br is removed from the irradiated target by dry distillation 
and from the bulk of selenium traces by thermal 
chromatography (Fig. 1). The target was placed in a 
platinum ship inside a quartz tube, and positioned in the 

middle of a furnace. In an adjacent auxiliary furnace     
(30 cm), a polytetrafluoroethylene (PTFE) tube (I.D. 2 mm) 
was inserted into the quartz tube. The end of the PTFE tube 
was immersed into a H2O (15 mL). Under a constant stream 
of argon gas (30 mL/min) through the tubes, the temperature 
in the furnace containing the target pellet and the second 
furnace were raised respectively to 1030 �C, 200 �C.
   Separation yields were typically 20-50% and the 
separation time of 2-3 hours. Conditioning of the oven 
(heating up to the working temperature) took most of the 
separation time. When at operation temperature there was a 
rapid release of radioactivity from the target. The production 
yield in the present target was found to be about         
20 MBq/µAh (EOB). In the final solution, we could no 
detect except for the 76Br.
  To evaluate the efficiency of the thermochromato- 
graphic separation, the deposition pattern of bromide and 
selenium was studied by utilizing 77Br and 75Se, formed via 
the Se(p,xn)77Br and 76Se(p,pn)75Se reactions after 
irradiating a Cu2Se target of natural isotopic composition. 
After the end of separation, the PTFE tube was cut in steps 
of 10 mm, and measured for 77Br and 75Se radioactivity 
using an HPGe detector (Fig. 2). It was shown that the 77Br
was deposited with the 75Se. For increasing the separation 
yield, we have to find the condition of extraction of only 
radiobromine from the PTFE tube.
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Fig. 1  Schematic view of the 76Br separation equipment. Fig. 2  Separation of selenium and bromine by thermal 
chromatography, showing the deposition areas of 
75Se and 77Br along the PTFE tube. The radioactivity 
was normalized to maximum values.
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Optical imaging is recently developed for in vivo molecular imaging. It requires only a simple system, and has advantage 
of relatively low cost. Furthermore, optical imaging probes can provide the highest signal-to-noise ratio for molecular 
targeting, so optical imaging is an ideal candidate for molecular imaging. In this study, we prepared a probe, which labeled 
with both radioisotope and fluorescent dye, evaluated the difference of images from PET and optical imaging, and compared 
the characteristics of both imaging methods. From our results, multimodal imaging system can provide complementary 
information about the functional status of various tissues, and can improve the accuracy of tumor diagnosis. 
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Fig. 1  Correlation between radioactivity and fluorescence 
intensity in various tissues. Data shows the result at 10 
minutes after injection. 

3-58



－ 115 －

JAEA-Review  2008-055

Production Yield of Endohedral 133Xe-Fullerene at 
Incident Energy of 5 keV by Ion Implantation 
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Endohedral fullerenes encapsulating a radioisotope 
within a fullerene cage have a possibility of being new 
radiopharmaceuticals. We have prepared endohedral 
133Xe-fullerenes by ion implantation1). Xenon-133 (T1/2 = 
5.243 d) would be useful for cancer therapy because it emits 
0.346-MeV �– rays (maximum range in water: 1.0 mm) 
followed by 81-keV � rays and conversion electrons 
associated with the � transition. We have studied the 
production yields of endohedral 133Xe-fullerene at incident 
energies of 15 and 30 keV by ion implantation. The 
production yield at the incident energy of 15 keV was about 
20% larger than that of 30 keV. In that experiment, 
implantation of 133Xe+ ions into the targets was carried out 
with an isotope separator at acceleration energy of 30 keV. 
For retardation from 30 keV to 15 keV, high voltage of   
15 kV was supplied from a retardation power supply to the 
fullerene targets mounted on a retardation system (Fig. 1). 
We wished to study the production yields of endohedral 
133Xe-fullerene at lower incident energies. However we 
could not supply more than 15kV because of electric 
discharge on the power terminal of the retardation system. 
In the present paper, the production yield of endohedral 
133Xe-fullerene at incident energy of 5 keV is investigated 
using a new retardation system that can supply high voltage 
of 25 kV without electric discharge. 

Fullerene targets for ion implantation were made by 
vacuum evaporation of C60 on Ni foils. Implantation of 
133Xe+ ions into the targets was carried out with an isotope 
separator at acceleration energy of 30 keV. In the 
implantation, a new retardation system with a cover of the 
power terminal (Fig. 2) was used to avoid electric discharge. 
For retardation of incident energy, the high voltage of 25 kV 
was supplied to fullerene targets mounted on the new 
retardation system: incident energy became 5 keV. Doses 
were in the rage of 1�1012 to 1�1014 cm-2. After ion 
implantation, the fullerene part on the target was dissolved 

in o-dichlorobenzene. The solution was filtered through a 
membrane filter to remove insoluble materials. The 133Xe 
radioactivity in the filtrate was measured by �-ray 
spectrometry to determine the radioactivity of 133Xe@C60.
In order to evaluate the efficiency of the formation of 
133Xe@C60, the yield of 133Xe@C60 was defined as a 
percentage of the radioactivity of 133Xe@C60 to that of 133Xe 
implanted into the target.  

The yields of 133Xe@C60 were plotted as a function of 
133Xe dose in Fig. 3, together with the yields at incident 
energy of 15 keV. The solid and broken straight lines in this 
figure, which were fitted by the method of least-squares on 
log-log scales, are y = (10.12�0.45) - (0.825�0.035) x and    
y = (10.18�0.09) - (0.842�0.007) x on 5 and 15 keV, 
respectively. For both dose studied, the yields of 133Xe@C60

were found to decrease with increasing dose. Because an 
increase of the dose leads to an increase of the number of 
damaged fullerene molecules as reported by Kastner et al.2)

from their Raman spectra measurements of fullerene targets 
bombarded with energetic-ions, those dose dependences of 
the production yields can be ascribed to amorphization of 
133Xe@C60.

From comparison between both lines one can note that 
the yield of 5 keV is about 50% larger than that of 15 keV 
for the same dose in the rage of 1�1012 to 1�1014 cm-2. This 
energy dependence of the production yield can be also 
ascribed to the amorphization of 133Xe@C60. The yield of 
the 133Xe@C60 should be more increased by decreasing 
incident energy. We will study the yield at lower incident 
energy. 

References 
1) S. Watanabe et al., J. Radioanal. Nucl. Chem., 255 

(2003) 495. 
2) J. Kastner et al., Appl. Phys. Lett. 65 (1994) 543. 

Fig. 1 
   Old retardation system. 
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Fig. 3  The yield of 133Xe@C60 as a function of 133Xe 
dose.

Fig. 2 
   New retardation system.
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Introduction 
It is well established that the fluorine is a possible agent 

for caries prevention. The fluoride that contained some 
restorative material was also demonstrated as a great benefit 
for preventing dental caries. The purpose of this study was 
to determine the effect of immersion solutions on fluorine  
(F) uptake into enamel around fluoride-containing materials 
during pH-cycling1) using proton induced gamma-ray 
emission (PIGE) technique2).
Material and Methods

Class I cavities in the buccal surfaces of 7 extracted 
human teeth were drilled and filled with fluoride-containing 
materials; Fuji IX (FN) and Beautifil II with Fluoro Bond 
Shake One (BE). Four 300 µm sections through the material 
were obtained from each tooth. All specimens were polished 
to a thickness of 120 µm. All tooth surfaces, except the 
outer surface of enamel, were coated with a wax. In order to 
simulate daily acid challenges occurring in the oral cavity, 
the pH-cycling (pH 7.0-pH 4.5) was carried out for 5 
weeks1). Two pairs of demineralizing and remineralizing 
solutions were prepared for the immersion solution of 
pH-cycling (Table 1). After pH-Cycling, F distribution of 
the outer lesion in each specimen was evaluated using PIGE 
technique2). The amount of F in the outer 150 µm of the 
lesion was then calculated. Two-way ANOVA was used for 
the analysis (p<0.05). 
Results

F distribution of the specimens after 5-week pH-cycling  
showed in Fig. 1. For both FN and BE, the calculated 
amount of F had significantly higher value comparing to 
those before pH-cycling. There was no significant 
difference in the F amount between the immersion solutions, 
while there was significant difference between the materials. 
Discussion: 

In a pH of 5.5-4.5, hydroxyapatite (main enamel 
component) dissolves, and by supplying fluorine from the 
material, precipitation of fluorapatite (FA) occurs because of 
the continuing supersaturation of FA. At the same time, 
adequate amounts of calcium (Ca) and phosphate (P) were 
necessary for precipitation of FA. The concentration of Ca 
and P in solution A which had been used in previous studies 
were at an equal or higher degree compared to those in other 
pH-cycling reports. The current study carried out to 

compare different version3) (i.e., solution B) of the 
pH-cycling solution. There was no significant difference 
between the immersion solutions. Our previous reports on 
the ability of fluoride in materials would therefore be 
compared with other reports. Moreover, the difference in the 
F uptake between the materials was due to supplying the 
amount of fluorine from each material, when the pH was in 
the low range. 

Table 1  Composition of de- and remineralizing solutions. 
Solutions Demineralizing 

(pH 4.5) 
Remineralaizing 

(pH 7.0) 

A
0.2 M Lactic acid, 
3.0 mM CaCl2, 1.8 
mM KH2PO4.

0.02 M HEPES, 3.0 
mM CaCl2, 1.8 mM 
KH2PO4

B
0.05 M Acetic acid, 
1.5 mM CaCl2, 0.9 
mM KH2PO4

0.02 M HEPES, 1.5 
mM CaCl2, 0.9 M 
KH2PO4, 0.13 M KCl

Fig. 1  Fluorine uptake into the outer lesion after during 
pH- cycling. 

Conclusion
There was no effect of F uptake by the difference of 

immersion solutions used in this study during pH-cycling. 
Among fluoride-containing materials, there existed some 
difference in F supply when the pH was in the low range.   

References 
1) Y. Matsuda et al., Dent. Mater. J. 24 (2006) 280. 
2) H. Yamamoto et al., Nucl. Instr. and Meth. B 210 (2003) 

388. 
3) J.M. ten Cate et al., Eur. J. Oral Sci. 103 (1995) 362. 
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In the first symposium of Takasaki’s particle research 
and its application, we reported the innovation of 
microcapsules for anticancer drug targeting through 
radiotherapy sessions1).  These microcapsules release their 
core contents with response to clinical radiotherapy, and 
they are prepared by polymerizing alginate and hyaluronic 
acid by Ca-Y polymerization1),2). However, microcapsule’s 
releasing efficiency (64.2 ± 4.3%) was lower than that 
expected.  In this study, we improved microcapsule’s 
efficiency through polymerizing alginate and hyaluronic 
acid by Ca2+ and Fe2+.

The mixture of 0.2% alginate (weight/volume) and 0.1% 
(weight/volume) was mixed in agate pestle.  To this 
mixture, 0.2 mmol carboplatin (a platinum (Pt)-containing 
anticancer drug) was added.  A droplet of this mixture was 
sonicated using an ultrasound disintegrator and atomized to 
yield a solution of CaCl2 that was supplemented with FeCl2

at concentrations ranging from 0 to 100%.  The 
polymerization was completed within 5 min to yield 
microcapsules.  The microcapsules thus generated were 
purified using a Nalgene disposable filter kit (8-0301-84 
DP591) and resuspeneded in 0.1 mmol Tris hydroxymethyl 
aminomethane (THAM) buffer.  Resulting microcapsules 
were irradiated with each doses of 0.5, 1.0, 1.5, 2 or 2.5 Gy 
60Co �-radiation. Then a frequency of microcapsule’s 
rupturing were tested by micro PIXE camera.  

The generated microcapsules were 20.3 ± 3.8 �m� in size, 
with a liquid core of 19.7 � 1.2 �m�. The distribution of the 
microcapsular core contents (carboplatin) was imaged using 
a micro PIXE camera that detected platinum (Pt) signals 
(Fig. 1 A–H).  The contours of the microcapsules were 
identified by detecting the distribution of Ca and ion 
beam-induced charge (IBIC) (Fig. 1 B, D, F, and H). Before 
radiation, the contours of microcapsules were smooth and 
their liquid cores were clearly observed.  After 1.5 Gy of 
60Co � radiation, the size of some microcapsules decreased 
and their liquid cores could not be detected (Fig. 1 E-H). 

The frequencies of microcapsules’ rupturing were 
shown in Fig. 2. The increment in the frequencies of 
microcapsule decomposition was dependent on the final 
concentrations of the added F (Fig. 2).  When the 
concentration of added Fe was ranging from 40.0 to 70.0%, 
the rupturing of unirradiated microcapsules was less than 
5 % and that of irradiated was more than 80.0 % with 2.0 or 
2.5 Gy.  2.0 or 2.5 is the dose that is used in the 
conventional fractionated radiotherapy.  Therefore, our 
microcapsules may have possibility to be used in 
combination with clinical radiotherapy. However, 
microcapsules must be improved for better releasing of their 
core contents through radiotherapy. 

References 
1) Harada et al., TIARA annual report 2003 (2004) 217. 
2) Harada et al., Nucl. Instr. Meth. B 260 (1) (2007) 16. 
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Fig. 1  Distribution of Ca, Fe, Pt, and IBIC. 
Fig. 2  Frequency of ruptured microcapsules vs. 

final concentration of added Fe2+ (%). 
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Investigation of Cisplatin Sensitivity in Esophageal 
Squamous Cancer Cell Lines Using In-Air Micro-PIXE 

N. Tanaka a), H. Kimura a), M. Sakai a), M. Sohda a), M. Nakajima a), T. Asao a),
H. Kuwano a), M. Oikawa b), T. Satoh b) and T. Kamiya b)

a) The 21st Century program, Graduate School of Medicine, Gunma University, 
b) Department of Advanced Radiation Technology, TARRI, JAEA 

The purpose of this study was to elucidate the involvement of CDDP in ESCC using in air-micro PIXE (Particle Induced 
X-ray Emission). Two human ESCC cell lines–TE-2 and TE-13–were examined for their response to CDDP. TE-2 cells were 
more highly sensitive to CDDP than TE-13 cells in MTT assay. Dynamic state of element was measured in CDDP treated 
cancer cells using air PIXE. Using air PIXE, we observed distribution of P and K were localized at cytoplasm, and Br was 
localized at nuclear site. Air PIXE may be one of the new methods to measure CDDP combined with existing methods. In 
our study, in cytoplasm level and nuclear level, the cisplatin was included in TE-2 higher than TE-13. However, the ratio to 
be present in nuclear for a cell of cisplatin did not have a difference with two cell lines. Our results suggest that cisplatin
sensitivity using air PIXE is one of the methods of anticancer drug sensitivity test. 
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Fig. 1 TE-2 was high sensitive to cisplatin compared 
with TE-13.  In cell level and nuclear level, the 
cisplatin was included in TE-2 higher than TE-
13.  The ratio to be present in nuclear for a cell 
of cisplatin did not have a difference with two 
cell lines. 
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The Changes of Heavy Metal in Sertoli Cells Induced 
by Cadmium Exposure 

T. Kusakabe a, b), H. Takada a, b), T. Satoh c), K. Arakawa b, c), W. Yokota c),
T. Kamiya b, c) and T. Nagamine a, b)

a) School of Health Sciences, Faculty of Medicine, Gunma University, b) 21st Century COEProgram, 
Gunma University, c) Department of Advanced Radiation Technology, TARRI, JAEA 

Cadmium (Cd) is an industrial and environmental pollutant that is toxic to cells and organs. Cd is also well known to 
induce apoptosis and necrosis in liver, edema in lungs, and hemorrhagic necrosis in testis. To clarify the mechanism of 
acute Cd toxicity in Sertoli cells, we have analyzed distribution of metal elements such as Cd, Fe and Zn using in-air 
micro-PIXE (Particle Induced X-ray Emission) in Sertoli cells. Evaluation by in-air micro-PIXE method revealed that Cd 
and Fe distribution was increased in Sertoli cells, and Zn distribution was decreased. 
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Fig. 1  Heavy metal maps of Sertoli cells was analyzed by 
in air micro-PIXE.  Sertoli cells were exposed to 10 
µM Cd for 24 h (B).  A. Control, B. Cd 10 µM. 
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b) School of Health Science, Faculty of Medicine Gunma University,  

c) Department of Advanced Radiation Technology, TARRI, JAEA 

We demonstrated that in-air micro-PIXE analysis is useful for assessing the distribution of asbestos bodies and other 
metals in lung tissue section, and also for analysis of standards asbestos fibers in vitro.  This new system could detect the 
spatial distribution and quantitative analysis of asbestos and other metals in lung tissue section.  In-air micro- PIXE system 
is expected to be used in examination of occupational particles exposure in the lungs or screening of particles. 
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Fig. 1  Distributions of Si, Mg and Fe in normal lung and 
asbestos lung. 
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The Optimum Condition and Present Situation of the Analysis 
of Boron Micro-distribution in Tumor Cells Using PIGE 

K. Endo a), Y. Shibata a), T. Yamamoto a), K. Nakai a), A. Matsumura a) , T. Sato b),
 M. Oikawa b), K. Arakawa b), T. Kamiya b) and K. Ishii c)
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c) School of Engineering, Tohoku University 

We have applied micro particle induced X-ray emission (micro-PIXE) to determine inter- and intracellular distribution of 
boron (10B). Because the energy of PIXE from 10B is too low, we employed a method to detect gamma-ray produced by the 
nuclear reaction of 10B (p, �) 7Be, namely particle induced gamma-ray emission (PIGE). Micro-PIGE imaging showed the 
distribution of boron elements in tumor tissue. We compared various conditions of sample preparation to look out optimum 
conditions for clear distribution images. The result shows that the tumor BSH distributions were clearly demonstrated at  
250 ppm of boron concentration. The best measurement ranges were from 50�50 µm to 100�100 µm, and the measurement 
time was from 30 to 60 minutes to make the clearest image using PIGE. 

However, intracellular micro-distribution of boron could not detect clearly in our analysis. It seems to need for the 
improvement of the technical methods of cell fixation and upgrading micro-PIXE analyzing system itself and so on. 
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Measurement of Bromine in Social Isolation Mice Brain 
Slices by In - Air Micro-PIXE 

E. Sakurai b) , K. Yanai b) , K. Ishii a), K. Yamanaka a), S. Tsuboi a), H. Yamazaki a),
S. Matsuyama a), N. Okamura b), T. Kamiya c), T. Satoh c), J. Haga c) , 

M. Oikawa c) and K. Arakawa c)

a) Department of Quantum Science and Energy Engineering, Tohoku University,  
b) Department of Pharmacology, Tohoku University School of Medicine, 

c) Department of Advanced Radiation Technology, TARRI, JAEA 

To examine the change of the distribution on trace metal 
in a cell, organs or tissues using a various kind of disease 
model, it might be useful to establish a new 
pharmaco-therapeutics. PIXE (Particle Induced X-ray 
Emission) is a powerful method for the analysis of trace 
elements. In-air micro-PIXE was developed at the Takasaki 
Ion Accelerators for Advanced Radiation Application 
(TIARA) facility in the Japan Atomic Energy Agency 
(JAEA). Micro-PIXE allows analyzing the spatial 
distribution of the elements quantitatively. Our previous 
studies show that we might be got useful data on 
distributions of trace elements in the brain slices using the 
in-air micro-PIXE analysis. 

In this study, we analyzed a distribution change of trace 
metals in brain slices which were subjected early isolation 
stress and socially reared mice. We are usually exposed to 
stress and the protection of the brain from stress is one of 
our big interests in our life. 

Male histamine H1 receptor gene knockout mice 
(H1-KO) and their wild type (WT) mice were bred in our 
laboratory. After weaning (21 days old at the beginning of 
the experiment, 12-20 g) H1-KO and their WT mice were 
divided into two groups: socially reared mice kept in groups 
of four in plastic cages (32 � 22 � 15 cm) with sawdust 
bedding and non-socially reared (isolated) mice kept in one 
mouse per cage. The mice were divided into two groups: 
socially reared mice kept in groups of four in plastic cages 
(32 � 22 � 15 cm) with sawdust bedding and non-socially 
reared (isolated) mice kept in one mouse per cage. The mice 
were given a daily 50 mg/kg of 5-bromo-2’-deoxyuridine 
(BrdU) injection for five consecutive days. After 2-h final 
injection, mice brain were removed and immediately 
quick-frozen in dry ice to –40 ºC. Each brain was 

cryosectioned sagittally at 16 µm thickness. The brain slices 
were mounted on polycarbonate films, which were 
processed with 5N sulfuric acid. The brain slices were 
examined with beam currents of almost 120 pA. PIXE data 
were obtained using incident 3 MeV proton microbeams. 

It is well known that sedative antihistamines induce 
cognitive decline in humans through blockage of H1 
receptor1), both facilitatory and inhibitory effects of 
neuronal histamine on learning and memory have been 
described in animal behavioral studies. Interestingly, we 
recently reported that blockage of histamine H1 receptor 
improves the impaired cognition by social isolation stress in 
mice2). Early social isolation rearing from the age of 
weaning (typically 21- 28 days) into adulthood has been 
often used as an appropriate environmental factor to 
produce animal models with negative symptoms of 
schizophrenia3). Figure 2 shows the beam irradiation image 
in region of 90�90 µm2 in the brain slice of Fig. 1. The 
amount of bromine in the slices of Wild type, H1-KO mice 
and their subjected stress mice are shown in Fig. 3. The 
amount of bromine in brain slice of socially isolated WT 
mice was lower than that of WT social group mice. 
However, in the case of H1KO mice, bromine level was no 
change in the socially and isolation-reared mice. 

These results suggested that the neurogenesis of H1-KO 
mice might be lower than their WT mice. And 
isolation-stress might caused neurodegenenesis in WT mice. 
References 
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Fig. 1  Beam irradiation image of    Fig. 2  Image of bromine 
brain slices.                       (90� 90 µm2).

Fig. 3  Amount of bromine in 1 µm2 of brain slices. 
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Direct Visualization and Quantification of Anticancer 
Agent cis-diamminedichloro-platinum(II) in Human 
Lung Cancer Cells Using In-air micro-PIXE Analysis 

H. Sakurai a), M. Okamoto a), M. Hasegawa b), T. Satoh c), M. Oikawa c), T. Kamiya c),
K. Arakawa c) and T. Nakano a)

a) Department of Radiation Oncology, Gunma University Graduate School of Medicine, 
b) Department of Radiation Oncology, Nara Medical University, 

c) Department of Advanced Radiation Technology, TARRI, JAEA 

We designed an elemental analysis system using an ion 
micro-beam combined with a particle-induced X-ray 
emission (PIXE) method for the analysis of biomedical 
samples in air with a spatial resolution of 1 µm (in-air 
micro-PIXE system). We used this system to develop an 
imaging and quantification method for intracellular 
cis-diamminedichloro-platinum(II) (CDDP) in a human lung 
cancer cell line1). A human lung adenocarcinoma cell line, 
A549, was cultured and nuclear labeling was carried out by 
incubating the cells with BrdU. The cells were then exposed 
to CDDP at concentrations ranging from 1 M to 1 mM, for 
30 min to 24 hr. After drug treatment, samples were washed 
and frozen with liquid nitrogen, and freeze-dried for 24 hr. 
Standard samples were made using agar containing several 
concentrations of CDDP. Experiments using standard 
samples showed a linear correlation between CDDP 

concentration and platinum signal strength. No clear 
platinum signal was detected after exposure to CDDP for  
24 hr at doses between 1 and 100 M. However, significant 
Pt signals were observed at 1 mM. In that case, the Pt image 
of in-air micro-PIXE had enough quality to visualize 
nucleus and cytoplasm (Fig. 1). The detected signals of 
CDDP were stronger in the nucleus than in the cytoplasm 
(Fig. 1). A time-course study showed increased CDDP 
uptake in cells after longer drug exposure periods (Fig. 2). 
The use of this system enables the high-resolution 
visualization of intracellular CDDP distribution and 
measurement of intracellular CDDP concentrations. 

Reference 
1) H. Sakurai et al., Cancer Science 99 (2008) 901-904.
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Fig. 1  Elemental maps of phosphorus and bromine 
using image analysis software. Intracellular CDDP is 
also estimated by measuring platinum count/nC in a 
selected area of the cells. Intracellular and 
intranuclear platinum are counted in individual cells.
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Fig. 2  Intracellular and nuclear platinum count/nC 
after exposure to 1 mM CDDP. Increased CDDP 
uptake is observed in cells with linear correlation 
after longer drug exposure. CDDP uptake is higher 
in the nucleus than in the cytoplasm. 
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Preparation of Epitaxial WO3 Thin Films by Pulsed 
Laser Deposition 

S. Yamamoto a), A. Inouye a, b), M. Sugimoto a) and M. Yoshikawa a)

a) Environment and Industrial Materials Research Division, QuBS, JAEA, 
b) School of Engineering, Tohoku University 

Recently, the gasochromic materials, coloration by gases, 
have considerable promise as the optical hydrogen sensing 
materials. Tungsten trioxide (WO3) thin films coated with 
noble metal (Pd, Pt) catalysts can be used for optical 
hydrogen sensors with an optical fiber network for the 
continuous monitoring of hydrogen leakage. In the present 
study, structural properties of epitaxial WO3 thin films were 
investigated. 

The growth of epitaxial WO3 films on �-Al2O3 )2101(
substrate was performed by pulsed laser deposition (PLD).
During the deposition, the substrates temperature was 
changed from 432 to 538 �C, and the pressure of oxygen gas 
was varied from 0.57 to 1.20 Pa. Typical thickness of WO3

films was about 740 nm after 3 hours deposition. The 
crystallographic relationships between WO3 films and 
substrates were determined by x-ray diffraction 
measurements, using a high-resolution diffractometer 
(X’Pert, PANalytical). The RBS/channeling analysis using a 
3MV single-stage-accelerator at JAEA/Takasaki was 
employed to characterize the epitaxial films. The analyzing 
2.0 MeV 4He+ ions were incident, and backscattered 
particles were detected at 165� scattering angle.

Figure 1 illustrates a typical 2.0 MeV 4He+ RBS spectra 
from the WO3 film taken under the random and the 
WO3<001> aligned condition. The film was deposited on an 
�-Al2O3 )2101(  substrate at 538 �C up to 740 nm thickness, 
under the 1.2 Pa O2 gas pressure. The minimum yield, �min

value, the ratio of the aligned spectrum to the random one at 
the fixed depth near the surface region, gives a measure to 

evaluate the degree of disorder in crystalline solids. The �min

value in the WO3<001> aligned spectrum is 5.7 % at the just 
area behind the surface peak of the W component, which 
suggests that a high quality epitaxial WO3 film was grown 
on the �-Al2O3 )2101(  substrate. Figure 2 shows the 
crystal quality of the films changes as a function of the 
substrate temperatures, by referring to �min values at the 
surface region. The results of RBS show that the crystal 
quality of WO3 films is improved with an increase in the 
substrate temperature and the optimum temperature for the 
growth of high quality epitaxial WO3 (001) on �-Al2O3

)2101(  substrates is higher than 500 �C. The influence of 
O2 gas pressure on the crystal quality of WO3 films was 
examined. The WO3 films were deposited on �-Al2O3

)2101(  substrates in an O2 gas pressure range of 0.7 to  
1.3 Pa at a constant substrate temperature of 501 �C. The 
results indicate that the crystal quality of WO3 films is 
improved with an increase of the O2 gas pressure during the 
deposition. The high quality epitaxial films were obtained 
above 1.0 Pa O2 gas pressure at the substrate temperature of 
500 �C. To confirm the in-plane orientations of epitaxial 
WO3 films on �-Al2O3 )2101(  substrate, pole figure 
measurements were carried out. The growth of WO3 (001) 
films on the �-Al2O3 )2101( and the in-plane orientation 
with WO3 [011] //�-Al2O3 ]001[ was confirmed. RBS and 
XRD results demonstrated that monoclinic WO3 (001) films 
were successfully grown on the �-Al2O3 )2101( substrate. 
The crystal quality was improved by increasing both the 
oxygen pressure and the substrate temperature.
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Fig. 1  2.0 MeV 4He+ RBS/channeling spectra from a 
WO3 film on the �-Al2O3 )2101(  substrate. The 
film was deposited at 538 �C. 
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Effects of Temperature on the Gasochromic Behavior in 
Amorphous WO3 Films 

A. Inouye a), b), S. Yamamoto b), S. Nagata c) ,M. Yoshikawa b) and T. Shikama c)

a) School of Engineering, Tohoku University, 
b) Environment and Industrial Materials Research Division, QuBS, JAEA, 

c) Institute of Materials Research, Tohoku University 

Gasochromic behavior in amorphous WO3 films was investigated by varying temperature of the films. Amorphous WO3

films covered with 15 nm palladium layer were prepared by a reactive sputtering method. It was observed that the films 
colored from transparent yellowish to dark blue while in exposure of 1% hydrogen in a temperature range from 30 to 400 °C. 
The films, colored below 250 °C, bleached during exposed to air at room temperature. The hydrogen concentration in the 
films increased along with the coloration. However, the films, colored higher than 250 °C, could not be bleached by air 
exposure and did not incorporate hydrogen. These results suggested that the gasochromic mechanism changes around 250 °C 
that is a critical point of gasochromic behavior. 
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Fig. 1  Light transmittance at 650 nm of WO3 films after 
hydrogen exposure (�) and after subsequent air 
exposure (�) plotted as a function of temperature for 
hydrogen exposure. 
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Gas Permeation Property of SiC Membranes Deposited 
on SiC Intermediate Layer 

A. Takeyama, M. Sugimoto and M. Yoshikawa 

Environment and Industrial Materials Research Division, QuBS, JAEA 

Silicon Carbide (SiC) is a promising material for a 
hydrogen separation membrane because of its high 
mechanical strength and corrosion resistance at high 
temperature. To separate hydrogen molecule (H2) from 
other gaseous species such as nitrogen (N2), carbon mono 
oxide (CO) and hydrogen iodide (HI), dense SiC thin film 
was coated on porous alumina support1). However, 
preparing a crack-free thin film on such porous materials is 
technically difficult. To avoid crack formation, an 
intermediate layer is often added to fill pores of the support 
surface or release stress at the interface between the film 
and support during pyrolisis2). In this paper, we describe the 
fabrication of a novel SiC hydrogen separation membrane 
used with a SiC intermediate layer. 

SiC films were prepared on porous alumina supports by 
a dip-coating method with a cycrohexan solution of 
polycarbosilane (PCS) of 3 mass%. In order to prepare a 
SiC intermediate layer, the precursor film was immersed in 
cycrohexan after dipping, cross-linked at 453 K for 1h in air, 
then pyrolyzed at 1123 K for 1 h. After the pyrolysis, 
another coating, cross-linking and pyrolysis was carried out 
for this support coated with the intermediate layer by using 
10 mass% PCS solution. Hydrogen (H2) and nitrogen (N2)
permeance of the membrane was measured at 523 K and the 
selectivity (H2/N2) was calculated as the ratio of the amount 
of H2 to N2 which passed thorough the membrane. 

The surface of the SiC intermediate layer without the 
immersion is shown in Fig. 1(a). Black spots, which might 

be SiC, appeared on the surface. It indicates a small amount
of the precursor solution penetrated pores of the support. 
Figure 1 (b) shows the surface of the immersed intermediate 
layer. The outline of spots became dull, which indicates 
cycrohexane penetrate the support and dissolve PCS in 
pores during the immersion. 

The dependence of H2 and N2 permeance of the SiC 
films on the immersion time is shown in Fig. 2. The H2

permeance decreased with increasing the immersion time up 
to 20 seconds. It is supposed that PCS in pores is dissolved 
by cyclohexane and pores are filled with PCS solution 
during the immersion. As a result, the diameter of pores 
becomes smaller and smaller to decrease the permeance. For 
the immersion time longer than 20 seconds, the H2

permeance increased. This result can be explained by the 
molecular sieving properties of the film, which leads to an 
improvement of the selectivity1). The N2 permeance of the 
film decreased by the immersion, probably because the 
diameter of pores becomes small by the process. Here, a 
large value of the N2 permeance at immersion time of    
20 seconds is attributable to the formation of defects in the 
film such as pin-holes or cracks. Further investigations are 
necessary to clarify the mechanism behind the 
improvement. 

References 
1) T. Nagano et al., J. Ceram. Soc. Japan. 114 (2006) 533. 
2) Y. Gu et al., J. Membr. Sci. 306 (2007) 216. 

Fig. 1  Surface images of the intermediate layer. 
(a) un-immersed, (b) immersed for 20 seconds.
Arrows point at black spots.

(a) (b)

Fig. 2 Dependence of the permeance and 
selectivity of the SiC film on the immersion 
time.
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Radiation Oxidation of Silicon-based Polymer Blends 
(II)

A. Idesaki, R. A Wach, M. Sugimoto and M. Yoshikawa 

Environment and Industrial Materials Research Division, QuBS, JAEA 

Introduction 
   We have developed silicon carbide (SiC) coating for 
hydrogen gas separation membrane from a polymer blend 
of polycarbosilane (PCS) and polyvinylsilane (PVS). In the 
synthesis process of SiC coating, the PCS-PVS polymer 
blend is coated on the substrate, cured by irradiation in air, 
and pyrolyzed in an inert gas atmosphere. It has been 
found that the PCS-PVS polymer blend can be cured by 
the half dose of irradiation of pure PCS in air. However, 
the mechanism of radiation oxidation curing of the 
PCS-PVS polymer blend has not been cleared. We have 
investigated the radical behavior of the PCS-PVS polymer 
blends, and found that a tendency that the radical 
concentrations in PCS-PVS polymer blends were low as 
compared with those in pure PCS and PVS1). The decay of 
radicals in case of the irradiation in air is considered to be 
attributed by (1) the reaction with oxygen, and (2) the 
recombination of radicals. In this work, we focused on 
above-mentioned (1), the amount of oxygen incorporated 
into PCS-PVS polymer blends by the irradiation was 
investigated. 

Experimental procedure 
   Figure 1 shows the chemical structure of PCS and PVS. 
The PCS is a solid polymer at room temperature with the 
number average molecular weight of 2000. The PVS is a 
viscous liquid polymer at room temperature with the 
number average molecular weight of 960. 
   The PCS-PVS polymer blends and the predetermined 
quantity of oxygen gas were enclosed into a glass tube. 
The samples were irradiated by gamma rays with dose of  
1 MGy at room temperature, and then the gases remained 
in the glass tube were analyzed by a gas chromatograph. 

Results and discussion 
The gases evolved from the PCS-PVS polymer blends 

by the irradiation were composed of hydrogen (H2), carbon 
dioxide (CO2), carbon monoxide (CO), and methane (CH4).
The amount of oxygen incorporated into the PCS-PVS 
polymer blends was calculated by the subtraction of the 

amounts of oxygen remained and consumed as CO2 and 
CO in the glass tube from the initial amount of oxygen. 
Figure 2 shows the oxygen concentration in the PCS-PVS 
polymer blends after the irradiation. As increasing in the 
PVS content, the oxygen concentration increased from 10 
to 20 wt%. This indicates that the PVS promotes the 
oxidation of PCS-PVS polymer blends. This result 
explains well the reason of the decay of radicals as 
mentioned above. 

Conclusions 
   In this work, the amount of oxygen incorporated into 
PCS-PVS polymer blends by the irradiation of gamma rays 
was investigated. It was found that the PVS promotes the 
oxidation of the PCS-PVS polymer blends. 

Reference 
1) A. Idesaki, et al., JAEA-Review 2007-060 (2008) 146. 
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polymer blends after the irradiation of gamma rays at 
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Ceramic Nano Fiber Synthesis by Ion Beam Irradiation 
on Thin Film of Si-based Precursor Polymer 

M. Sugimoto a), M. Yoshikawa a) and S. Seki b)

a) Environment and Industrial Materials Research Division, QuBS, JAEA,  
b) Department of Applied Chemistry, Osaka University 

Nano-structure materials with quite large surface area 
show excellent characteristics of filtering, absorption and 
reaction activity compared with bulk materials. Recently, 
nano fiber has been successfully obtained by the irradiation 
of ion-beam that produces cross-linking reactions within the 
ion beam track in polymer molecules.1) Therefore it is 
considered that precursor nano fiber is able to be obtained in 
ceramic precursor polymers by similar ion beam irradiation. 
If the obtained fiber is converted into ceramics by high 
temperature firing, ceramic nano fiber with high thermal and 
corrosion resistances is expected to be fabricated. However 
the synthesis method has not completed at present.  In this 
research, we report the synthesis processes of silicon carbide 
(SiC) ceramic nano fiber by ion beam irradiation. 

Polycarbosilane (PCS) as a ceramic precursor polymer, 
which was purchased from Nippon Carbon Co. LTD., was 
spin-coated on a Si substrate.  The coated PCS was 
irradiated using 388 MeV 58Ni15+, 450 MeV 129Xe23+ and  
500 MeV 197Au31+ ion beams.  The loss of kinetic energy 
of ions due to penetration through the films was estimated 
using the SRIM2006 code.  The irradiated films were 
treated by toluene and insoluble in the solvent was 
developed as PCS nano fiber, then the nano fiber was fired 
at 1273 K in Ar.  Direct observation was conducted using 
probe microscope (SII SPA-400).  The PCS nano fiber was 
observed on the surface of substrate and remained after 
firing.  Moreover, the shape of the nano fiber did not 
change by heating up to 1573 K in argon or at 1273 K in air.  
This indicates that the fired PCS nano fiber has good 
thermal and oxidation resistances.  It is considered that 
PCS changes into amorphous SiC ceramics via an 
organic-inorganic conversion reaction similar to that of SiC 
fiber. 

Figure 1 demonstrates the changes in the number density 
of isolated PCS nano fibers and SiC nano fibers in a unit 
area at various fluences.  The number density of SiC nano 
fibers is almost the same as that of PCS nano fibers, and 
therefore the PCS nano fibers were not detached from the 
substrate during the conversion of PCS into SiC. 

Radii of PCS and SiC nano fiber formed by ion beam 
irradiation with various LET are presented in Fig. 2. The 
solid line in Fig. 2 indicates the theoretical curve derived 
from Eq.(1) 1);
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where A is Avogadro's number, m is the mass of the 
monomer unit, and N is the degree of polymerization. G(x)
denotes the efficiency of cross-linking reaction. The value 
of mN/�A reflects the effective volume of a polymer 
molecule. The value of rc or rp represents the extent of 
cylindrical core or penumbra area, respectively.  We had 
reported that Eq.(1) is corresponding to the experiment 
results of several kinds of polymer nano fibers well 2).  In 
the case of the PCS nano fiber in Fig. 2, Eq. (1) also gives 
good interpretation to the experiment results.  In the 
ceramization reaction of the PCS, the PCS nano fiber 
shrinks at a constant ratio, therefore the radii of the SiC 
nano fiber was closely controlled by the ion beam 
irradiation. 

References
1) S. Seki et al., Adv. Mater., 13 (2001) 1663.
2) S. Seki et al., Macromolecules, 38 (2005) 10164.
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High energy charged particles have often been 
characterized by their “hard” interaction with the organic 
materials, giving cylinder-like nano-space of “ion tracks” 
along the particle trajectories where reactive intermediates 
are produced non-homogeneously with extremely high 
density. The chemical reactions within the limited 
nano-space are feasible to produce 1-D nano-materials, and 
we have successfully produced 1-D nanowires based on the 
crosslinking reactions in the polymer thin films as target 
materials for high energy charged particles. The present 
nano-scaled negative tone imaging technique (single particle 
nano-fabrication technique: SPNT) is applicable to a variety 
of polymers with fairly controlled sizes.1-7) According to 
these features of the SPNT, the characteristics of resists 
materials bearing high aspect-ratio tolerance have been 
examined in the present paper. The 1-D nanowires with 
ultra-high aspect-ratio as much as ~103 are demonstrated 
based on the commercially available SU-8 polymers, 
intending to a practical application as nano-sensing 
materials with extra-wide surface area. 

High energy particles penetrating into the thin film of 
SU-8 promote effectively cross-linking reaction along the 
trajectories. The development procedure isolated the 
nanowires on the substrate as shown in Fig. 1, giving the 
nanowires with uniform length and thickness. All the 
nanowires are no longer standing, collapsed onto on the 
substrate observed as the 2-D images. The size (radius of 
cross section) of nanowires has been revealed to be in good 

correlation with the spatial distribution of deposited energy 
in an ion track by a penetrating particle and the parameters 
of the target polymers. The efficiency of cross-linking 
reactions has been also crucial parameter for the sizes, and 
the semi-empirical modeling1-3) gives the estimates of the 
crosslinking efficiency: G(x) as > 3.5 (100 eV)-1 which is an 
appropriate value as the reaction promoted by chain 
reactions in the chemically amplified resists.5-7)

The nanowires with ultra-high aspect ratio were 
demonstrated by an irradiation of thick SU-8 films (~ 10 �m
thick). Fairly long nanowires are observed clearly on the 
substrate, and the number density of the nanowires matches 
exactly with the number of incident particles. In spite of 
same development protocol applied to isolate the nanowires, 
the length of the nanowires also reflect completely the initial 
film thickness. This is suggestive that the nanowire based on 
cross-linked SU-8 has sufficient mechanical strength 
bearing the solvation of surrounding uncross-linked 
molecules. The radius of the cross-section of the nanowires 
was estimated as 7.5 nm which is also in good agreement 
with the predicted value by the semi-empirical formulation 
and G(x) > 3.5. The radii of the nanowires were controlled 
from 4.5 nm (produced with 520 MeV Kr) to 17 nm (with 
400 MeV Xe), and the maximum length of the nanowires 
reaches up to 12 �m. Fragmentation of the nanowires during 
development processes was not observed for all cases 
(variation of incident particles and film thickness), thus 
length of the nanowires was uniform and controlled 
perfectly by varying the film thickness. 

The maximum of the aspect ratio of the nanowires 
estimated from their radii and the length reaches up to ~800, 
which is unlikely high value compared with those observed 
for the other polymeric materials. The previous studies on 
the cross-linked polymer nanowires prepared by SPNT have 
suggested the typical values of the aspect ratio as ~50 at 
maximum,8,9) which is suggestive of ultra-high tolerance of 
SU-8 for nano-structure formation with extraordinarily high 
aspect ratio. 
References 
1) S. Seki, et al., Phys. Rev. B, 70 (2004) 144203. 
2) S. Seki, et al., Adv. Mater.,13 (2001) 1663. 
3) S. Tsukuda, et al., J. Phys. Chem., 108 (2004) 3407. 
4) S. Tsukuda, et al., J. Phys. Chem. B, 110 (2006) 19319. 
5) S. Seki, et al., Macromolecules, 39 (2006) 7446. 
6) S. Tsukuda, et al, Appl. Phys. Lett., 87 (2005) 233119. 
7) S. Seki, et al., Surf. Coat. Technol., 2007, 201, 8486 ; 

ibid., 2007, 201, 8526. 
8) D. Stumbo, et al, J. Vac. Sci. Technol. B, 11 (2003) 2432. 
9) H. Lorenz, et al., J. Micromech. Microeng, 1997, 7, 121.
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Fig. 1  AFM micrographs of nanowires with ultra-high 
aspect ration based on SU-8 produced by SPNT. 
Images (a) – (c) were observed in the films of SU-8 
at ~10 �m thick after irradiation of 400 MeV Kr ion 
beam at the fluence of 1.0×108 ions cm-2.
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Effects of Ion Irradiation on Microstructure and 
Photoluminescence of SiC Nanotubes 
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Since the discovery of carbon nanotubes (CNTs) in 
1991, significant numbers of researchers have prepared 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, C/C/N, SiO2 and GaN nanostructures are 
synthesized from CNTs as the template. We reported that 
the C-SiC coaxial nanotubes, which were CNTs sheathed 
with SiC, were formed. Furthermore, the single-phase SiC 
nanotubes were successfully synthesized by heating the 
C-SiC coaxial nanotubes in air1,2). It is well known that SiC 
is the most important semiconductor because it has excellent 
stability against radiation. SiC nanotubes are, therefore, 
expected to be used for electrical and optical devices under 
radiation environments. However, radiation-induced 
microstructural change of SiC nanomaterials has not been 
well investigated. The purpose of this study is, therefore, to 
investigate the of ion-irradiation-induced microstructural 
change and photoluminescence of SiC nanotubes. 

CNTs (GSI Creos Corporation, Tokyo, Japan) was used 
as the template. The C-SiC coaxial nanotubes were 
synthesized by heating CNTs with Si powder (The Nilaco 
Corporation, Tokyo, Japan) at 1200 ºC for 100 h in a 
vacuum. Single-phase SiC nantoubes were formed by the 
heat treatment of C-SiC coaxial nanotubes at 600 ºC for 2 h 
in air. Thin films of single-phase SiC nanotubes were 
prepared on the alumina plates by embrocating with the 
single-phase SiC nanotubes dispersed in ethanol. These thin 
films of single-phase SiC nanotubes were irradiated with 

3.0-MeV Si2+ ions at 300 ºC and 900 ºC. The ion fluence 
was 6.4�1020 ions/m2. Photoluminescence of SiC nanotubes 
dispersed in ethanol were measured at room temperature by 
YAG laser with the wavelength of 266 nm. 

The XPS spectra of the C 1s bands for the SiC 
nanotubes before and after ion irradiation at 300 and 900 ºC
are shown in Fig. 1. There are two peaks representing Si-C 
and C-C in all specimens before and after ion irradiation. 
The energy difference between the peaks representing Si-C 
and C-C decreases with increasing the irradiation 
temperature. This result indicates that the binding state of 
SiC nanotubes changed by the ion irradiation at higher 
temperature.  

Figure 2 shows the room temperature photoluminescence 
spectrum of SiC nanotubes dispersed in ethanol. A broad PL 
emission peak is observed at 390 nm. The ultraviolet-blue 
emission properties of SiC nanotubes are of significant 
interest for their potential ultraviolet-blue emitting device 
application. In near future, effect of ion irradiation on photo- 
luminescence of SiC nanotubes will be investigated. 

References 
1) T. Taguchi, N. Igawa, H. Yamamoto, S. Jitsukawa,    

J. Am. Ceram. Soc. 88 [2] (2005) 459-461. 
2) T. Taguchi, N. Igawa, H. Yamamoto, S. Shamoto,     

S. Jitsukawa, Physica E 28[4] (2005) 431-438. 
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Fig. 1  XPS spectra of C 1s in the SiC nanotubes before 
and after 3.0-MeV Si2+ ion irradiation at 300 and 900 ºC.
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Preparation of Ion-Track Membranes of 
Poly(p-phenylene terephthalamide) 

H. Koshikawa a), T. Yamaki a), M. Asano a), Y. Maekawa a), Y. Suzuki a), M. Yoshida a),
R. Neumann b) and K.-O. Voss b)

a) Environment and Industrial Materials Research Division, QuBS, JAEA, 
b) Materials Research Department, GSI 

There have been numerous studies on the ion-track 
membranes of poly (ethylene terephthalate) and 
polycarbonate, which are easily prepared by ion beam 
irradiation and the subsequent alkaline etching. However, 
the ion-track membrane of polyamide (PA) has not yet been 
reported because the etching sensitivity is inversely related 
to polymer stability. We report herein, for the first time, the 
investigation of ion-track etching of poly (p-phenylene 
terephthalamide) (PPTA), which is one of PAs with the 
highest mechanical strength as well as chemical or thermal 
stability.  

Sixteen µm-thick PPTA films were bombarded by swift 
heavy ions from the TIARA cyclotron of the JAEA and the 
UNILAC linear accelerator of the GSI. The ion fluence was 
3 × 107 ions cm-2. The other irradiation conditions are listed 
in Table 1. The irradiated PPTA films were etched in a 
sodium hypochlorite (NaClO) solution at 40 °C without 
stirring, whose pH value was adjusted at pH 9±0.5 by 
adding a 2 mol dm-3 hydrochloric acid (HCl) solution. The 
etched sample was washed with a large amount of water and 
dried at 40 °C for 2 hours in vacuum. The surface and 
cross-section of the membranes were observed with a 
scanning electron microscope (SEM) after their Au coating. 
The conductometric measurement was applied to determine 
a track etching rate, Vt

1). A bulk etching rate, Vb, was 
estimated at 0.05 µm h-1 by taking the decrease in film 
thickness during one-hour etching. Using the ratio of the 
two etching rates, we obtained the track formation 
sensitivity, Q, according to the following simple equation: 

Q=(Vt/Vb)–1                         (1) 
Figure 1 (a) shows the SEM photographs of the surface 

and cross-section of the membranes, which were obtained 
by the irradiation with 238U ions and the 12-hour etching. 
This clearly confirms the perfectly cylindrical pores with a 
0.3-µm diameter. The cylindrical shapes were also observed 
for the 197Au ion irradiated films. In contrast, as shown in 
Fig. 1 (b), the tracks of 129Xe ions were etched for 18 hours, 
leading to the observable tracks with a surface diameter of 
0.8 µm. The cross section appeared to be not cylindrical all 
over the thickness of the membrane. The films irradiated 

with 84Kr and 102Ru ions provided such funnel-shaped pores, 
too.

All of the results, including the linear energy transfer 
(LET) evaluated by a TRIM code as well as the Q value and 
shape of the etched pore, are also shown in Table 1. The 
latent tracks of the 84Kr, 102Ru and 129Xe ions exhibited 
lower sensitivity to the etching. This is probably why 
funnel-shaped pores appeared in the membranes irradiated 
with these relatively lighter ions, where the pore diameter at 
the film surface increased before the formation of 
through-holes. However, the track sensitivity of the heavier 
197Au and 238U ions were found to be about 4.5 times larger 
under the same etching conditions. The sharp increase in the 
Q value between the 129Xe and 197Au ions should be the 
origin of the transformation of the etched track from the 
funnel to cylindrical shape. This is a striking result, because 
the difference in the LET between these ions, which is just 
as much as that between the 197Au and 238U ions, is 
considered to be very minor. In this case, the LET does not 
seem to be the only significant factor determining the 
sensitivity. It was reported that the damage distribution in 
the latent track depended on the beam energy even at a fixed 
value of the LET2). This so-called "velocity effect" in the 
damage creation might be manifested for the present etched 
track3,4).

References 
1) P. Apel et al., Nucl. Instr. and Meth. B, 131 (1997) 55. 
2) A. Meftah et al., Phys. Rev. B, 48 (1993) 920. 
3) Y. Suzuki et al., Nucl. Instr. Meth. B, 260 (2007) 693. 
4) T. Yamaki et al., GSI Scientific Report 2006 (2007)322.
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Fig. 1 SEM photographs of the surface (top) and 
cross-section (bottom) of the PPTA-based ion-track 
membrane, which was prepared by (a) 238U and (b) 
129Xe irradiations.

Table 1  Irradiation conditions and all the obtained results.

Ion

84Kr
102Ru
129Xe
197Au
238U

Energy
(MeV n-1)

6.2
3.1
3.5
11.1
11.1

LET
(MeV �m-1)

6.7
9.8
12.2
15.4
18.3

Q

2.4
6.8
14.2
62.4
63.4

Pore
shape

Funnel

Cylindrical
Cylindrical

Funnel
Funnel

Ion

84Kr
102Ru
129Xe
197Au
238U

Energy
(MeV n-1)

6.2
3.1
3.5
11.1
11.1

LET
(MeV �m-1)

6.7
9.8
12.2
15.4
18.3

Q

2.4
6.8
14.2
62.4
63.4

Pore
shape

Funnel

Cylindrical
Cylindrical

Funnel
Funnel
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Epitaxial Nitriding Processes of Titanium Thin Films 
due to N Implantation 
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It has recently been reported that properties of 
non-stoichiometric titanium nitrides (TiNy) such as 
electrical conduction, diffusion barrier, wear resistance, 
catalysis, etc. depend not only on chemical composition, but 
also on orientation relationships between TiNy films and 
substrates.  Therefore, much interest has been focused on 
studying atomistic growth processes of TiNy films1).  The 
purpose of the present paper is to clarify atomistic growth 
processes of TiNy films due to ion implantation by using 
in-situ transmission electron microscopy (TEM) and 
electron energy-loss spectroscopy (EELS), along with 
composition analysis and with the characterization of the 
electronic structure by molecular orbital calculation.  The 
ions of N2

+ with 62 keV are implanted into deposited Ti 
films in the 400-kV analytic high-resolution TEM combined 
with ion accelerators installed at JAEA-Takasaki2).

Nitrogen ions (N2
+) with 62 keV were implanted into the 

as-deposited Ti film composed of mainly (110)-oriented 
TiHx and )503( �

-oriented hcp-Ti at room temperature, 
which results in the epitaxial formation of (110)-oriented 
and (001)-oriented TiNy, respectively.  In order to 
elucidate the atomistic nitriding processes of the epitaxial 
transformation of Ti thin films due to N implantation in 
detail, DV- �X  MO calculations have been performed for 
the Ti19 cluster and Ti19N cluster models shown in Fig. 1(a).  
The Ti19 cluster of Fig. 1(a), which does not include a 
nitrogen atom indicated by an open circle G, corresponds to 
a part of the hcp-Ti structure.  The Ti-Ti distances are 
taken to be 0.29238 nm, corresponding to those of the ideal 
bulk crystal structure.  Figure 1(b) shows the contour map 
of the electron density of the Ti19 cluster, which are drawn 
for the }012{ �  plane including Ti atoms denoted by A, L, 
F, and J in Fig. 1(a).  The site indicated by G in Fig. 1(b) is 
the central position (O-site) of the octahedron with larger  
space as formed by A-F atoms in the Ti19 cluster, and has 
lower electron density (~1/5000 of electron density of 
A-site).  Thus, O-sites have smaller repulsion for electrons 
of N atoms, and admit the invasion of N atoms, which leads 
to the formation of a Ti19N cluster as also shown in Fig. 1(a).  
Bonds between Ti atoms of the octahedron occupied by a N 
atom at its center, as the octahedron ABCDEF in Fig. 1(a), 
weaken, whereas bonds between Ti atoms of the octahedron 
not occupied by a N atom, as the octahedron ACDHIJ, do 
not change, or rather strengthen a little.  On the other hand, 
the Ti-N bonds as A-G and F-G bonds indicated by dotted 
lines become relatively strong compared with the Ti-Ti 
bonds in the octahedron ABCDEF for Ti19N.  Thus, it can 
be considered that the strengthening of the A-G and F-G 

bonds promotes the shear in the FL ��� 001  direction 
indicated by an arrow on the (00•1)-plane including B, E 
and F atoms for Ti19N.  In order to obtain an fcc sublattice 
by the hcp-fcc transformation, the atoms on the (00•1)-plane 
including B, E and F atoms for Ti19N have to be shifted.  
After the shift, the F atom, for example, has to be at the 
center of gravity of the BEF triangle.  The projected line of 
the line FA to the (00•1)-plane including B, E and F atoms 
for Ti19N is on the line FL.  Furthermore, the inheritance of 
square atomic arrangement and the movement of the N atom 
to other neighboring O-site (M site in Fig. 1, for example), 
in the transformed fcc-Ti sublattice, is responsible for the 
epitaxial growth of TiNy.

References 
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(2006) 035424-1. 
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Fig. 1  (a) Schematic illustration of the Ti19
cluster without a nitrogen atom indicated by 
an open circle G, and Ti19N cluster with a 
nitrogen atom, G.  (b) The contour map of 
the electron density of the Ti19 cluster, which 
are drawn for the   plane including Ti atoms 
denoted by A, L, F and J in (a). 
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In the previous study1), we investigated Ar+ and Si+

ion-beam-induced shrinking effects of the holes made in the 
180nm-thick Si layers on silicon-on-insulator (SOI) 
substrates. In the present study, we have further investigated 
the chemical influences on the shrinking effects by using B+

and P+ ion implantation. The initial µm-size holes were 
prepared by ~30 keV Ga+ focused-ion-beam irradiation. B+

and P+ ions with the energy of 10 keV were implanted into 
the hole region at room temperature with doses of 
4.4×1016/cm2 and 0.9×1016/cm2, respectively. In order to 
avoid possible carbon contaminations on the sample 
surfaces, the irradiation chamber was kept cooled by 
surrounding cold shrouds. 

Figure 1 shows the transmission electron microscopy 
(TEM) photographs obtained from the SOI samples before 
and after B+ ion irradiation. The structural changes induced 
by ion bombardments were analyzed based on the dark field 
(DF) and bright field (BF) images combined with the 
selected-area-diffraction (SAD) patterns. The shape of each 
hole was determined by using the BF image, while the Si 
crystallinity of the hole region was judged by the DF image 
using the Si(004) diffraction spot as well as the SAD 
patterns with the resolution of approximately 500 nm. In the 
P+ ion irradiation case, the TEM results were essentially the 
same as the Si+ ion irradiation case previously reported1).

The shrinking effects for the four ion species, Ar+, P+, Si+,
and B+ are summarized in Table 1. It should be noted that 
the SAD shows the crystalline Si spots and the shrinking 
effect is very weak in the B+ ion bombardment case. 

According to SRIM simulations for Ar+, Si+, B+ and P+

ion bombardments on Si at 10 keV, the projected ranges 
were estimated to be ~180 nm for Ar+, Si+, and P+ , and 
~450 nm for B+. Based on these experiments and 
simulations, we summarize our results as follows: 
(1) Since there is no significant difference in the shrinking 
effect between Si+ and P+ ion bombardments, chemical 
effects may well be small. 
(2) The shrinking effects can be attributed to dilation of 
crystalline Si upon amorphization induced by ion beam 
bombardments. The observed difference in ion species may 
be simply due to the difference in the numbers of the 
ion-beam-induced Frenkel-pairs, which is consistent with 
the D-D pair model for ion-beam-induced amorphization of 
Si proposed previously2,3).

References 
1) T. Motooka, et al., JAEA-Review 2007-060 (2008) 169. 
2) T. Motooka, Phys. Rev. B 49 (1994) 16367. 
3) T. Motooka et al., Phys. Rev. Lett. 78 (1997) 2980.

Before implantation After implantation

BF

DF

� � m 200 nm

BF
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� � m 200 nm

Fig. 1  TEM photographs of the hole made in the 
180 nm-thick Si layer on a SOI substrate before and 
after 10 keV B+ ion irradiation with the dose of 
4.4�1016 /cm-2.

Table 1  Ion-beam-induced shrinking effects of Ar+,
P+, Si+, and B+.

SAD SAD 

DF DF 

BF BF 
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Electron Irradiation Effects on Heavily Boron-Doped 
Diamond Thin Films 
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Heavily boron-doped diamond thin films show 
superconductivity around 2 K1). After the discovery, the 
importance of the crystal growth direction of the film was 
pointed out2). The (111)-oriented films show 
superconductivity above 10 K. However, the mechanism of 
the superconductivity of this material is still unclear. In 
order to research the origin of the superconductivity, we 
have investigated the influence of point defects on the film 
with high energy electron irradiation. The sample was 
synthesized with high-frequency plasma chemical vapor 
deposition (CVD) method. The 2-MeV electron irradiation 
was performed at room temperature using the electron 
accelerator of JAEA-Takasaki up to the dose of      
1�1018 e/cm2. The defects introduced by the irradiation were 
estimated to be about 100 ppm. No significant change, 
however, was observed on superconducting properties, such 
as the transition temperature Tc, critical current densities Jc, 
and the upper critical field Hc, at this dose. Further 
irradiation on this material is needed. We are going to 
continue the irradiation furthermore in next year. 

Here, we will introduce another attempt to synthesize 
B-doped diamond films using mega-gravity (MG) treatment. 
Figure 1 shows the setup of our centrifugal apparatus. 
Nano-scaled diamond colloid with fine boron particles was 
settled under 0.6 MG ( 1 G = 1 gravitational acceleration) 
centrifugal field at 350 ºC for 19 hours, and deposited on a 
hydrophilic sapphire substrate.  
  After the mega-gravity treatment, a nano-diamond film 
was formed on the substrate. To evaluate the film thus 
obtained, ac magnetization and Raman spectra were 

measured. Unfortunately, superconductivity of the film was 
not observed around 2 K. The synthesis conditions must be 
optimized. Furthermore, the adhesiveness between the film 
and the substrate was not good enough, and the film 
exfoliated easily. This is another point to be improved on 
the synthesis of the nano-diamond films. It is possible, 
however, to compare the crystallinity between the front and 
the back of the film, i.e. the lower-G side and the higher. 
From the Raman spectrum measurements using an argon ion 
laser with a 488 nm wavelength, more intense peak around 
1330 cm-1 (green line in Fig. 2) originating from 
sp3-bonding of diamond is observed on the high-G side than 
on the low-G side. Two peaks in Fig. 2 around 1360 cm-1

and 1580 cm-1 originate from the sp2-bonding of graphite 
(black lines). Considering the fact that the excitation 
efficiency for the sp2-bonding with the Ar laser is more than 
several ten times larger than that of the sp3-bonding, it is 
possible to conclude that the diamond phase is more 
dominant at the higher-G side. In the present condition, 
however, the carrier doping in the diamond film is not 
achieved yet. And we will continue the efforts to find the 
optimum conditions to synthesize B-doped diamond thin 
films. 
  This research was performed in collaboration with Dr. T. 
Nishizaki of the Institute for Materials Research (IMR), 
Tohoku University. 

References 
1) E. A. Ekimov et al., Nature 428 (2004) 524. 
2) Y. Takano et al., Appl. Phys. Lett. 85 (2004) 2851.

Fig. 1  A photo of our ultracentrifugal machine generating 
over one million-g. In the main apparatus shown in the 
left hand of the picture, a �80 titanium-alloy rotor 
is settled inside. It rotates more than 170,000 rpm by
controlled compressed air flow. 

Fig. 2  The raman spectra of the lower-G (front) side and 
the higher-G (back) side of a mega-gravity treated 
nano-diamond thin film.

4-11



－ 142 －

JAEA-Review  2008-055
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The irradiation with heavy ions leads to various 
morphological evolutions of material surfaces as a result of 
a balance between roughening and smoothing processes. It 
is known that self-organized ripple patterns are formed on 
the surfaces in the case of off-normal incidence of ions. We 
concentrate on the study of ripple formation of carbon 
allotropes after irradiation under identical conditions. The 
ripples formed on carbon materials would be a key issue to 
discuss the mechanism of ion-induced liquid crystal 
alignment on diamond-like carbon. Further, periodical 
ripple patterns are expected to enhance a field emission 
property of diamond surface. Datta et al.1) observed ripples 
on diamond surface after irradiation with focused      
5–50 keV-Ga+ ions at incident angles larger than 40°. 
Adams et al.2) also demonstrated that focused 30 keV-Ga+

ions in the presence/absence of H2O formed periodical 
ripple patterns on diamond. According to the linear erosion 
theory developed by Bradley and Harper,3) similar features 
should be observed for all different carbon materials since 
all surfaces become amorphous already after low fluence 
irradiation. Recently, Takahiro et al.4) experimentally 
showed that different features appeared on graphite, 
diamond and amorphous carbon surfaces. In the present 
work, highly oriented pyrolytic graphite (HOPG) and single 
crystalline diamond were irradiated under identical 
conditions in order to investigate the allotropic effect on 
ripple formation.

The HOPG (0001) sample (1�1�0.1 cm3 in size), 
manufactured by Molecular Device Tools for Nano 
Technology, Russia, was cleaved with a Scotch tape just 
before irradiation. The diamond (001) sample 
(0.3�0.3�0.05 cm3) is a commercially available Ib-type 
diamond. The samples were irradiated with Xe+ ions of 
10–200 keV at an incident angle of 60° with respect to the 
sample normal at room temperature. The ion current density 

and ion fluence were 2–4 �A·cm�2 and 2�1017 Xe+·cm�2,
respectively. The surface topography of the eroded sample 
surfaces was examined with an atomic force microscope 
(AFM) in a contact mode.  

Figure 1 shows AFM images taken for HOPG and 
diamond irradiated with 200 keV-Xe+. Ripples are clearly 
seen on the irradiated HOPG and diamond surfaces, and 
they are aligned perpendicular to the ion-beam projection. 
The averaged ripple spacing for HOPG is found to be 
approximately 500 nm, much larger than that for diamond 
(320 nm). The line profile analysis reveals that the 
amplitudes of ripples, defined as height differences between 
hills and valleys, are typically 105 nm and 38 nm for HOPG 
and diamond, respectively. Thus, large differences in ripple 
wavelength and amplitude between HOPG and diamond 
were recognized. As seen in Fig. 2, the irradiation energy 
dependence of ripple amplitude for diamond is similar to 
that of sputtering yield calculated by the SRIM code, 
indicating that sputter erosion predominates in ripple 
formation of diamond. On the other hand, ripple amplitude 
for HOPG increases almost linearly with irradiation energy, 
quite different from the energy dependence of sputtering 
yield. This tendency suggests anomalous erosion in 
roughening process of HOPG, probably due to the layered 
structure of this material. 

References 
1) A. Datta et al., Phys. Rev. B 63 (2001) 125407. 
2) D. P. Adams et al., J. Vac. Sci. Technol. B 21 (2003) 

2334; Appl. Surf. Sci. 252 (2006) 2432. 
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4) K. Takahiro et al., Nucl. Instr. Meth. B 256 (2007) 378. 

DiamondDiamondHOPGHOPG

Fig. 1  AFM images of HOPG (right) and diamond 
(left) irradiated with 200 keV-Xe ions at 60� to 
2�1017 cm�2. Arrows indicate the projection of 
ion-beam direction. 

Fig. 2  Ripple amplitudes as a function of Xe+ energy 
for HOPG (�) and diamond (�). The energy 
dependence of sputtering yields (�) is also shown. 
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Interdiffusion Behavior at Spin-Injection Interfaces of 
Ferromagnetic Fe3Si/Semiconductor Heterostructures 
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Interdiffusion behaviors at Fe3Si/Ge heterostructures were investigated by Rutherford Backscattering spectrometry (RBS). 
Annealing experiments revealed that the interdiffusion of Fe and Ge atoms was caused above 673 K. We confirmed that the 
interdiffusion through the interface changed the film composition close to the equilibrium line between FeGe and FeSi phases.
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Fig. 2  Ternary interdiffusion coefficients and diffusion path 
in the isothermal section of the Fe-Ge-Si phase diagram 
at 450oC.
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Fig.1 Depth profiles of Fe, Ge ,Si and implanted Xe atoms 
in (a) the as-implanted sample and (b) the annealed 
sample.
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Control of Superconducting Properties of Y and Gd 
Series Tapes due to High-energy Xe Ion Irradiation 

followed by Thermal Annealing 
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A. Suzuki d) and T. Terai c)
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Management, The University of Tokyo, d) Nuclear Professional School, The University of Tokyo 

Thickness and element dependence of pinning properties of superconducting tapes prepared by pulsed laser deposition 
(PLD) method was investigated after ion irradiation and thermal annealing treatment in order to control their 
superconducting properties. In this study, YBCO tapes (layer thickness: 0.8 and 2.25 µm) and GdBCO tapes (layer thickness: 
2.25 µm) were irradiated with 450-MeV Xe23+ from 1.1×1010 to 7.6×1010 ions/cm2. As a result of ion irradiation, the 
enhancement of Jc was observed at the liquid nitrogen temperature of 77 K. After the ion irradiation, the samples were 
annealed at the temperature of 473 K or 673 K in the oxygen atmosphere for 2 h. From this study, it was clarified that the ion 
irradiation is effective in enhancing Jc especially for superconducting tapes which have thick YBCO layer, and that Jc lowers 
by the annealing after irradiation because radiation-induced defects are partly recovered by the thermal annealing. 
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Fig. 1  Jc improvement at 4 T
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   Mm (Misch metal) based alloys have been applied to the 
negative electrodes of Ni-H batteries in recent years because 
of their excellent hydrogen storage properties. In order to 
apply such alloys to hydrogen storage system in automobiles, 
further improvement of their hydrogen storage properties is 
indispensable.  In previous studies1,2), we have reported 
that the alkaline pretreatment of the alloy surface using 
LiOH, NaOH or KOH accelerates the rate of the initial 
activation. In this study, we investigate the effects of K ion 
(K+) irradiation on the electrochemical hydriding rate of the 
alkaline pretreatment Mm based alloys3).   

The samples used in this study were 
MmNi3.48Co0.73Mn0.45Al0.34 (Mm = La0.35Ce0.65) pellets.  
The weight, diameter, and thickness of the pellets are 1.08 g, 
12 mm and 1.2 mm, respectively.  K+ irradiation into the 
Mm pellets was made at an acceleration energy of 350 keV 
with a dose of 1� 1016 cm-2 using the 400 kV ion implanter 
at TIARA.  The samples were soaked in 6M-KOH 
solutions at 373 K for 30 min as the alkaline pretreatment 
after the ion irradiation.  In order to reduce the hydroxide 
layers formed by the pretreatment, the surface of the 
pretreated samples was rinsed in fresh distilled water at room 
temperature.  For the electrochemical measurements of the 
hydriding rate, either un-irradiated or ion irradiated Mm 
pellet was used as an anode.  An Hg/HgO electrode was 
used as the reference electrode1,2). For comparison, the 
hydriding rate was examined for the samples in which 
pretreatment was not performed. 
  Figure 1 shows hydrogen absorption curves of ion 
irradiated/un-irradiated Mm pellets with/without 6M-KOH 
pretreatment.  The hydrogen absorption rate of Mm pellet 
with 6M-KOH pretreatment increased as compared that of 
alloy without pretreatment.  Since the concentration of K 
atoms at the surface of Mm pellet becomes high by 6M-KOH 
pretreatment1,2), this result suggests that the hydriding rate is 
improved by K atoms at the surface.   
  Figure 2 shows the change in the hydrogen absorption rate 
(change rate) for Mm pellets with/without K+ irradiation. 
The change rate is defined as the ratio of hydrogen 
absorption rate for 6M-KOH pretreatment sample to that for 
non-pretreatment one.  The change rate for K+ irradiated 
Mm pellet was higher than that for un-irradiated Mm pellet, 
for example the value for the ion irradiated Mm pellet was 
more 2 times higher than that for un-irradiated one at 1 min.  
This result indicates that the effect of 6M-KOH pretreatment 
on hydrogen absorption rate was enhanced by K+ irradiation. 
The mechanism behind the improvement of the hydrogen 

absorption rate by K+ irradiation has not yet been clarified.  
Further investigations are necessary to reveal this 
mechanism.
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Fig. 1  Hydrogen absorption curves of K+ irradiated 
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   Mm (Misch metal) based alloys have been applied to the 
negative electrodes of Ni-H batteries in recent years because 
of their excellent hydrogen storage properties. In order to 
apply such alloys to hydrogen storage system in automobiles, 
further improvement of their hydrogen storage properties is 
indispensable.  In previous studies1,2), we have reported 
that the alkaline pretreatment of the alloy surface using 
LiOH, NaOH or KOH accelerates the rate of the initial 
activation. In this study, we investigate the effects of K ion 
(K+) irradiation on the electrochemical hydriding rate of the 
alkaline pretreatment Mm based alloys3).   

The samples used in this study were 
MmNi3.48Co0.73Mn0.45Al0.34 (Mm = La0.35Ce0.65) pellets.  
The weight, diameter, and thickness of the pellets are 1.08 g, 
12 mm and 1.2 mm, respectively.  K+ irradiation into the 
Mm pellets was made at an acceleration energy of 350 keV 
with a dose of 1� 1016 cm-2 using the 400 kV ion implanter 
at TIARA.  The samples were soaked in 6M-KOH 
solutions at 373 K for 30 min as the alkaline pretreatment 
after the ion irradiation.  In order to reduce the hydroxide 
layers formed by the pretreatment, the surface of the 
pretreated samples was rinsed in fresh distilled water at room 
temperature.  For the electrochemical measurements of the 
hydriding rate, either un-irradiated or ion irradiated Mm 
pellet was used as an anode.  An Hg/HgO electrode was 
used as the reference electrode1,2). For comparison, the 
hydriding rate was examined for the samples in which 
pretreatment was not performed. 
  Figure 1 shows hydrogen absorption curves of ion 
irradiated/un-irradiated Mm pellets with/without 6M-KOH 
pretreatment.  The hydrogen absorption rate of Mm pellet 
with 6M-KOH pretreatment increased as compared that of 
alloy without pretreatment.  Since the concentration of K 
atoms at the surface of Mm pellet becomes high by 6M-KOH 
pretreatment1,2), this result suggests that the hydriding rate is 
improved by K atoms at the surface.   
  Figure 2 shows the change in the hydrogen absorption rate 
(change rate) for Mm pellets with/without K+ irradiation. 
The change rate is defined as the ratio of hydrogen 
absorption rate for 6M-KOH pretreatment sample to that for 
non-pretreatment one.  The change rate for K+ irradiated 
Mm pellet was higher than that for un-irradiated Mm pellet, 
for example the value for the ion irradiated Mm pellet was 
more 2 times higher than that for un-irradiated one at 1 min.  
This result indicates that the effect of 6M-KOH pretreatment 
on hydrogen absorption rate was enhanced by K+ irradiation. 
The mechanism behind the improvement of the hydrogen 

absorption rate by K+ irradiation has not yet been clarified.  
Further investigations are necessary to reveal this 
mechanism.
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For last three years, we have performed the electron 
irradiation experiments on Fe 50%Rh intermetallic 
compound at the 5th target room of TIARA single-ended 
accelerator. Here the experimental results are summarized. 
The most fundamental and important parameter for 
estimating the amount of defects induced by charged 
particle irradiation is a threshold energy of atomic 
displacements. We have therefore determined the threshold 
values for both of Fe atoms and Rh atoms. A sheet of FeRh 
alloy was irradiated with 0.5-2.0 MeV electrons near 20 K 
and the change in electrical resistivity was measured in-situ 
as a function of electron fluence for each electron energy. 
Figure 1 shows the dependence of electrical resistivity 
change per unit fluence (resistivity change rate) on the 
electron energy. Below the energy of 0.5 MeV, resistivity 
change rate is zero. This means that neither Fe nor Rh atom 
can be displaced by electron with the energy of <0.5 MeV. 
Above the energy of 0.5 MeV, a finite value of resistivity 
change rate appears, implying that Fe atoms can be 
displaced above 0.5 MeV. Around 1 MeV, a kink is 
observed in the experimental curve of resistivity change rate. 
This shows that in addition to Fe atoms, Rh atoms also get 
displaced from this energy. As can be seen in Fig. 1, data 
analysis by using the formula of McKnley and Feshbach, 
the values of threshold energy for atomic displacements 
have been determined as 30 eV for Fe atom. The same 
analysis has been done after the subtraction of the 

contribution of Fe atom displecements (Fig. 2). From the 
curve fitting, we have determined the threshold energy for 
Rh atom displacemens as 45 eV.  

Next, the effect of energetic electron irradiation on the 
magnetic transition of FeRh alloy was studied. It is well 
known that Fe-50%Rh alloy shows ferromagnetic(FM)- 
antiferromagnetic(AF) transition near the room temperature 
and that this magnetic transition is accompanied by the 
change in electrical resistivity. Therefore, by measuring the 
electrical resistivity change in-situ during the electron 
irradiation, we can observe the change in magnetic 
transition temperature by electron irradiation. The value of 
electrical resistivity for unirradiated sample decreases 
suddenly near 300 K, corresponding to the FM-AF 
transition. After the irradiation, the temperature where the 
value of electrical resistivity changes shifts to a lower 
temperature side. It shows that the AF-FM magnetic 
transition temperature decreases by electron irradiation. This 
phenomenon has been confirmed by the magnetization 
measurements using a SQUID magnetometer. 

Finally, we studied electron irradiation induced lattice 
defects in FeRh by means of positron annihilation technique. 
The relationship between S-parameter and W-parameter for 
FeRh alloy irradiated with 0.8 MeV and 2 MeV electrons 
shows that the electronic structure around irradiation- 
induced vacancy-type defects depends on the energy of 
electrons.    

Fig. 1  Resistivity change rate as a function of electron 
energy. Results of curve fitting for Fe atom 
displacement are also shown. 
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Fluorine-doped synthetic amorphous SiO2 (a-SiO2) is suitable for investigating intrinsic defect processes in a-SiO2

because the concentrations of extrinsic defect precursors are lower than those in fluorine-free a-SiO2 commonly used for 
telecommunication fibers and ultraviolet optical components. In 60Co �-ray-irradiated fluorine-doped a-SiO2, oxygen 
vacancies (Si-Si bonds) are the most abundantly formed. The concentrations of Si–Si bonds and interstitial oxygen molecules 
(O2) increase almost linearly with the �-ray dose. These observations indicate that the primarily �-ray-induced intrinsic defect 
process in a-SiO2 is not a simple cleavage of an Si–O bond into a pair of dangling bonds, but the formation of the Frenkel 
pairs (oxygen vacancy and interstitial), demonstrating a similarity of intrinsic defect processes between amorphous and 
crystalline materials, but the structural disorder of a-SiO2 most likely enhances the formation of the Frenkel pairs. 
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Fig. 1  Dependence of the concentrations of NBOHC, E’
center, Si-Si bond, and interstitial O2 on absorbed �-
ray dose for fluorine-doped a-SiO2 thermally annealed 
at 900 or 1400 °C prior to the �-ray irradiation. 
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Various works on silicon (Si)-based luminescent 
materials utilizing the quantum confinement effect, such as 
Si nanocrystals (Si-nc’s), have been reported. Typical 
fabrication methods of Si-nc’s are co-sputtering of Si and 
SiO2,1) laser ablation,2) and Si-ion implantation into SiO2

plates or thermally oxidized Si wafers.3) We previously 
fabricated Si-nc’s including fused-silica substrates by using 
the Si-ion implantation method with subsequent annealing 
and observed blue photoluminescence (PL) from the 
substrates.4) In this work, we observed ultraviolet (UV)-light 
emission from Si-ion-implanted fused-silica substrates 
under other implantation conditions. 

Si ions were implanted into a fused-silica substrate   
(10 mm� 10 mm� 1 mmt) at room temperature in TIARA. 
The implantation energy was 80 keV, and the implantation 
amount was 2 � 1017 ions/cm2. The Si-implanted substrate 
was cut into four pieces (0.5 mm� 0.5 mm�1 mmt) using a 
diamond-wire saw, and the pieces were annealed in air for 
25 min at 1100, 1150, 1200, and 1250 oC in a siliconit 
furnace. PL spectra were measured at room temperature 
with excitation using a He-Cd laser (�=325 nm). A 
monochromator, a photomultiplier, and a lock-in amplifier 
were used in our measurements. Figure 1 presents the PL 
spectra of the four samples. UV-PL spectra having peaks 
around a wavelength of 370 nm were observed from all the 
samples. The UV-peak wavelengths of the samples are 
almost the same in spite of the various annealing 
temperatures. In our experiments, the UV-PL peak had a 
maximum intensity after annealing at 1250 oC, and the 
longer wavelength PL peak around 800 nm observed from 
the sample annealed at 1100 oC disappeared. 

It is well known that UV-light emission can be obtained 
from Si-based materials fabricated by various methods. UV 
PL having wavelengths of from 310 to 370 nm was 
observed from thin films containing Si-nc’s prepared by 
reactive laser ablation of Si targets.5) UV-PL spectra having 
a peak wavelength of around 370 nm were obtained from 
sputtered SiO2 films including Si-nc’s produced after 
thermal annealing at 800 to 1100 oC.6) The UV-light 
emission might originate from emission centers of interface 
layers between Si-nc’s and SiO2 matrices, and its intensity 
might be affected by sizes of Si-nc’s.6)  Sample A of 
oxidized porous Si in ref. 7 emitted UV light around a 
wavelength of 370 nm after thermal oxidization at 700 to 
1150 oC, and it was also explained that the UV-light 
emission seemed to originate from Si-nc’s and interface 

layers between Si-nc’s and SiO2 produced in the thermal 
oxidization process.7) Therefore, it seems that Si-nc’s and 
interface layers are formed in the samples. 

In addition to a blue PL peak, a PL peak around a 
wavelength of 800 nm in a wavelength range from red to 
infrared was observed for the samples annealed at 1100 and 
1150 oC. Such longer-wavelength peaks have been observed 
from Si/SiO2 multilayered films and were described as 
originating from interface layers between Si and SiO2.8)

From this consideration, the two PL peaks of our samples 
may also originate from interface layers between Si-nc’s and 
SiO2 media. However, we successfully obtained only the 
UV-light emission peak from our Si-ion-implanted samples 
after optimizing of the implantation conditions. 

UV-light-emitting materials are expected to be useful as 
light sources for optical pick-up systems. Therefore, we are 
trying to optimize the conditions of Si-ion implantation and 
annealing to improve the emission intensity and evaluate 
optical gains of the Si-implanted samples. 
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Fig. 1 Measured PL spectra of Si-ion-implanted 
fused-silica pieces annealed at 1100, 1150, 1200, and 
1250 oC.
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Ordered Fe3Si (DO3 structure) has been attracting much 
attention as a highly spin-polarized ferromagnetic material 
that can be adapted to a few spin-injection devices. Fe3Si 
can be classified as a Heusler alloy and can be expected to 
have highly spin polarized properties and a high Curie 
temperature of 567 oC, both of which are advantageous in 
enhancing spin-injection efficiency.� The molecular beam 
epitaxy (MBE) growth of Fe3Si on Si, Ge, or SiGe 
substrates could further enhance its applicability to 
IV-group-based spin-electronic devices. For Ge substrates, 
we have successfully accomplished high-quality epitaxial 
growth only on the (111) planes1,2). However, the dominant 
factor influencing the epitaxial growth of Fe3Si on Ge and 
Si has not yet been investigated in detail. 

In this study, we report the RBS characterization of 
Fe3Si/Ge(111) hybrid structures synthesized by MBE and 
discuss the crucial factors for the realization of high-quality 
epitaxial growth on Ge(111) substrates.  

Ferromagnetic Fe3Si layers were grown on Ge buffer 
layers (thickness: 20 nm) grown epitaxially on Ge(111) 
substrates by employing a solid-source MBE process using 
Fe and Si co-evaporation (deposition rates: 0.12–0.16 nm/s 
for Fe and 0.04 nm/s for Si). Rutherford backscattering 
spectroscopy (RBS) using 2 MeV–4He+; random spectra for 
determining the depth profiles of the concentration and 
aligned spectra for evaluating the quality of the axial 
orientation of Fe3Si along the Ge<111> crystal orientation 
were measured. The backscattering angle was set to 165o.

Figure1 shows the Fe-channel random and aligned spectra 

along the Ge<111> axis for the (4:1) and (3:1) composition 
films, which were prepared at growth temperatures of 200 
and 300 oC, respectively.  In this growth temperature range, 
we observed spectrum changes for both the films. The 
aligned spectra near the surface were affected by the 
presence of the surface oxide layer; therefore, we neglected 
the analysis of these surface regions in the calculation of the 
�min values. 

Figures 2(a) and 2(b) show the changes in the Fe and Ge 
concentrations near the interface and �min as a function of 
growth temperature, respectively. It indicates that high- 
quality epitaxial growth can be realized when �min is smaller 
than 4% at 130 oC and below 200 ºC for off-stoichiometric 
(4:1)- and stoichiometric (3:1)-Fe3Si, respectively. In the 
case of stoichiometric (3:1)-Fe3Si grown below 130 oC, we 
succeeded in realizing highly axial oriented crystal growth 
for the smallest �min value of 2.2% at such low growth 
temperatures. However, the increase in �min was induced by 
the concentration change above 200 or 300 oC. We found 
that this change in concentration was due to the 
interdiffusion between Ge and Fe atoms at the interface. 
This interdiffusion of Ge and Fe atoms at the Fe3Si/Ge 
interface strongly induces pronounced degradation in the 
epitaxial growth with the axial orientation of Fe3Si.

References 
1) T. Sadoh et al., Appl. Phys. Lett. 89 (2006) 182511. 
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Fig. 1  RBS spectra of both compositions Fe3Si prepared at 
growth temperatures of 200 and 300 oC. The left and 
right dotted lines correspond to the Fe3Si/Ge interface 
and Fe3Si surface, respectively. 

Fig. 2  Concentrations of the Fe and Ge atoms of the
silicide layers at the interfaces and �min as a function 
of growth temperature. 
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   Cathodoluminescence (CL) microscopy and 
spectroscopy were conducted on natural low-quartz samples 
after He+ ion implantation in order to quantitatively evaluate 
the relationship between dose and CL halo development. 
   He+ implantation experiments were performed with a 
3MV-tandem ion accelerator at the Takasaki Advanced 
Radiation Research Institute of Japan Atomic Energy 
Agency, where the condition was set at 4 MeV with a dose 
density over 1.77×10-5 C/cm2. The homogeneous He+ ion 
beam was irradiated perpendicularly on the polished surface 
of the quartz chips, which were prepared from quartz 
monocrystal from Minas Geras, Brazil. CL imaging and 
spectral measurements were carried out using scanning 
electron microscope combined with a grating 
monochromator (SEM-CL). 
   CL halos were observed in all samples after He+ ion 
implantation while no feature of radiation-damage was 
detected in SEM image (Fig. 1a) nor in optical observation 
under a polarized microscope. Figure 1 shows SEM and 
SEM-CL images of the sample irradiated by He+ ion with a 
dose of 3.544 × 10–4 C/cm2. CL halos were recognized in 
SEM-CL image as a luminescent band with a width of about 
14 µm paralleled to the irradiated surface (Fig. 1b). The 
width of CL halo is consistent with theoretical range of 
�-particles from disintegration of 238U in quartz1) and agrees 
closely with that previously observed in synthetic quartz 
after He+ ion implantation under the same condition with a 
CL microscope, LUMINOSCOPE 2).
   CL spectra with two peaks around at 400 nm (blue 
region) and 650 nm (red region) were obtained from the 
halo area at room temperature. These emissions might be 
assigned to [AlO4/M+] center and nonbridging oxygen hole 
center (NBOHC), respectively. Further addition of He+ ion 
irradiation results in an increase in CL intensity of blue 
spectral peak whereas the intensity in red region is 
unchanged. 
   CL line analysis with panchromatic CL mode was 
carried out along the line X-Y shown on SEM-CL image 
(Fig. 1b) at 200 points in the range of 35 µm at 1 point per 
second. The CL emission within the halo band gradually 
increased from the implantation surface to a depth of 14 µm 
(Fig. 1c). Regardless of He+ ion dose, this feature of CL 
halos was almost same in all samples, whereas the 
brightness of CL halo emission increased with increase of 
He+ ion dose. The increase of He+ ion dose leads to an 
enhancement of the overall intensity of CL halo area as 
similar as shown in CL imaging. The distribution pattern of 
CL intensity as shown in Fig. 1c looks similar with the 

Bragg’s curve, which shows specific energy loss related to 
specific ionization along the track of a charged particle. This 
pattern of CL intensity is consistent with that previously 
obtained in the study of synthetic quartz using CL CCD 
camera method 2).
   The He+ ion dose is related to integrated CL intensity 
obtained by subtracting the intensity of host material from 
intensity of CL halo area (shaded area in Fig. 1c). The 
integrated CL intensity increases with dose density, 
indicating that the CL intensity is a function of the 
population of the lattice defects created by He+ ion 
implantation. The CL halos are expected to be used for the 
dosimetry, and could be applied to the dating using 
radiation-damage in quartz. 

References 
1) Owen M.R., Geology 16 (1988) 529-532. 
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(2002) 261-266. 

Fig. 1  Secondary electron (a) and SEM-CL (b) images of 
natural quartz after He+ implantation with 3.544×10–4

C/cm2. Scale bar indicates 10 µm. The change of CL 
intensity obtained by CL line analysis via implantation 
depth from the surface to the inside (c). 
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The mechanical responses to the applied stress in 
nano-sized systems can be different from those in bulky 
ones because the motion of transporting careers is confined 
by the limited scale. In amorphous Si films bombarded with 
energetic ions, the lateral, viscous flow was induced through 
the quasi one dimensional motion of atom strings1). In 
polycrystalline Cu films, the unusual “parallel glide” was 
observed when the thermal stress was applied2). Now, it is 
inevitable to perform the systematic study under the 
well-prepared experimental conditions. 

In the present study, the compression tests employing the 
centrifugal method were made on the Cu-based epitaxial 
films to understand the mass-transport mechanism specific 
in the thin films. The depth-sensitive information of the 
tested samples was obtained with the Rutherford 
Backscattering spectroscopy (RBS). 

The epitaxial “sandwich-structured” films of         
Cu(200 nm)/Au-Cu(20 nm)/Cu(200 nm) were prepared at 
350 ºC under the UHV conditions. The Au/Cu ratio at the 
mid-layer was controlled to be less than 1/9 not to form the 
ordered alloys. The centrifugal treatments of the epitaxial 
films were made at 610 kG (1 G = 9.8 m/s2) as a function of 
time without the temperature rise. The RBS/ <111> axial 
channeling analysis was made to obtain the 
depth-distribution information of relevant elements and 
lattice disorders.  

Figure 1 shows a set of 2.7-MeV 4He+ RBS spectra from 
the “sandwich-structured” films before(-)and after the 
centrifugal treatments at 610kG for 15min.(�), 30min.(�) and  
45 min.(�), respectively. In the initial treatment for 15 min., 
the film thickness became smaller by amount of �5% but 
the further treatment for 30 min. resulted in some amounts 
of recovery in the film thickness. After 45 min. treatment, 
the film thickness recovered to the original one completely. 

Most of the changes in thickness are suffered on the top 
Cu-layer judging from the corresponding shifts of Au peaks 
without the significant changes of distribution features.  

The axial channeling alignments of the 
sandwich-structured films by detecting the planar 
channeling dips show the 6-hold symmetry, suggesting the 
coherently twinned growth along Cu <111>. Based on the 
detailed analyses of RBS/channeling data and X-ray 
diffraction data, the followings can be concluded: 
1) The minimum yield at the top Cu layer is kept to be 
around 6%, which is good enough to assess the possible 
changes of crystal quality after the centrifugal treatments. 
The lower aligned fraction and the sharp distribution 
features at the mid Cu-Au layer also contribute to the easy 
assessment of the crystal quality change and/or the possible 
atomistic transport. 
2) The application of the centrifugal forces (especially    
15 min.) induces the apparent plastic deformation by around 
5% that is supposed to be beyond the elastic limit, but 
judging from the aligned spectra,(not shown), it is difficult 
to find out the evidence of dislocation multiplication in the 
corresponding aligned spectra. It can be speculated that the 
centrifugal treatments may induce the quasi-elastic behavior 
reflecting the natures of twinned thin films. 
3) The comparison among the aligned Au spectra 
normalized to the random ones, “aligned fraction”, implies 
the systematic crystal-quality change by the centrifugal 
treatments. Before the treatment, “aligned fraction” is not 
uniform along the depth where the interface between the 
mid-Au-Cu layer and the top Cu layer is more disordered, 
but after the centrifugal treatment for 45 min., “aligned 
fraction” becomes uniform along the depth. This result can 
be explained by the strain relaxation associated with the 
quasi-elastic behavior in the “sandwich-structured” films by 
the centrifugal treatments. 

The further crystallographic approach of the mechanical 
responses may provide us the conclusive results. 

   

Fig. 1  RBS spectra from the “sandwich-structured” films 
under the random condition are illustrated 
semi-logarithmically, where the contribution from an 
�-Al2O3 substrate is not included for the simplicity.  
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One of the well-known standards for describing 
radiation damage density in solids irradiated with high 
energy (keV-MeV) particles is called dpa (displacements 
per atom). Radiation damage created by different radiation 
conditions can be compared respectively with the common 
standard, if dpa is adopted. Especially when the target 
material is a simple metal, this evaluation method is widely 
used.  This is because relatively simple defects are created 
in an irradiated simple metal which consists of one atom 
species.  Moreover, elastic displacement is the only origin 
of the defect formation for simple metal, and this facilitates 
the estimation of the dpa value. 

However, it is not established for oxide ceramics 
materials that this method can be simply applied for the 
estimation of damage density. For oxide ceramics, the 
method for experimentally evaluating radiation damage has 
to be re-examined in the first place. 

In this study 2.5 MeV electrons were irradiated to CeO2

thin film at room temperature. For evaluating radiation 
damage in oxide sample, X-ray diffraction method is 
adopted because of the following reasons.  The first reason 
is that the radiation damage can be quantified by the change 
in the intensity of diffraction peak as it reflects the damage 
created in crystal lattice structure.  The second reason is 
that the atomistic defects, for example Frenkel pairs, can be 
detected by X-ray diffraction method, while microscopic 
observation method, such as transmission electron 
microscope, can hardly detect independent Frenkel pairs. 
The third reason is that X-ray diffraction method is 
applicable to all crystalline samples including electrically 
insulating materials, while electrical measurements cannot 
be applied to insulating materials.  The energy of 2.5 MeV 
is adopted, since in this energy range the irradiation with 
electrons is known to cause elastic displacements of target 
atoms, and relatively simple defects are created. 

Thin film of CeO2 was irradiated with 2.5 MeV electron 
beam.  The thickness of the films was about 0.3 �m which 
is thin enough for the electrons to pass through the film.  
The irradiations were performed at room temperature, and 
the X-ray diffraction pattern was measured before and after 
the irradiation.  

In Fig.1 the XRD peaks corresponding to (002) 
reflection before and after the irradiation are respectively 
shown. Three data for unirradiated films are shown to 
demonstrate error originated from sample dependence.  
The first finding is that the intensity of the peak drastically 
decreases after the irradiation. This suggests that 
crystalline structure is disordered due to the 

irradiation-induced point defects. Although the point 
defects are prone to annihilate by thermal energy, they 
survive even after the irradiation at room temperature. The 
second finding is that peak position hardly changes after 
the irradiation. This is clearly demonstrated also in Fig.2, 
where normalized XRD profiles are shown for the purpose 
of comparing the shape and position of the peaks. From 
this figure, it is found that the shape and position of the 
peaks hardly change after the irradiation. One of the 
possible interpretations of above results is as follows. 
Disordered region and undisordered region are clearly 
separated each other in the irradiated sample. The former 
region contributes to decrease in peak intensity, but does 
not contribute to change in the peak shape and position.  
The latter region is survived undamaged, and thus the 
shape and position of the peak is unchanged.

Fig. 1  XRD peaks corresponding to (002) reflection for 
unirradiated and irradiated CeO2 thin films. 

Fig. 2  XRD peaks corresponding to (002) reflection 
normalized by the maximum value of the peaks for 
unirradiated and irradiated CeO2 thin films.
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Hydrogen Implantation Using a Slow Positron Beam 
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Behaviour of defects introduced by ion beam 
implantation to silicon carbide (SiC) has been investigated 
by positron annihilation spectroscopy1). It is known that 
quantum structures, such as microvoids or bubbles, will be 
formed by high-dose implantation2). However, the 
interaction between positrons and quantum structures are 
not clarified in detail. We attempted to study the 
fundamental aspects of interaction between positrons and 
defects in SiC induced by implantation of hydrogen and 
helium ions.  

Samples were formed by helium and hydrogen 
implantation to the n-type 4H-SiC substrate with the energy 
of 50�200 keV to dose of 1�1017 cm-2. High temperature 
implantation was carried out for avoiding amorphization. 
After implantation, the samples were annealed in an argon 
ambient at 100~1400 °C. Doppler-broadening of annihilation 
quanta was measured as a function of incident positron 
energy (E). The obtained Doppler broadening spectra were 
characterized by S-parameter which increases when 
positrons are trapped at vacancy defects. Also, S parameter 
tends to increase with increasing the size of defects. All the 
S parameters were normalized to the bulk value. 

Figure 1 shows the energy dependence of S parameters 
of the helium implanted SiC for the various annealing 
temperatures. S parameter changes mainly at E=3~15 keV. 
This corresponds to the ion implantation region. Figure 2(a) 
shows the annealing behavior of the average S parameter at 
E=5~10 keV. The annealing process can be divided into 
three stages: (1) the decrease at 0- 600 oC; (2) drastically 
increase at 1000 oC and (3) recovery above 1400 oC. The 
stage (1) is interpreted as the trapping of helium ions to 
defects. The stage (2) corresponds to the microvoid 
formation by the agglomeration of small defects. Microvoid 
formation was also confirmed by the cross-sectional 
transmission electron microscope (TEM) observation   
(Fig. 3). The spherical structures with approximately 10 nm 
diameters were observed. This contrast corresponds to the 
microvoids. At the stage (3), S parameter does not decrease 
to the bulk value. This shows that microvoids do not 
disappear by high temperature annealing over 1400 oC due 
to the highly thermal stability. As mentioned above, 
positrons can interact with the defects introduced by the 
helium irradiation.  

The annealing behavior of S parameter by the hydrogen 
implantation is also shown in Figure 2(b). S parameter 
decreases up to 600 oC as well as the case of the helium 
implantation. S parameter increases drastically at 800 oC
and then decreases at 1000 oC. This corresponds to the 
formation and disappearance of microvoids. In addition, S 

parameter increases again with the increases of annealing 
temperature. This is because of flaking off the sample by the 
hydrogen implantation. Changes of S parameters are overall 
small unlike the case of helium implantation. This might be 
because the defect size becomes small due to the adsorption 
of the hydrogen on the surface of microvoids. Microvoid 
formation by hydrogen implantation is quite different from 
the case of the helium implantation. 

In summary, defects in SiC formed by helium and 
hydrogen implantation were probed by positron annihilation 
spectroscopy. Clear differences of the microvoid formation 
by the ion species were observed. 
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Fig. 1 S parameters for the bulk SiC and helium 
implanted SiC. S parameters are normalized to these 
for bulk SiC. 
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Fig. 2 Average S parameters at E=5~10 keV for the each 
annealing temperature.  
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Fig. 3  The cross-sectional TEM image of ion implanted 
region for helium implanted SiC. 
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When charged particles are incident on materials, 
various energy loss processes such as plasmon, phonon, and 
core-level electron excitations occur. In the case of the 
electron beam at grazing incidence, the surface plasmon 
excitation is known as a dominant process for the energy 
loss. According to the theoretical study1), it was found that 
mean excitation number of the surface plasmon is 
proportional to 1/sin� (�: glancing angle of the incident 
beam) and the loss peak intensities are governed by Poisson 
distribution. Recently, by using reflection high-energy 
electron diffraction (RHEED), the excitation process of the 
surface plasmon has been extensively investigated2-4). On 
the other hand, the studies of the energy loss process by 
positrons are limited as compared to the studies using the 
electron beam. 

The positrons are the antimatter of electrons, having the 
same mass as the electrons and positive charge. Owing to 
the positive charge, the total reflection for positrons takes 
place at grazing incidence5-6). Under the total reflection 
condition, the energy loss process by the positron beam is 
considered to be different from that by electrons. In this 
study, we developed an energy analyzer for the reflection 
high-energy positron diffraction (RHEPD) and measured the 
energy loss spectrum of the intensities of the totally 
reflected spot from the Si(111)-7×7 surface. 

The energy analyzer developed in this study is a 
retarding field type and composed of cylindrical lens and 

retarding grid mesh7). The positron beam was generated 
with a 22Na positron source and tungsten moderator8). The 
diffraction patterns passing through the energy analyzer 
were enhanced using a micro-channel plate (MCP) with a 
phosphor plane and taken by a charge coupled device 
(CCD) camera. The accelerating voltage of the positron 
beam was set at 7 kV. The retarding voltage was changed 
from 6975 to 7005 V at a step of 1 V. 

Samples were cut from a mirror polished n-type Si(111) 
wafer with a resisitivity of 1-10 �cm. They were annealed 
at 400 °C over night and flashed at 1200 °C in a few 
seconds several times to produce the 7×7 reconstruction. 

Figure 1 shows the energy loss spectrum of the specular 
spot intensities from the Si(111)-7×7 surface. The glancing 
angle is 2.2°, which satisfies the total reflection condition. 
The incident azimuth corresponds to 7.5° away from the 
[ 211 ] direction. In this energy loss region, two prominent 
loss peaks are identified at around 10 and 20 V. Since the 
surface plasmon energy for the Si is estimated to be 
approximately 11 eV, these peaks correspond to single 
(denoted as SP1) and double surface plasmon losses 
(denoted as SP2), respectively. The peak intensity of the 
double surface plasmon loss is larger than the single one. 
Thus, the mean excitation number of the surface plasmon is 
larger than 1. Moreover, these loss peak intensities are much 
larger than the zero loss (elastic scattering) one. Therefore, 
totally reflected positrons mostly lose the energy due to the 
surface plasmon excitations. 

In conclusion, the most of the totally reflected positrons 
excite the surface plasmons near the crystal surface. 
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Fig. 1  Energy loss spectrum of the intensity of the 
specular spot from the Si(111)-7×7 surface in the 
RHEPD under the total reflection condition. 
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The Ge(111)-�3×�3-Sn surface is formed by depositing 
1/3 monolayer (ML) Sn atoms on a Ge(111)-c2×8 surface. 
The surface shows a �3×�3 structure at room temperature, 
while below 220 K the surface undergoes the phase 
transition to 3×3 structure. This change of the surface 
structure has been described as a charge density wave 
transition1). Then, this transition was proposed to be 
thermally fluctuated rippled structure by angle-resolved 
photoemission spectroscopy2). In 2006, Cortés et al. found 
that the 3×3 structure reverts to a new �3×�3 structure 
below 30 K3). They reported that the angle-resolved 
photoemission spectroscopy experiments show that, 
concomitantly with the structural phase transition, a 
metal-insulator transition takes place3). The new �3×�3
ground state is interpreted as a Mott insulator3). However, 
the mechanism of the phase transition and the displacement 
of Sn atoms are not fully clarified. In this study, on the basis 
of the rocking curve analyses using reflection high-energy 
positron diffraction (RHEPD), we will report on the atomic 
displacement due to the phase transition. 

Experiments were carried out in an ultra-high vacuum 
(UHV) chamber equipped with a positron source of 22Na 
and magnetic deflection lenses. The energy of the positron 
beam was set at 10 keV. The rocking curves were obtained 
by changing the glancing angle of the incident beam from 
0.7° to 6.0° with an interval of 0.1°. The azimuthal angle is 
7.5°-off oriented from the [ 211 ] direction. This is called the 
one-beam condition. In the one-beam condition, the 
influence of simultaneous reflections parallel to the surface 
is sufficiently suppressed. Hence, the rocking curve depends 
only on the atomic positions normal to the surface. 

The sample was cut from a mirror-polished n-type 
Ge(111) wafer (~35 �cm). A clean Ge(111)-c2×8 surface 
was obtained by repeated sputtering (Ar+, 0.8 kV) and 
annealing cycles (800 K, 10 min) in an UHV chamber at a 
base pressure of 10-3 Pa. The formation of the Ge(111)-c2×8
surface was confirmed by reflection high-energy electron 
diffraction (RHEED). The Ge(111)- �3×�3-Sn surface was 
prepared by the deposition of 1/3 ML of Sn on a clean 
Ge(111)-c2×8 surface kept at 500 K using the electron beam 
evaporator. After the deposition, the surface was annealed at 
500 K for 1 min so as to obtain sharp �3×�3 pattern in 
RHEED.

Figure 1 displays the rocking curves of specular spots 
measured from the �3×�3 (293 K) and 3×3 (110 K, 29 K) 
surfaces. The intense (111) Bragg peak and the distinct dip 
in the total reflection region can be seen in the curve. The 
profiles of the rocking curves do not change with 
temperature (293 K and 110 K). We found that the vertical 

positions of the Sn atoms do not change during the phase 
transition4). On the other hand, there are slight differences 
between the curves at 110 K and 29 K. The positions of the 
dip and the (111) Bragg peak shift to the low glancing angle. 
Moreover, the shoulder of the (111) Bragg peak becomes 
wider. Therefore, we found that the 3×3-�3×�3 phase 
transition at 30 K occurs accompanied with their differences. 
However, the diffraction pattern showed still 3×3 structure 
at 29 K. 

We also measured the temperature dependence of the 
totally reflected RHEPD intensity. The (0 0) spot intensity 
gradually decreases with increasing temperature for the 
�3×�3 phase. In the �3×�3 phase, the temperature 
dependence of the intensity is simply described as the 
thermal vibration. However, in the 3×3 phase, the spot 
intensity steeply increases with increasing temperature. We 
found that this extraordinary change arises from the 
softening of the phonon mode at Sn atoms. Therefore, the 
experimental result suggests that the order-disorder phase 
transition with the softening of the surface phonon takes 
place at 220 K. We consider that the softening of the surface 
phonon is closely related with the 3×3-�3×�3 phase 
transition at 30 K. 
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Fig. 1  RHEPD rocking curves for the Sn/Ge(111) 
surface under the one-beam condition. 
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Hydroxymaleimide was irradiated in N2-saturated 2-propanol with 350 MeV Ne-ion, 100 and 50 MeV He-ion beams from 
the AVF cyclotron in the TIARA Facility. The apparent G-values of reduction of hydroxymaleimide obtained in N2-saturated 
system were 3-5 times larger than those in air-saturated system. The dose rate effect, that is, the degradation efficiency of 
irradiation at 2 nA was 1.6 times larger than that at 20 nA, was also found in this system. 
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Introduction 
High energy heavy ions have the unique irradiation 

effects, and are used for the various basic and application 
studies in chemical and biological fields. The irradiation 
effects are resulted in the high density and 
non-homogeneous distributions of initial transient species 
and subsequent reactions in track. Hydroxyl(OH) radical is 
the most important radical for oxidations in water. In a 
previous paper1,2), we estimated the formation yield of the 
OH radicals depending on the energy and mass of the 
incident ions, and on the elapsed time under the � � � �

18 MeV/u-energy heavy ion irradiations by the product 
analysis method. Time-resolved spectroscopy is a very 
effective method for observing chemical reactions directly 
under heavy ion irradiations. We constructed a highly 
sensitive transient absorption measurement system to 
investigate the effects of the heavy ion irradiations on 
chemical and biological substances. 

Experimental 
The heavy ion beam originated from an ECR ion source 

was a direct current, and pulsed by a beam chopper as 
shown in Fig.1. The time-width of the pulsed ion beam was 
controlled arbitrarily in the time range from ns to s by a 
pulse generator, which was synchronized with an AVF 
cyclotron. The pulsed ion beam then was accelerated by the 
cyclotron to a desired energy. Pulse width and electric 
charge contained in each ion pulse were estimated by 
measuring the output of a Faraday cup directly by an 
oscilloscope. The profile of the ion pulse was also 
monitored by the measurement of the 330-nm fluorescence 
from a plastic scintillator, which was put on the same 
position of the sample cell, by a photomultiplier tube 
assembly. A laser diode and Xe lamp were used as probe 
light sources. The probe light was introduced to the sample 
cell at about 30 degree against the axis of the pulse ion 
beam, and detected by a Si photodiode.  

KSCN was chosen as a standard sample for the 
evaluation of the specification of the constructed transient 
absorption measurement system, because the rate constant 
of KSCN with OH radicals are large and formed radical, 
(SCN)2

-, has the large molar extinction coefficient. The 
aqueous KSCN solutions were put into a stainless steal 
irradiation cell, which has a square structure of 20�2 mm. 
The cell has glass windows of 50-�m thickness at the top 
and bottom for the heavy ion irradiation and the optical 
measurements. This sample depth is sufficiently larger than 

the penetration range of the ions used.  

Results and discussion 
Basically, the ion beam from the cyclotron consists of 

the fine structure pulses with a few ns pulse width at a high 
frequency of 15-20 MHz. When the optical system had been 
not synchronized with the cyclotron, each fine pulse could 
not be observed and the time-jitter was larger than 100 ns. 
The time-jitter was, however, improved to a few ns by the 
synchronization and each fine pulse could be observed. The 
optical absorbance (OD) of (SCN)2

- produced in the 
aqueous solution was estimated as follows,  

   OD = log(I0/I)          (1) 
where I0 and I are optical intensity before and after the 
irradiation. A quite small absorbance measurement less than 
10-4 was achieved by taking the differential of the probe 
light intensity before and after the pulsed ion irradiation. 
Four kinds of the ions, H (20 MeV/u), He (12.5 MeV/u), C 
(18.3 MeV/u) and Ne ion (17.5 MeV/u), are possible for the 
pulsed ion irradiation and transient absorption measurement 
at the present stage. The wavelength range, which can be 
observed, is 400 to 740 nm. 

References 
1) M. Taguchi and T. Kojima, Radiat. Res., 163 (2005) 

455-461. 
2) M. Taguchi and T. Kojima, Nuclear Science and�

Techniques, 18 (2007) 35-38. 

Fig.1 Schematic presentation of the time-resolved optical 
measurement system under the pulsed heavy ion 
irradiation synchronized with the AVF cyclotron. 
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Scintillators 
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M. Taguchi d) and K. Hirota d)

a) The Institute of Scientific and Industrial Research, Osaka University, b) Faculty of Engineering, 
Kyoto University, c) Department of Advanced Radiation Technology, TARRI, JAEA, 

d) Environment and Industrial Materials Research Division, QuBS, JAEA 

An ion-beam pulse radiolysis system was developing for elucidation of the initial process of ion-beam induced chemical 
reaction. Our unique measurement method was developing using a scintillator. An analysis light-source and excitation are�
arranged on a track of the ion-beam linearly strictly. Time synchronization between the excitation and the analysis light are�
also strictly same. The ion pulse radiolysis can realize high spatial resolution and high time resolution by our methods. In this
study, we studied at the extension of the wavelength, extension of the time-domain, and extension in the LET-domain, of the 
heavy ion pulse radiolysis.� �
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Fig. 1  Luminescence spectra of scintillators by 
electron beam. 

Fig. 2  Luminescence of the plastic-scintillator induced 
by semi-single shot 100 MeV He2+ ion beam.
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Extraterrestrial Environments by High-Energy 
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c) Environment and Industrial Materials Research Division, QuBS, JAEA 

We verified the possible formation of organic compounds in simulated extraterrestrial environment (interstellar dust 
particle and Titan atmosphere) and simulated primitive Earth atmosphere by irradiation of protons from the TIARA tandem 
accelerator and cyclotron.  TEM observation of the tandem products showed that the structure consisted of globules was 
formed.  Amino acids were detected after hydrolysis of all the products.  It was shown that the large energy deposit made 
more amino acids.  G-value of Glycine from CH3OH-NH3-H2O by protons from the cyclotron was lower than heavy ions. 
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Fig. 1  TEM image of the complex structures like 
aggregated globules formed from simulated 
primitive Earth atmosphere by proton irradiation. 
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We have recently reported on radiation-induced 
reactions in binary systems that in aqueous solutions 
recovery of platinum-group elements and non-toxic 
treatment of asbestos were each accelerated by adding solid 
oxides to the solution1), and that the radiolytic behavior of 
amides in n-dodecane was dependent on aqueous solution 
contacting with the n-dodecane 2). To elucidate their 
heterogeneous reactions, the primary processes of oxides 
involved in metal reduction or hydrogen production 3) in 
aqueous solutions, and the LET effect of radiolysis of 
amides in n-dodecane were further investigated in fiscal 
2007. 

The samples of aqueous or organic solution systems 
were irradiated at ambient temperature by using electron 
beams (initial energy: 0.5-2.0 MeV) and gamma-ray 
(averaged energy: 1.25 MeV) at JAEA-Takasaki: the 
dosimetry of sample was made by using CTA-film and/or 
solution dosimeters. After the irradiation, ions or molecules 
formed in the liquid part of sample were measured by using 
spectrophotometry, ICP-AES or liquid chromatography; the 
gas part such as H2 by using gas chromatography. 

In order to observe the interaction between oxide 
particles and radiolysis products of water, reductions of 
dichromate Cr(VI) and ceric ions were studied in aqueous 
solutions containing colloidal silica. Figure 1 shows the 
reduction yields of Cr(VI) in the radiolysis of acidic 
aqueous solution, illustrating that the yield increased with 
increasing the silica concentration in the absence of t-BuOH, 
and that at the concentration higher than 7.5 wt% or in the 

presence of t-BuOH, it became constant (0.13-0.14 �mol/J). 
Based on the facts that the constant value of yield can be 

explained by the primary yields of water radiolysis and that 
t-BuOH is ready to react with an oxidizing species of OH to 
reduce Cr(VI), the results suggested that the addition of 
colloidal silica brought about the reduction of Cr(VI) via the 
conversion of oxidizing species to reducing one. 

We have been also studying H2 production in aqueous 
solutions containing oxide particles to find out the effective 
condition for the production not only in kinds of solutions 
and oxides3), but also in composition and structure of oxide. 
In the present study, the H2 production was measured in 
acidic aqueous solution containing alumina powders with 
some crystal structures: ��(trigonal corundum structure), 
��(hexagonal spinel) or � (monoclinic). 

Figure 2 shows the typical results of production yields as 
the respective bar graphs, in which the specific surface area 
are indicated. When compared with the yields in aqueous 
solutions in the absence of alumina (AKP-50), those in the 
presence increased: the order was [water] < [0.4 mol/L 
H2SO4] < [water+alumina] < [H2SO4+alumina]. The yields 
for alumina powders with 3 crystal structures (TMD-100D, 
TMD-300D, TMD-DR) became different from each other, 
suggesting that the yields of H2 production were dependent 
on the structures rather than the specific surface area. 

References 
1) R. Nagaishi et al., JAEA 2007-060 (2008) 161. 
2) Y. Sugo et al., Radiat. Phys. Chem. 76 (2007) 794. 
3) R. Yamada et al., Int. J. Hydrogen Ener. 33 (2008) 929.
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Fig. 1  Reduction yields of Cr(VI) ion in 0.1 mol/L HClO4
containing colloidal silica. The yields in the absence of
t-BuOH suggested the interaction between the colloidal 
silica and oxidizing species of water radiolysis. 
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Fig. 2  H2 production in 0.4 mol/L H2SO4 solution 
containing various aluminum oxide powders. The 
production yield was enhanced by adding the powders 
and was dependent on the crystal structure of oxide.
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Alpha-radiolysis of Organic Extractants for the 
Separation of Actinides 
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For the purpose of reduction in the long-term 
environmental burden of high-level radioactive waste 
(HLW) from nuclear fuel reprocessing, we have developed a 
tridentate diamide, N,N,N',N'-tetraoctyldiglycolamide 
(TODGA)1) as one of the most promising extractants for the 
recovery of long-lived actinides such as americium and 
curium. In order to evaluate the applicability of TODGA to 
the process under high radiation exposure, the radiolysis of 
TODGA was investigated by the irradiation with 60Co �-rays 
and electron pulses in the previous study2). It was obvious 
that n-dodecane, which was used as a diluent, had a 
sensitization effect on the radiolysis of TODGA. From the 
pulse radiolysis study, it was concluded that the 
sensitization effect of n-dodecane was mainly due to a 
charge transfer reaction from radical cations of n-dodecane 
to TODGA molecules in the primary process. 

In the actual partitioning process of HLW, the organic 
extractants will be exposed to �-particles emitted by 
�-decay of the actinides. The common energies of the 
�-particles are approximately 5 MeV. Since the energy 
deposition of �-particles is quite different from that of 
�-rays, it is essential to investigate �-radiolysis of the 
organic extractants. In contrast to the irradiation using an 
actinide radionuclide as an �-particles emitter, the 
irradiation with �-particles provided by an accelerator can 
be carried out in a reasonable timescale and without 
contamination with radionuclides.  

In this study,��-radiolysis of TODGA in n-dodecane 
was investigated by the irradiation with helium ions 
accelerated by the AVF cyclotron using the HY1 irradiation 
apparatus in the TIARA facility. The solution of TODGA in 
n-dodecane was irradiated with helium ion beam according 
to the schematic diagram of the irradiation system shown in 

Fig. 1. The area of the irradiated surface of the sample was 
13.8 cm2. The thickness of the sample was larger than the 
range of the ion beam. The incident energy of ions on the 
surface of the sample was attenuated by aluminium foils and 
determined by silicon semiconductor detector. The sample 
was also irradiated with 60Co �-rays for comparison of the 
radiation chemical yields between helium ions and �-rays. 
The concentration of TODGA before and after irradiation 
was determined using a capillary gas chromatography 
equipped with a flame ionization detector.

Yields for the degradation of TODGA in n-dodecane by 
irradiation with helium ions and �-rays are plotted against 
dose in Fig. 2. This figure indicates the both degradation 
yields increase with dose, and the yield by helium ions is 
not more than that by �-rays. It was also observed the 
radiation chemical yield gradually increased with the 
incident energy of helium ions. These results suggest that 
the radiolytic degradation of TODGA in n-dodecane is 
reduced in the irradiation with high LET radiations such as 
�-particles emitted by the actinides.  

References 
1) Y. Sasaki et al., Solv. Extr. Ion Exch. 19 (2001) 91. 
2) Y. Sugo et al., Radiat. Phys. Chem. 76 (2007) 794.
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 Sample: 10 mmol/L TODGA in n-dodecane, helium 
ions: incident energy of 16.8 MeV, fluence rate of
1.25�109 ions/cm2/s, �-rays: dose rate of 4.8 kGy/h.

Sample

Al foil

Ti foil

4He2+ ions

(He atmosphere)
(vacuum)

AVF cyclotron

Kapton film

Fig. 1  Irradiation with helium ions accelerated by the AVF 
cyclotron using the HY1 irradiation apparatus. 
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In radioactive waste disposal system, after a failure of 
waste package, radiolysis of groundwater would occur on 
the vitrified waste matrix. While hydrogen is relatively inert 
and dissipated, oxidants like H2O2 and O2 would make the 
surroundings an oxidizing environmental condition and 
eventually accelerate radionuclide migration in the 
near-field due to weaker sorption and higher solubility in 
oxidizing condition. 

Solutes in groundwater would affect radiolysis of water. 
Typical groundwater contains bicarbonate or chloride as 
most abundant ions. However their effects on G-values and 
their reactions have not been systematically studied in the 
concentration range of typical groundwater composition. 
Thus we have studied gamma-radiolysis of bicarbonate 
aqueous solutions and measured concentration of molecular 
products (H2O2, H2, and O2) in solution after irradiation to 
clarify which reactions and rates constants of solutes should 
be included in modeling the radiolysis of aqueous solutions, 
since homogeneous reactions of radiolytic products in 
solutions are common in gamma- and alpha-radiolyses. 
Their changes upon irradiation time and solute 
concentration were successfully reproduced by 
homogeneous kinetic model calculation1).

In the current safety assessment of disposal system, it is 
assumed that overpack would be breached after 1000 years 
after disposal, and alpha decay would be dominant in terms 
of radiolysis on the waste surface. We have performed the 
homogeneous model calculation of alpha-radiolysis of those 
solutions2). In the case of alpha-radiolysis of water, it was 
predicted that H2O2 and H2 were accumulated at the 
constant rate, and solutes reduced the accumulation rate of 

H2O2.
To confirm the results of above model calculation on 

alpha-radiolysis, we have performed helium ion beam 
irradiation of sodium bicarbonate aqueous solutions, since 
significantly higher ion flux can be obtained compared to 
the case of typical alpha emitter (e.g.241Am) that reduces 
irradiation time, and irradiation conditions such as 
acceleration voltage and ion flux can be controlled. 
Irradiation was performed with the AVF cyclotron in 
TIARA (Takasaki Ion Accelerators for Advanced Radiation 
Application), JAEA. Aerated sodium bicarbonate aqueous 
solutions were irradiated with 4He2+ at 20 MeV for 2, 5, and 
10 minutes, and H2O2 concentrations were measured. As 
shown in Fig. 1, H2O2 concentrations increased almost 
linearly with time corresponding to dose in all cases. Their 
rates were reduced by increasing concentration of solutes. 

Since the energy of the helium ion is higher than that of 
typical alpha-particles, G-values of water were assumed as 
shown in Table 1 based on the spur-diffusion model type 
calculation assuming cylindrical track structure with a LET 
value of 20 MeV 4He2+ calculated by the SRIM-2006 code.  

Figure 1 also shows calculated values of H2O2

concentration in water and sodium bicarbonate solutions by 
a homogeneous reaction model. A slow reaction of H2O2

with HCO3
- was added to the model as lines. Calculated 

values of H2O2 concentrations increased almost linearly 
with reduced accumulation rates by addition of sodium 
bicarbonate, and in the case of 0.03% NaHCO3 the 
agreement with experimental values is fairly good. 
Discrepancies at larger accumulated doses might be partly 
due to dissipation of radiolytic products to gaseous phase.

This study is a part of 
the Project for assessment 
methodology development 
of chemical effects on 
geological disposal system 
funded by the Ministry of 
Economy, Trade and 
Industry, Japan. 

References 
1) M. Yamaguchi et al., 1st 

APSRC, PR22 (2006). 
2) M. Yamaguchi et al., 

ASR2007, PA22 (2007).

Fig. 1 Measured (symbols) and calculated (lines) 
concentration of hydrogen peroxide after helium ion 
irradiation. 

Species G-value
e- 0.204
H 0.498 
H2 0.763 
OH 0.458 

H2O2 0.832 
H+ 0.396 

OH- 0.173
HO2 0.027 
O2- 0.019
O2 0.013 
O 0.073 

Table 1  Calculated G-values 
of water by 20 MeV 4He2+.
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Neutron production double differential cross sections 
(DDXs) on beryllium bombarded with low energy protons 
and deuterons are important as a source term for medical 
therapy and material irradiation facilities.  Nuclear data 
provided by the ENDF/B-VII files and the calculated data 
by the PHITS code with the JQMD model are used for the 
source term calculation.   PHITS code1) (PHITS/JQMD) in 
which the quantum molecular dynamics and statistic decay 
model are implemented, successfully generates 
nucleon-induced and charged-particle induced 
neutron-production DDXs in the energy region above   
100 MeV/u2).  The accuracy of the ENDF/B-VII files and 
the PHITS code should be checked based on systematic 
experimental data in low energy region.  In this report, we 
describe the experiment and comparisons between 
experimental data and the PHITS calculation results. 

The experiments were carried out with 10 MeV proton 
and deuteron beams delivered to the HB-1 beam line at the 
AVF cyclotron facility.  The neutron time-of flight (TOF) 
measurements were performed using NE213 organic liquid 
scintillators (5.08 cm diameter, 5.08 cm long).  The 
detectors were placed in directions of 15, 30, 45, 60, 75, 90 
and 120o with flight path lengths of 2.0 m.  The thickness 
of the beryllium target was 15 �m. 

Neutron production DDXs from proton incidence are 
shown in Fig. 1.  The experimental data showed two peaks 
corresponding to the ground-state neutrons (n0) from the 

9Be(p,n)9B and a neutron energy group (n1) which leaves 9B
in the 2.3 MeV first excited state.  Continuum neutrons 
were also observed because thresholds for several 
three-body break-up reactions are low and these can give 
low energy continuum neutrons.  Obtained results by 
ENDF/B-VII have some peaks which were not in 
experimental data.  Figure 2 shows neutron production 
DDXs for deuteron incidence.  The number labeled in this 
figure indicates the energy levels in 10B by the 9Be(d,n)10B.  
The peak at the highest energy is corresponding to the 
population of the first few levels in 10B.  These transitions 
appear to include considerable direct-reaction (“stripping”) 
strength.  The PHITS/JQMD reproduced the absolute value 
of DDXs for deuteron incidence, but it failed to reproduce 
maximum neutron energy because Q-values for nuclear 
reaction are not implemented.  PHITS/JQMD describes the 
time evolution of distribution of nucleon 
many-body-systems in the phase space in the high-energy 
region, therefore it could not simulate the nuclear levels and 
low energy physics, correctly.  

In future, we will measure neutron spectra from 
heavy-ion induced reaction at low energy and improve 
PHITS/JQMD. 

References
1)  H. Iwase et al., J. Nucl. Sci. Tech. 39 (2002) 1142. 
2)  K. Niita et al., Phys. Rev. C 52 (1995) 2620.

Fig. 1 Neutron production DDXs for the 9Be(p,xn) reaction. Fig. 2 Neutron production DDXs for the 9Be(d,xn) reaction. 
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The purpose of this study is to develop a high efficiency 
neutron-detection system to measure the systematic data of 
the elastic neutron-scattering cross sections in intermediate 
energy region. It is required a neutron-detection efficiency 
of about 104 times higher than that of the conventional 
detection systems such as proton-recoil counter-telescope to 
obtain the sufficient data. We developed a high efficiency 
neutron-detection system based on a liquid organic 
scintillator by coupling with time-of-flight (TOF) technique. 
By using the system, the elastic neutron-scattering cross 
section was measured to examine its performance. 

The experiment was carried out at the LC0 beam course 
of the TIARA cyclotron with the setup presented in Fig. 1. 
Quasi-monoenergetic neutrons of 75 MeV1) were produced 
by bombarding protons of 80 MeV on a Li target located 5 
m upstream from the back end of the collimator. The 
intensity of the proton beam was set at 1.2 �A during the 
cross section measurement. A carbon rod whose size is 5.0 
cm in diameter and 5.0 cm in thickness was hanged onto 
neutron beam as the scattering sample. A BC501A liquid 
organic scintillator was located in the direction of 15 degree 
away from the beam axis as the neutron detector. Both the 
diameter and thickness of the scintillator are 12.7 cm. The 
flight path between the sample and the detector is 400 cm. A 
shadow block composed of iron was mounted as covering 
the detector to prevent direct incidences of the neutrons 
scattered at the exit of the collimator. The size of the 
shadow block is 50 cm × 50 cm × 20 cm. 

The experimental data were analyzed off line. Gamma 
ray events were distinguished from the neutron events by 
the two-gate integral pulse-shape discrimination. The elastic 
neutron events were picked out according to the TOF 
distribution. The fastest neutron events in TOF indicate the 
neutrons scattered elastically at the sample. Small correction 
was made based on the theoretical calculation with TALYS 
code2) to eliminate the intrusion of the inelastic events from 
low-excitation states that are not able to be separated in 
TOF measurement due to low time resolution of the 
detection system. The uncertainty regarding to this intrusion 
was estimated below 5 % in the present experiment. The 
absolute value of the cross section was normalized by the 
incident neutron flux to the sample which measured 
independently on the beam axis. 

Figure 2 shows the measured data of the elastic 
neutron-scattering cross section together with the values of 
evaluated nuclear data ENDF/B VII-03). Our result obtained 
at 15 degree in laboratory frame agreed very well with the 
evaluated nuclear data. This indicates that the measurement 

and analysis methods are appropriate, and the neutron-�
detection system developed in the present work is applicable 
to the measurement of the elastic neutron-scattering cross 
sections with higher detection efficiency compared with the 
conventional ones. We will extensively measure the 
systematic cross sections at the Research Center for Nuclear 
Physics of Osaka University in the energy region above 100 
MeV where there is no available data to evaluate the nuclear 
data. 

This work was partially supported by the Ministry of 
Education, Science, Sports and Culture by a Grant-in-Aid 
for Young Scientists (B) (no. 19760616, 2007). 
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Fig . 1  Illustration of experimental setup. 

1.0x100

1.0x101

1.0x102

1.0x103

1.0x104

0 10 20 30 40 50 60

ENDF/B VII-0

Present work

C
ro

ss
 S

ec
tio

n 
(m

b/
sr

)

Scattering Angle (CM Deg.)

C(n,n)
75 MeV

Fig. 2  Neutron elastic-scattering cross section for 
carbon nucleus in 75 MeV. 

4-34



－ 165 －

JAEA-Review  2008-055

Development of Dose Monitoring System Applicable to 
Various Radiations 

T. Sato, D. Satoh and A. Endo 

Division of Environment and Radiation Sciences, NSED, JAEA 

INTRODUCTION 
For ensuring radiation safety in nuclear facilities as well 

as high-energy accelerator facilities, we have been 
developing a new device of dose monitoring system 
applicable to various radiations.1,2) The system is composed 
of (1) a phoswitch-type scintillation detector, which consists 
of liquid organic scintillator coupled with ZnS(Ag) 
scintillation sheets doped with 6Li, and (2) a data acquisition 
(DAQ) system for digital analysis of the waveform of the 
scintillator signals. The system is capable of measuring 
doses from neutrons, photons and muons with energy ranges 
from thermal energy to 1 GeV, 150 keV to 100 MeV, and 1 
MeV to 100 GeV, respectively. 

In the fiscal year of 2007, we installed the function for 
estimating the energy spectrum from the light-output 
distribution of the phoswitch detector into this system. For 
this purpose, we improved the unfolding code MAXED,3)

and incorporated it into our developing system. The 
accuracy of high-energy neutron spectrum estimated by this 
system was examined in the quasi-monoenergetic neutron 
field at the LC0 beam course of the TIARA cyclotron.  

EXPERIMENT 
The experimental setup is depicted in Fig. 1. 

Quasi-monoenergetic neutrons with peak energy 
approximately 60 MeV were produced by bombarding 
protons of 65 MeV on a Li target. The phoswitch-type 
detector was placed behind the concrete and iron collimators 
at 12.9 m downstream of the target.  

The waveform of the signal from the detector was 
digitized by the DAQ system, and analyzed by an off-line 
program. In the analysis, the neutron, photon and muon 
induced scintillations were distinguished by means of the 
pulse shape and height discrimination technique.1) The 
light-output distribution of neutron-induced scintillations 
was converted to the neutron energy spectrum, using our 
improved MAXED code. A simple 1/E spectrum was 
adopted for the initial guess of the neutron spectrum in the 
unfolding process. 

RESULTS AND DISCUSSION 
Figure 2 shows the estimated neutron spectra from the 

light-output distribution of the phoswitch detector, using our 
improved MAXED code. It is evident from the graph that 
the estimated neutron spectrum has a peak structure at 
energies around 60 MeV, indicating the applicability of our 
developed system to the neutron spectroscopy for such 
quasi-monoenergetic neutron fields. This is owing to the 
sophisticated unfolding algorithm employed in the MAXED 
code: the maximum entropy method. Note that conventional 

unfolding techniques are generally not able to handle such 
peak structures because of the mathematical difficulty in 
making the solution convergent. 

CONCLUSION 
We installed the function for estimating the energy 

spectrum into our developing dose monitoring system 
applicable to various radiations. The accuracy of neutron 
spectrum estimated by this system was well verified in 
quasi-monoenergetic neutron fields of TIARA whose 
spectra are generally difficult to be estimated by 
conventional unfolding techniques.  

Present study is the result of “Development of 
high-performance dose monitor applicable to various 
radiations” entrusted to Japan Atomic Energy Agency by 
the Ministry of Education, Culture, Sports, Science and 
Technology of Japan (MEXT). 

References 
1) T. Sato et al., J. Nucl. Sci. Technol. 42 (2005) 768. 
2) T. Sato et al., Radiat. Prot. Dosim. 126 (2007) 501. 
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High energy neutron standard fields are necessary for 
calibrating area dosemeters and individual ones used in 
facilities of high intensity proton accelerator. For the 
neutron fields above 20 MeV, the neutron standard fields 
have not been established in Japan. Therefore, the 
development of the calibration fields and relevant 
calibration techniques has been in progress by using the 
quasi-monoenergetic neutron irradiation fields of several 
tens of MeV at TIARA1) of Takasaki Advanced Radiation 
Research Institute, Japan Atomic Energy Agency. 

At TIARA, neutrons induced by the nuclear reactions 
are transported into an irradiation room through a collimator. 
However, the existing neutron fluence monitors based on 
fission chambers are located around the neutron beam line 
(off-line) and ahead of the collimator. They cannot detect 
directly neutrons in the irradiation room. They are 
influenced by unwanted neutrons which are differently 
produced at every experiment from the beam transport line 
and from the materials around the monitors. Therefore, a 
transmission type neutron fluence monitor with a thin 
plastic scintillator (Fig. 1) has been developed in order to 
monitor directly the neutrons transported into the irradiation 
room (on-line). Performance of a prototype of the monitor 
has been evaluated by using three kinds of 
quasi-monoenergetic neutron fields with 45, 60 and 75 MeV 
peaks at TIARA. 

The monitor has two photomultiplier tubes (PMTs) 
which read out the scintillation light yielded in the plastic 
scintillator (130 � 130 � 0.5 mm3) through acrylic light 
guides attached on both sides of the scintillator. The 
scintillator and light guides coated by white reflection 
material are installed in the aluminum case with aluminum 
entrance windows (120 � 120 mm2). As for scintillator 

thickness, thicker scintillator has higher detection efficiency, 
but it causes lower transmission ratio, longer dead time and 
larger number of scattered neutrons. The scintillator 
thickness of 0.5 mm was selected so as to make the 
efficiency at the same level as the existing monitors and the 
transmission loss within 1 % as a result of the investigation 
using the MCNPX code. 

In the performance tests, the monitor was set on the 
surface of the collimator exit. Data of individual pulse 
height for both PMTs and of the sum of them have been 
taken simultaneously. As linearity of count rate to beam 
intensity (beam current) was shown in Fig. 2, it was 
confirmed that the monitor had good linearity to beam 
intensity at the same level as those of the existing monitors. 
It was also found that there was good correlation with the 
count rate of the monitor and those of the existing monitors. 
However, sensitivity of the monitor was found to be at most 
10 % of the existing monitor. Moreover, two-dimensional 
information of the pulse heights of both PMTs indicated that 
the monitor did not count the signals from all area of the 
scintillator in the irradiation field2) because of rapid 
attenuation of the scintillation light in the thin scintillator. 

In the future, sensitivity of the fluence monitor will be 
improved by better light collection from the scintillator, 
based on direct light collection from the scintillator surfaces 
without reflection material. 
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1) M. Baba et al., Nucl. Instr. Meth. A 428 (1999) 454.  
2) Y. Shikaze et al., JAEA-Review 2005-001 (2006) 337. 
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Fig. 2  Count rate of the fluence monitor v.s. beam 
current for neutrons with 75 MeV peak. Good linearity 
of the monitor’s count rate to beam current was seen.

Fig. 1  New neutron fluence monitor consists of a plastic 
scintillator, acrylic light guides, an aluminum case 
with aluminum entrance windows and two PMTs.
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Introduction 
Irradiation with electron beams in the energy range 

lower than 300 keV is used in the polymer industry for 
curing and crosslinking. Lately these beams have also been 
used in the pharmaceutical and medical device industries for 
sterilization of material surfaces. Radiochromic film 
dosimeters (RCD) have been used widely both in the 
industrial processes and research employing gamma-rays 
and electron beam irradiation1). These dosimeters have been 
calibrated commonly only for 60Co gamma-rays or MeV 
electron beams, therefore the feasibility should be studied 
on the calibration also for low energy electron beams. In this 
fiscal year, we studied consistency in evaluation of 2-MeV 
electron dose and 60Co gamma-ray dose, using RCD. 

Experimental 
Two different kinds of radiochromic dosimeters and 

cellulose triacetate (CTA) dosimeter were used in this 
study2). The former and latter were independently calibrated 
for gamma-rays and electrons using an ionizing chamber 
and a calorimeter, respectively. One RCD is nylon-based 
FWT60 with thickness of 50 �m, containing hexahydro- 
xyethyl pararosaniline cyanide as the radiation-sensitive 
component. Another RCD is GEX B3 radiochromic film 
dosimeter with thickness of 17 �m3). The B3 radiochromic 
dosimeter contains a radiochromic dye precursor of 
pararosaniline cyanide in polyvinyl butyral. The gamma-ray 
irradiation was carried out using a 60Co plaque source   
(2.6 PBq) at a dose rate of 10 kGy/h, which was measured 
with the ionization chamber.  Irradiation of 2-MeV electron 
beams was conducted using an accelerator with the 120 cm 
wide scanning beams at a current of 2 mA with the conveyor 
speed of 1.73 m/min, ultimately at a dose rate of        
10 kGy/pass. Optical absorbance in terms of optical density 
(O.D) for radiation-induced coloration of dosimeters was 
measured using Hitachi spectrophotometer model U-3310. 
Wavelength of 600 nm and 554 nm was used for dose 
measurement of FWT60 and B3, respectively. 

Results and discussion 
Figures 1 and 2 show dose response curves of 

radiochromic film dosimeters, FWT60 and B3, for 60Co 
gamma-rays and electron beams. Dose response value of 
FWT 60 for electron beam is nearly equal to dose response 
value for 60Co gamma-rays. This result should enable us to 
achieve highly reliable dosimetry of electron beams on the 
basis of gamma ray dose reference. But the change in 
absorbance of B3 caused by electron beam irradiation is 

much smaller than those by �-irradiation. This difference is 
due to dose rate effect. In the case of electron beam 
irradiation, radiation-induced chemical reaction is not 
completed during irradiation. It is necessary to compare the 
response of B3 under various irradiation conditions to 
further clarify the dose rate dependence of B3. 

Fig. 1 Dose response curves of radiochromic film 
dosimeter, FWT60, for 60Co gamma-rays and electron 
beams. 

Fig. 2 Dose response curves of radiochromic film 
dosimeter, B3, for 60Co gamma-rays and electron 
beams. 
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Introduction 
As radiation processing using high-energy electron 

beams grows, accurate evaluation methods of electron dose 
become vital to the purpose of quality assurance of 
irradiation products. Clear PMMA dosimeter (Radix W), 
which is manufactured based on chemical crosslinkage, was 
developed to cover wider dynamic gamma ray dose for the 
dose range of 2 to 150 kGy, employing different readout 
wavelength of 280 nm and 320 nm for doses up to 10 kGy 
and higher, respectively1). Characteristics of Radix W were 
studied on electron dose response, its stability after 
irradiation and consistency with gamma-ray dose. 

Experimental 
   Irradiation of 2-MeV electron beams was conducted 
using an accelerator with the 120 cm wide scanning beams 
at a current of 2 mA with the conveyor speed of 1.73m/min, 
ultimately at a dose rate of 10 kGy/pass. Two kinds of 
dosimeters, Radix W and CTA were used in this study. The 
physical and chemical characteristics of Radix W (Radia 
Industry, Co. Ltd) are described in elsewhere2). Dose 
comparison was performed for 2-MeV electrons employing 
CTA and Radix W dosimeters which were independently 
calibrated for 2-MeV electrons and 60Co gamma rays using 
the calorimeter and the ionizing chamber, respectively3).

Results and discussion  
   Dose given by CTA and Radix dosimeters were 
compared under the same condition of 2-MeV electron 
irradiation. The doses estimated by these dosimeters are 
shown in Fig. 1 as a function of ‘nominal dose’, which 
means doses estimated from different irradiation pass 
numbers assuming at a dose rate of 10 kGy/pass. The ratio 
of dose given by CTA to dose given by Radix W was within 
3.0% (1�) for dose range of 10 to 60 kGy. This result should 
enable us to achieve highly reliable dosimetry for the quality 
assurance in electron radiation processing on the basis of 
gamma-ray dose reference. The variation of absorbance 
within 24 h after irradiation is less than 7% as shown in  
Fig. 2. This variation of absorbance by 7% is approximately 
equivalent to absorbed dose value, 1 kGy. The error of     
1 kGy can be ignored in real radiation processing, 
considering the requirement of quality assurance level. 

Fig. 1  Comparison of absorbed dose in water estimated 
by CTA film dosimeters with those estimated by 
Radix W dosimeters. 

Fig. 2  Stability of dose response of Radix W after the 
end of irradiation. 

References 
1)  H. Seito et al., RADIOISOTOPES. 56(2007) 777. 
2)  M. Takehisa et al., Radiat.Phys.Chem.76(2007) 1619. 
3)  T. Kojima et al., IAEA-SM-365/56, (2003) 216. 

0.88
0.90
0.92
0.94
0.96
0.98
1.00
1.02

0 5 10 15 20 25

Time (h)

R
el

at
iv

e 
va

lu
e 60 kGy

50 kGy

40 kGy

30 kGy

20 kGy

10 kGy

0
10
20
30
40
50
60
70

0 10 20 30 40 50 60 70

Nominal dose (kGy)

E
st

im
at

ed
 d

os
e 

(k
G

y)

���

�������

4-38



－ 169 －

JAEA-Review  2008-055

Electroplating of Metal Micro-structures Using a Resist 
Micro-machined by Proton Beam Writing 

N. Uchiya a), Y. Furuta a), H. Nishikawa a,b), T. Watanabe b), T. Nakata b)

J. Haga c), T. Satoh c), M. Oikawa c), T. Ohkubo c), Y. Ishii b,c) and T. Kamiya b,c) 

a) Department of Electrical Engineering, Shibaura Institute of Technology, 
b) Research Organization for Advanced Engineering, Shibaura Institute of Technology, 

c) Department of Advanced Radiation Technology, TARRI, JAEA 

A proton beam writing (PBW)1) is a direct writing 
technique for micro- or nano-meter sized machining using 
MeV focused proton beams with the size of 1 µm or less in 
diameter. The MeV proton beams have long penetration 
depths of over 50 µm in a photo resist. The straggling of the 
proton beams is smaller than that of electron beams. The 
technique,, thereby, has an advantage of micro-machining of 
thick resist2). We report the fabrication of Ni structures by 
electroplating a Ni layer on micro-machined PMMA, a typical 
resist material by the PBW. 

A fabrication process of the Ni structure by electro- 
plating on the resist micromachined using the PBW is shown 
in Fig. 1. This process involves the following steps. (i) Spin 
coating on a Si plate as a resist layer with 5 µm thick PMMA. 
(ii) Exposure by the PBW with 1.7 MeV focused proton beam 
at TIARA, JAEA. The beam size was estimated to be less 
than 1 µm in diameter from the secondary electron images of 
a commercially available Ni mesh. The PBW was carried out 
with a resolution of approximately 3500� 3500 pixels in the 
area of 300�300 µm2 by an electrostatic scanner. The fluence 
of protons was 100 nC/mm2. (iii) Development of the PMMA 
with IPA-water (7:3) for 20 min and rinsed in deionized water. 
(iv) Deposition of a seed layer of 40 nm thick Au by 
magnetron sputtering for electroplating on the surface of the 
micro-structure. (v) Electroplating of the micro-structure 
using a typical nickel sulfamate bath solution. The bath 
temperature was kept at 35 ºC. The deposition rate of Ni was 
controlled by the current density of the cathode, that is     
40 A/m2 for the first 50 µm thick Ni, 400 A/m2 for the next 
200 µm, and 800 A/m2 for the last 600 µm. (vi) Removal of 
the PMMA structure was made by immersion in acetone and 
the Ni structure was rinsed in ethanol. 

A SEM image obtained from the grid pattern of 5 µm 
thick PMMA was shown in Fig. 2. The 0.8 µm wide trenches 
with smooth and vertical sidewalls are observed from the 
image. The verticalness of side walls to the surface of the Si 

plate are ascribed to the small lateral straggling of 1.7 MeV 
protons. The smooth sidewall was achieved by minimizing 
the effect of beam current fluctuation by the iterated exposure 
with the same position and with the same scanning pattern. 
Figure 2(b) shows the SEM image of a grid pattern structure 
of Ni obtained by electroplating on the structure of Fig. 2(a). 
The successful fabrication of the Ni structure with the vertical 
and smooth side walls indicates that the micro-machined 
PMMA by PBW has adequate quality as a template for the 
electroplating. Figure 3(a) is a SEM image of submicron sized 
character like Ni structures with a 300 nm height. Imprinting 
on a PMMA resist layer was carried out at 160 ºC and     
3.5 MPa using the Ni structure in Fig. 3(a). The imprinting 
result was shown in Fig. 3(b), where the submicron sized 
structure representing characters was successfully transferred 
on the PMMA surface. 

The micro-structure of PMMA was successfully 
transcribed to the Ni structure as a reversal pattern. The 
potentiality of the PBW with the electroplating was shown by 
the fabrication of a high aspect ratio metal micro-structure 
such as metal stamp for the imprint lithography. 

References 
1) S. V. Springham, T. Osipowicz, J. L. Sanchez, L. H. Gan, and 
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Fig. 1  Typical process of electroplating using the PMMA 
substrate micromachined by proton beam. writing. 

Fig. 2  (a) SEM image of 5 µm thick PMMA with grid 
trenches by PBW at 1.7 MeV (fluence: 100 nC/mm²). 
(b) SEM image of Ni structure of 5 µm height walls by 
electroplating using grid patterned 5 µm thick PMMA. 

(a)                     (b)

Fig. 3  (a) SEM image of sub-micron-sized characters of 
a 300-nm-height structure of Ni. (b) SEM image of an 
imprinted pattern on PMMA using the Ni stamp. 
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Si nano-crystals attract much interest because of their unique electrical and optical properties. The formation of Si nano-
crystals and control of spatial distribution are important in industrial devices. In this work, Si nano-crystals are fabricated in 
Si–thermal oxide film by ion implantation and thermal annealing. Effects of proton beam irradiation were also investigated. 
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Fig. 2  PL spectra after proton beam (PB) irradiation (500 
keV, 3.0�1011 ions/cm2) and subsequent anneal in N2
for 1 hour  at 1050 � obtained for Si-implanted 
thermal oxide (600 nm, 200 keV, 7�1016 ions/cm2).

Fig. 1  Comparison of the PL spectra of Si implanted thermal 
oxide (600 nm, 200 keV, 7�1016 ions/cm2) of different 
depending on the proton beam (PB) fluence (500 keV). 

�

���

����

����

����

����

��� ��� ��� ��� ��� ��� ���

����������������

����������������

����������������
��������������

PL
 in

te
ns

ity
 [A

rb
. U

ni
ts

]

Wavelength [nm]

4-40



－ 171 －

JAEA-Review  2008-055

Energy Dependence for 2-Dimentional Nuclear Reaction 
Distribution of Boron Doped Steel 

H. Shibata a), Y. Kohno b), T. Satoh c), M. Oikawa c), J. Haga c) and T. Sakai d)

a) Graduate School of Engineering, Kyoto University, b) Department of Materials Science and 
Engineering, Muroran Institute of Technology, c) Department of Advanced Radiation Technology, 

TARRI, JAEA, d) Policy Planning and Administration, JAEA

The microanalysis of trace amount of boron has been carried out using 1 µm proton microbeam from 3MV single ended 
electrostatic accelerator of TIARA facility. In 2007 steel specimens containing 100 ppm boron have been bombarded by 1.5, 
2.0 and 2.5 MeV proton beam for gamma ray detection. The 2-dimensional boron distributions dependent on proton energy 
have been measured by detecting 428 keV gamma ray from the 10B (p, �'�) 7Be nuclear reaction. As a result of imaging, 
segregation of several microns sized boron precipitates has been observed, but the correlation between energy dependent 
distributions could not be clearly seen. 
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Fig. 1  Total cross-section of 10B(p,�' �)7Be reaction. 
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Fig. 2 A typical �-ray images of 100 ppm boron contained 
steel specimen bombarded by 1.5 (left), 2.0 (middle) 
and 2.5 MeV proton microbeam (right). 
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1. Introduction 
   An in-air micro-PIXE (Particle Induced X-ray Emission) 
analysis system was developed by Japan Atomic Energy 
Research Institute in 20001).  In this system, 
two-dimensional distributions of trace elements in a single 
biological cell were successfully measured with spatial 
resolution of 1 �m.  The system has been used as a 
powerful tool of two-dimensional elemental analysis for 
biological samples up to date, but it is not effective enough 
to measure the depth profile in the samples having lamellar 
structure.  The purpose of this study is to measure the 
three-dimensional distribution of trace elements in a minute 
biological sample.  Such a distribution is acquired in the 
same way as X-ray CT (Computed Tomography) by the 
reconstruction of the many two-dimensional images of 
micro-PIXE taken from various directions.  Furthermore, 
the three-dimensional structure of the target must be 
measured accurately using STIM (Scanning Transmission 
Ion Microscopy) -CT2).

2.  Experiment 
   The 3MV single-ended accelerator and the micro-PIXE 
system at the TIARA were used in this study.  The 3 MeV 
proton microbeams were scanned over the target which was 
glued on a metal needle and was rotated by 180 degrees at 
intervals of 15 degrees.  The tomograms were 
reconstructed from the twelve projections using the back 
projection method with the Shepp and Logan filter. 

3. Result 
  Figure 1 is a photograph of the test sample: the metal 

adsorbent with radiation-induced graft polymerization 
developed by Environmental Polymer Group, JAEA3), and 
Figure 2 shows its PIXE spectrum of the sample.  There are 
many peaks of the characteristic X-rays in the spectrum 
because the sample recovered some elements from seawater.  
Twelve projections per a sample were measured.  Using all 
tomograms and the back projection method with the Shepp 
& Logan filter, three-dimensional distribution of some trace 
elements were reconstructed as shown in Fig. 3.  Since the 
fiber of about 10 �m diameter was successfully visualized, 
three-dimensional maps of the trace elements have the 
spatial resolution of 10-20 �m. 

References 
1) T. Sakai et al., Int. J. PIXE Vol. 10 Nos. 3 & 4 (2000) 

91.
2) J. C. Overley et al., Nucl. Instr. Meth. B 30 (1988) 337. 
3) N. Seko et al., Nucl. Technol. 144 (2003) 274. 

Fig. 1 Optical microscope image of the metal 
adsorbent fiber which glued on the metal needle.

Fig. 2  PIXE spectrum of the metal adsorbent which 
recovered some elements from seawater. 

Fig. 3  Reconstructed three-dimensional distribution 
of calcium and vanadium which were 
recovered from seawater. 
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  Standard Reference Material (SRM) for determination of platinum and zinc was made by anion-exchange resin. Macro 
porous anion-exchange resin, Macro-Prep 25Q (BioRad) was suspended in 3 M HCl and added the known amount of Zn and 
Pt.  The concentration of Zn and Pt in the resin was 0-100 ppmv and 0-200 ppmv, respectively.  Individual particle of the 
resin was subjected to 3 MeV proton bombardments by micro beam system of TIARA.  It was found the macro porous 
nature of the resin allows PtCl6

2- and ZnCl3
- to react with the exchange sites located throughout the matrix.  PIXEana 

program was used to analyze peak count for Zn-K�� and Pt-L�.  Sensitivity for Zn and Pt was calculated by elemental 
abundance in the resin and does of proton.  Count for characteristic X-ray per pg (element) � nC (dose) was 203�15 (Zn, 
n=8) and 45.2�6.5 (Pt, n=8).  Detection limit for typical biological analysis (10�10 �10 �m3 sample, 50 nC dose) was 0.18 
fg (Zn) and 0.8 fg (Pt). And also minimum elemental concentration for image analysis to Zn and Pt was 0.18 ppmv and 0.80 
ppmv, respectively. 

� ��(Pt)�������������������

����������PIXE��������Pt��

������������1)�Pt�PIXE �����
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��Zn���Pt�������
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���������6���
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����������������30�30 �m ���
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������������������������
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References 
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2) Y. Iwata et al., TIARA annual report 2004 (2005) 320. 
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171.

Table 1  Concentration 
of Zn and Pt in SRM
(ppmv). 

No. Zn   Pt 
1 100 0
2 75 50
3 50 100
4 25 150
5 0 200

Bl 0 0

Table 2  Sensitivity Calculated from Spectrum Analysis and 
Elemental Concentration.
- Background Count and Sensitivity for Zn and Pt Zn - 

 Zn-K� Pt-L�
Peak Count for Characteristic X-
ray (Count / pg nC) 

203±15
(n=8) 

45.2±6.5
(n=8) 

Background Count Calculated 
from Blank Sample (Count / nC) 18 2.7 
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In regard to the interaction of a swift cluster ion with a
solid, the energy-loss process of fragment ions of the 
projectile in the solid becomes more complicated than that 
of a single-ion projectile because the mutual interference of 
the vicinal ions participates in the process. The collision 
reaction mechanism of a cluster ion for a solid has been 
discussed by a lot of theories. Especially, the theoretical 
calculations of the collision reaction for a cluster or a 
molecular of light-ions at least qualitatively consist with the 
experimental data by adding effects of both a Coulomb 
explosion and a polarization weak to the theory for a 
projectile of a single ion. However, the theoretical 
calculations of the collision reaction for the heavy cluster 
ion of which the influence of the bound electrons of the 
projectile cannot be ignored in the case not has been verified 
because there are not enough the experimental data of it. 

The relationship between the spatial arrangements of a 
cluster ion colliding with a foil and the charge states of 
fragment ions emerging from the foil is investigating, in 
order to understand the reaction mechanism of the heavy 
cluster ion collision with the solids. It was demonstrated 
both experimentally and theoretically that the charge state 
distribution of fragment ions emerging from the foil depends 
on the structure of the incident cluster in fiscal 2006 using 
3-MeV, C3

+ ion1). In the fiscal 2007, we improved the 
measurement system in order to observe the dependence of 
the average charge states of the fragment ions at the exit 
surface of the foil on the orientation (�, see Fig. 1) of a C2

+

ion to the beam direction. In this report, the preliminary 
results of simultaneous measurement of the charge states 
and the emission angle of the fragment ions emerging from 
a thin carbon foil is presented with those of the improved 
measurement system which enhanced the resolution of the 
emission angle. 

The experimental setup is schematically shown in Fig. 1. 
Carbon cluster ions (C2

+) generated in a cesium sputter ion 
source were accelerated to 6-MeV (3-MeV/atom) by the 
tandem accelerator at JAEA/Takasaki. The intensity of 
incident C2

+ ions was reduced at the rate of approximately 

1-2 clusters per second both by a beam attenuator and 
switching deflection plates, which were placed at the low 
energy beam line. A carbon foil of 1.0-µg/cm2 thickness was 
used as the target. The fragment ions emerging from the foil 
were deflected depending on their charge states by an 
electric field applied to the deflection plates placed between 
the foil and a micro-channel plate (MCP). The deflected 
angles depend on their charge state. Two-dimensional 
pattern of the deflected ions was observed as luminance 
points on a fluorescent screen equipped with the MCP. To 
measure the emission angle of the fragment ions emerging 
from the foil in high accuracy, we used the projectile of 
three times higher energy and extended the distance between 
the target and the MCP by over seven times than the 
previous setting. The pattern of luminance points on the 
screen is recorded with a CCD camera as a digital image. 

The emission-angle distribution of the fragment ions is 
shown in Fig. 2. The emission angle and charge state are 
estimated from the distance between two luminance points 
on the MCP in consideration of the deviated angle from the 
original trajectory by the electric field of the deflection 
plates. The emission-angle distribution having an 
independent peak was expanded to the wide angle side in 
proportion to a product of the charge state of fragment ions. 
We think that a very few differences in the Coulomb 
repulsion force depending on the charge combination 
between the fragments of C2

+ ion at the exit surface of the 
foil was measured accurately by suppressing the effect of 
multiple scattering in the foil and enhancing resolution of 
the emission angle. Hereafter, we will analyze the observed 
emission-angle distribution using a trajectory calculation, 
and clarify the relationship between the orientation of the 
incident cluster ion and the charge states of the fragment 
ions emerging from the foil. 

Reference 
1) A. Chiba, Y. Saitoh, K. Narumi, M. Adachi and T. 

Kaneko, Phys. Rev. A 76 (2007) 06321. Fig. 1  Experimental setup. 

C2+

�:Emission angle
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Deflection plates

����

Micro channel plate
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1350mm
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Fig. 2  The emission 
-angle distributions 
of the fragment ions 
emerging from the 
foil (1.0 g/cm2) with 
6-MeV, C2

+. The 
distributions of each 
charge combination 
are plotted for 
(q1,q2)=(2,3) : (� ), 
(q1,q2)=(3,3) : (� )
and (q1,q2)= (3,4) : 
(�).
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One of the most important radiation effects of 
10-to-100-keV C60 ions is the strong sputtering localized 
around the surface layer, which is different from the case by 
single-ion bombardment.  Intensive application studies of 
the sputtering have been made recently based on this effect
for possible applications to the surface-sensitive analyses 
and secondary-ion-mass analyses of high-polymer materials 
and/or biomaterials.  However, there is not enough 
understanding of the sputtering phenomenon induced by 
bombardment with C60 ions in this energy range.  The 
energy dependence of the sputtering yield and of the 
deposition, or implantation of carbon atoms could be the 
key measures to understand the relevant phenomena.  We 
will present in this report the analysis of carbon 
concentration built-up on Si surfaces bombarded with 10-, 
50- and 400-keV C60 ions. 

Pieces of Si(100) wafer were cleaned with a wet 
chemical treatment to reduce carbon contaminants on the 
surface.  Then, the samples were irradiated with C60 ions 
from the 400-kV ion implanter of TIARA.  Carbon 
concentration in the surface layer was evaluated with a 
nuclear reaction 12C(d, p)13C using 1.2-MeV D+ from the 
single-ended accelerator after the C60 bombardment. 

Figure 1 shows the fluence dependence of the carbon 
concentration in the surface layer of C60-bombarded Si.  
The number of 12C nuclei per cm2 was evaluated with the 
use of the cross section measured by Kashy et al.1)  A solid 
line in the figure shows carbon areal density estimated from 

the C60 ion fluence, assuming that all of the carbon atoms 
due to an incident C60 ion remain at the surface.  The 
experimental results are inconsistent with this line: At lower 
fluence, measured carbon concentration is higher than the 
estimated value, while at higher fluence the increase rate of 
carbon concentration decreases and the concentration is 
lower than the estimation. 

In order to explain the results, we have assumed a rate 
equation describing the carbon concentration N (/cm2) at the 
surface as a function of the C60 ion fluence � (/cm2):

where B(E) is the probability of backscattering of a carbon 
atom of an incident C60 ion, Nc (/cm2) the concentration of 
solid carbon, Y(E) the sputtering yield for carbon per C60 ion, 
Na (/cm2) the concentration of carbon of the surface 
contaminants, A(E) the probability of recoil implantation of 
a carbon atom of the surface contaminants, E the energy of 
an incident C60 ion.  In eq. (1), the carbon concentration is 
determined by the competition between the sputtering and 
the carbon deposition or implantation which includes the 
contribution of C60-bombardment-induced recoil of the 
surface contaminants; and the sputtering cross section for 
carbon Y/Nc and the number of the carbon atom implanted 
by C60-ion bombardment 60(1 � B) + NaA/Nc are variables.  
Broken lines in Fig. 1 show results calculated from eq. (1).  
The results reproduce the observed fluence dependence well, 
which supports our assumption. 

The obtained sputtering cross section and number of the 
implanted carbon atom are shown in Table 1.  Both of 
them seem to have peaks around 50 keV.  What such 
energy dependence is attributed to is the next issue under 
consideration.  

Reference 
1) E. Kashy et al. Phys. Rev. 117 (1960) 1289. 

Energy
(keV)

Sputtering cross section 
for carbon (cm2)

Number of the implanted 
carbon atom 

10 1.2�10-15 130 
50 1.8�10-14 320 

400 5.5�10-15 200 

Fig. 1  Fluence dependence of the carbon concentration at 
Si surfaces bombarded with 10-, 50- and 400-keV C60
ions.  Solid line shows carbon areal density which is 
60 times as much as C60 ion fluence.  Broken lines 
show the result of the fitting by the rate equation (1).
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Table 1  Sputtering cross section for carbon and number 
of the implanted carbon atom obtained as the variables 
in fitting with the rate equation (1).
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Recently we have found that energetic heavy ion 
irradiation induces the ferromagnetic state in Fe-50%Rh 
alloy at low temperatures1,2). To discuss the ion irradiation 
effects more quantitatively, we have to perform the 
irradiation by using thin films, thickness of which is much 
smaller than sample thickness. Under such an experimental 
condition, irradiating ions pass completely through the 
sample and the loss of ion energy in the sample is very 
small. We have therefore prepared thin FeRh films for the 
energetic ion irradiation experiments. This is our first report 
concerning the effect of energetic ion irradiation on the 
magnetic properties of FeRh thin films. 

Fe46Rh54 thin films about 200 nm thick were deposited 
on amorphous SiO2 substrates by using an ion beam 
sputtering. The thin samples were irradiated with 10 MeV 
iodine ions at JAEA-Takasaki tandem accelerator. The 
fluences of ions were 1×1012, 2×1012, 5×1012, 1×1013,
2×1013, 5×1013 and 1×1014 /cm2. After the irradiation, the 
magnetization was measured for each sample as a function 
of temperature by means of SQUID magnetometer. The 
results are shown in Fig. 1 for low ion fluence (below 
5×1012 /cm2) and in Fig. 2 for high ion fluence (5×1012 /cm2

- 1×1014 /cm2). As can be seen in Fig. 1, the magnetization 
below the ferromagnetic(FM) – antiferromagnetic (AF) 
transition temperature increases and the FM-AF transition 
temperature shifts to a lower temperature side with 
increasing the ion-fluence. The magnetization of the film 

exhibits the maximum value for the ion-fluence of    
5×1012 /cm2, where the FM-AF transition completely 
disappears. The tendency of the increase in Ms of FeRh thin 
films by the ion irradiation is the same as that of bulk 
samples. On the other hand, above the transition 
temperature, the magnetization of FeRh thin films does not 
change even when irradiated up to the fluence of     
5×1012 /cm2. For the high ion-fluence, Figure 2 shows that 
the magnetization of the film is decreased by the irradiation. 
An X-ray diffraction measurement indicates that the B2 
structure is changed into the nonmagnetic A1 structure by 
irradiation, leading to the strong decrease in Ms .  

Through the present experiment, we could observe the 
10 MeV iodine irradiation effects of FeRh thin films. As a 
next step, we plan to discuss quantitatively the dependence 
of magnetic property change on some irradiation parameters 
(ion energy, electronic and nuclear stopping powers, ion 
velocity and so on) by conducting a variety of irradiation 
experiments. 

References 
1) A. Iwase, M. Fukuzumi, Y. Zushi, M. Suzuki, M. 

Takagaki, N. Kawamura, Y. Chimi, N. Ishikawa, J. 
Mizuki, and F. Ono, Nucl. Instr. and Meth. B 256 
(2007) 429. 

2) Y. Zushi, M. Fukuzumi, Y. Chimi, N. Ishikawa, F. Ono, 
and A. Iwase, Nucl. Instr. and Meth. B 256 (2007) 434.

Fig. 1  M-T curves of the FeRh thin films for the low 
ion-fluence ( � 5×1012 ion/cm2).  M-T curve for 
unirradiated sample is also shown. 

Fig. 2  M-T curves of the FeRh thin films for the high 
ion-fluence (�5×1012 ion/cm2).
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Organic contaminants on the surface of a semiconductor 
wafer causes serious degradation on electrical performance 
of integrated circuit devices fabricated on the wafer. In 
order to optimize the manufacturing processes for high 
performance devices, analytical tools for the surface 
contaminations are required. Time-of-flight (TOF) 
secondary ion mass spectrometry is one of the most 
powerful tools to characterize the surface contaminants with 
high sensitivity.  Mass analysis of secondary-ions is based 
on the phenomenon that secondary ions are emitted from the 
surface when the primary ions bombard the target. To TOF 
secondary ion mass spectroscopy, we have applied pulsed 
cluster ion beams, which gives different secondary ion 
emission yields from those for monoatomic ions because of 
their peculiar irradiation effect1,2). In this paper, we compare 
the emission yields of positive and negative secondary ions 
(P- and N-SIs) originating from organic contaminants on a 
silicon wafer between impacts of cluster and monoatomic 
ions with the same velocity3).

A Si(100) wafer was chemically cleaned by repeated 
NH4OH/H2O2/H2O and HF/H2O treatments, followed by 
rinsing in deionized water. The wafer was kept in a polymer 
container before being set on a grounded holder.  A 3MV 
tandem accelerator at the Japan Atomic Energy Agency 
(JAEA)/Takasaki1-3) was used for the experiments. A fresh 
point of the samples was bombarded for each measurement. 
P- and N-SI TOF measurements were performed with a 
linear type TOF mass analyzer, detailed in previous paper2),
using pulsed monoatomic and cluster ion beams. For the 
N-SI TOF measurements, several improvements were made 
over the TOF system. 

For quantitative comparison of mass spectra by TOF 
measurements, peak intensities should be scaled under the 
condition of the same number of incident primary atoms. In 
our previous paper,2) the scaling of P-SI emission yield per 
incident atom was performed based on IP/nIo, where Io, IP,
and n are the direct current (DC) of the incident beam, P-SI 
current under DC beam irradiation, and cluster number, 
respectively. In addition to the IP/nIo measurements, the 
relative N-SI emission yield per incident atom IN/nIo was 
obtained by combining IP/nIo with the total counts Ci of 
detected SI (i=P or N : P and N are for positive and negative 
TOF measurements, respectively) during the TOF 
measurements. 

Figure 1 shows the P- and N-SI TOF mass spectra of the 
organically contaminated Si for the impacts of carbon 
monoatomic and cluster ions with the same velocity    
(0.5 MeV/atom-C1

+ and C8
+). The relative intensity on the 

vertical axis is proportional to the SI emission yield per 
incident atom. The major peaks in the figure were assigned 
to atomic and cluster hydrogen, and carbon and 
hydrogenated carbon clusters [CpHq

-, CpHq
+ (p�1, q�0)]. C 

atom(s) of CpHq
- and CpHq

+ should be from the surface 
organic contaminants as an average implantation depth of 
incident C atom for 0.5 MeV-C in silicon is as high as ~1 
µm. We see in the N-SI spectra that the intensities of 
N-CpHq SIs with even p numbers are higher than those with 
odd p numbers for both the C1

+ and C8
+ impacts. 

The other feature in the N-SI yields is that CpHq
- for the 

cluster ion impact exhibits the highest emission yield per 
incident atom among CpHq

± with the same p number.  The 
highest relative CpHq

- emission yield for the cluster ion 
impact reaches ~20 and ~60 times higher thamthose of 
CpHq

- and CpHq
+ with the same p number for the impact of 

the monoatomic ion with the same velocity, respectively.  
This result shows that combination of negative secondary 
ion TOF measurements with cluster impact ionization is a 
promising tool for highly sensitive detection of 
organic-contaminants on silicon wafers.
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Fig. 1 P- and N-SI TOF mass spectra of organically 
contaminated Si for 0.5-MeV/atom C1

+ and C8
+. The 

relative intensity is proportional to the SI emission yield 
per incident atom.
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Charged particles accelerated up to MeV-order high 
energy have often cause severe interaction with the organic 
materials releasing their energy densely along their 
trajectories, giving cylinder-like nano-space of particle 
tracks. The cross-linking reaction in the nano-space of 
polymer materials used as the target materials gives 1-D 
polymer nanowires, and the energy distribution within the 
nano-space has been successfully visualized by the 
dissolution of un-crosslinked polymer materials after the 
charged particle irradiation.1-5) Theoretical formulation of 
the energy distribution reveals to give a good correlation 
with the size of the nano-space.1) Thus we can estimate 
precisely the size of the 1-D nanowire, hence, the energy 
distribution can be “measured” with nm-resolution if we use 
the polymer materials of which cross-linking efficiency has 
been known.1,4) In the present report, we have successfully 
formed the nanostructure of well-known polymeric materials 
upon irradiation to a variety of cluster ion particles, and the 
remarkable correlation between the size and the linear 
energy transfer (LET) of the particle has been observed.    

Commercially available high sensitive crosslinking-type 
polymer materials SU-86,7) was used as the target polymer 
material in the present study. The polymer was over coated 
onto Si substrate after an adequate surface treatment, and 
irradiated by a series of C or Al cluster ion beams from 

Tandem accelerator at Takasaki Advanced Radiation 
Research Institute, JAEA. The irradiated polymer films were 
immersed into diacetone alcohol to isolate the 
nanostructures on the substrate, followed subsequently by 
rinsing in isopropylalcohol. The size of the nanostructures 
was directly measured by atomic force microscope (AFM).  

Figure 1 shows the observed AFM micrographs of 
nanostructures formed by various Al cluster particles. The 
nanostructures represent wire-like 1-D features, and the 
cross-linked polymer nanowires are observed clearly upon 
irradiation to all the clusters. Although the number density 
of the nanowires corresponds precisely to the number of 
incident Al ions in the case of Al1, the number density is 
apparently larger than the number of the incident clusters of 
Al2 – Al4, suggesting that fragmentation of the cluster 
particles occurs and each fragment gives corresponding 
nanowire in these films. The nanowires produced by Al3 and 
Al4 (Fig. 1-c,d) show considerable non-homogeneity in the 
thickness of the nanowires in contrast to the uniform 
thickness observed in the case of Al1. It should be noted that 
the thickness of the “thin” nanowires in Fig. 1-d is consistent 
with that in Fig. 1-a, which is the case giving the “thin” 
nanowires produced by the Al1 fragments from the cluster 
particles. The cross-linking reactions in SU-8 upon 
irradiation have been well investigated as the chemically 
amplified processes promoted by proton catalyzed reactions. 
The G value of cross-linking (G(x)), therefore, has been 
reported to be very high as G(x) ~ 3-5 (100 eV)-1.6,7) The 
theoretical formulation based on the value of G(x) and LET 
of the cluster particles (calculated as the sum of atomic 
LET) gives the estimates of the cross-sectional radii of the 
nanostructures as 9.0 nm (Al1) ~ 18 nm (Al4). However the 
observed sizes of the nanostructures are 10, 13, 18, and   
25 nm, respectively for Al1 – Al4 cluster particles. The 
observed sizes show slightly higher values than the values 
predicted by our previous formulation based on the single 
particle (atom, ion) interaction with the polymeric materials, 
and increases almost linearly with the number of atoms 
contributing a cluster particles. This is suggestive that the 
estimate of the LET of a cluster particle should be higher 
than the sum of the atomic LET. 
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Fig. 1  AFM micrographs of nanostructures based on 
SU-8 produced by cluster ion particle irradiation. 
Images (a) – (d) were observed in the polymer films of 
SU-8 at ~0.3 �m thick after irradiation of 
1.5 MeV/atom Al1 – Al4 particles, respectively at the 
fluence of 0.50 ~ 2.0 ×109 particles cm-2.
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The interaction of fast (MeV) cluster ions with solids has attracted attention in basic physics and application fields. Swift 
cluster ion bombardment causes nonlinear effect or synergetic effect, which is unusual for single atom collision with solid 
targets. A time of flight (TOF) mass spectrometer combined with pulsed swift cluster ion beams which were produced by the 
TIARA tandem accelerator was used for a secondary ion measurement. In this report we present some results of projectile 
energy dependence of positive and negative secondary ion emission from a highly oriented pyrolytic graphite (HOPG) target 
bombarded with carbon cluster ions. 
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Fig. 1  The ratio of yields of positive (left) and negative 
(right) secondary ions emitted from HOPG target 
bombarded with 0.5, 1.0 and 1.5 MeV/atom carbon 
incident ions. The yield of positive secondary ions 
bombarded by C1

+ ion is unity.
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The focusing microbeam system 1,2) is being developed at 
the HX course of the TIARA cyclotron.  The minimum 
beam size of 0.6 �m in diameter was obtained using the 
flat-top acceleration (FT)3).  The microbeams were 
supplied to research experiments4) on radiation biology and 
single event upset of semiconductors in space environment, 
often with a moderate size of ��2~2.0 �m without FT.    

Those experiments employ single-ion hit technique, 
sequential hits of one ion at one targeted point.  The 
single-ions are delivered reducing beam intensity by some 
orders of magnitude after forming a microbeam.  Therefore 
the spatial targeting accuracy is the same as the beam spot 
size, which is sufficiently small already. 

On the other hand, the required hit rate of higher than  
10/s is a subject to be realized.  The magnetic scanner 
installed in the HX course was replaced with a fast 
electrostatic scanner for this purpose.  The measurement 
result of scanner performance and other improvement made 
in fiscal 2007 are described below. 

The scanner consisting of two pairs of parallel plate 
electrodes, one for X and the other for Y, is placed upstream 
the focusing lens.  The electrodes are 70 mm long and   
30 mm wide, and their gap is 10 cm.  The maximum 
voltage of ±10 kV can be applied.  The coordinates of the 
targeting points are preset in a control computer for the 
high-voltage supply. The measurement was carried out 
using about 2 �m size beam of 260-MeV 20Ne7+ accelerated 
without FT.  A film detector of CR-39 on the focal plane of 
the focusing lens was hit with single-ions targeting an array 
of 2401 points on a square grid spaced 20 �m apart.  The 
target coordinate was swiftly switched to the adjacent point 
successively by triggers of signals from a pin-photo diode 
beneath the film to detect ions passing through it. 

As a result of the measurement, the following 
performances has been verified: 1) The targeting area is 
larger than 1000 �m��1000 �m.  2) The targeting accuracy 
is maintained at the highest speed of targeting shift when 
the targeting travels 1000 �m from one edge to the other.  
3) The average hit rate over 2401 hits is higher than 10/s.  
Figure 1 shows an example of etched pits of hit points and 
Fig. 2 demonstrates that any preset pattern can be plotted. 

Microbeams are extracted out into the air through a film 
separating vacuum from the air when a living cell is 
irradiated as a biological target.  The beam is scattered and 
enlarged by the film.  In order to reduce scattering and 
beam size growth comparable to the beam diameter, a film 
of 7.5 �m thick polyimide was replaced with 0.2 �m thick 
silicon nitride. 
   A quick change of microbeam ion species was tested 
using the cocktail beam acceleration without FT.  After 
forming 1.8 �m 260-MeV 20Ne7+ microbeam, the beam was 
changed to 520-MeV 40Ar14+ with the same mass to charge 
ratio using the cocktail beam acceleration5).  The Ar beam 
was focused to 1.4 �m with minor adjustment of beam 
transport and final focusing.  All changing process took 
about 20 minutes while it takes several hours from 
cyclotron startup to completion of microbeam formation. 
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Fig. 1  A part of a photomicrograph of 2401 etched pits 
on CR-39 film.  The full hit area is 1000 �m�

1000 �m. 

Fig. 2  A logo of JAEA made with ion pits.  
Upper left is the original logo from which the 
targeting coordinates were created. 
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The Gaussian transverse distribution of a charged-particle 
beam can be transformed into a uniform distribution by 
introducing an odd-order nonlinear focusing field in a beam 
transport system1). Based on this idea, we have been 
developing the multipole magnet beam profile 
uniformization system (MuPUS) for advanced ion-beam 
applications at the JAEA AVF cyclotron facility. This 
irradiation technique is superior to currently available 
uniform irradiation methods (the beam scanning method 
using time-varying dipole magnetic fields and the beam 
expansion method using scatterers) in that we can perform 
high-uniformity irradiation at a constant particle fluence rate 
over the whole area of a large target. 

First, we have made a theoretical study on beam 
uniformization by means of the nonlinear focusing method 
for construction of the uniform irradiation system2). To 
study the effect of the nonlinear magnetic fields on the beam 
profile, we have advanced the previous theoretical studies 
on beam uniformization of a Gaussian beam using 
odd-order fields. We have demonstrated the feasibility of 

uniformization of not only a Gaussian beam using the 
even-order fields instead of the odd-order ones, but also an 
asymmetric beam, e.g., a misaligned beam, by making a 
combination of the even and odd-order fields, especially 
with the sextupole and octupole ones. According to these 
formulas, the LB beam course of the cyclotron facility has 
been improved as shown in Fig. 1. Main parameters of the 
fabricated multipole magnets are summarized in Table 1. 

After installation of multipole magnets, we successfully 
obtained the first experimental results. To produce a beam 
with a Gaussian distribution, required for precise 
uniformization, a thin aluminum foil (t 0.8 �m) was set onto 
the beam line behind the cyclotron exit3). The beam is 
extracted through a thin titanium foil (t 30 �m, �100 mm) 
into air at the end of the beam line. The transverse profile at 
the target was tuned, monitoring the light emission from a 
fluorescent screen (AF995R, Desmarquest). Adjusting the 
strength of the multipole magnets, a 2D uniform beam was 
achieved. GAFCHROMIC films (HD-810, International 
Specialty Products) were used for more precise 
measurement of 2D distribution4). Figure 2 shows the 
relative intensity distribution of the beam on the target film. 
A uniform area of 30 mm�50 mm was formed. The rms 
uniformity of the central part of the uniform area is about 
2 %, calculated from the optical density of the irradiated 
film. 

We have achieved uniformization of a beam extracted 
from the cyclotron for the first time. A research and 
development study is now in progress for public use of 
MuPUS. 
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Fig. 1  Schematic view of the LB line and a typical beam 
envelope for uniform beam formation. The doublet 
quadrupole magnet (TDQLB2) has been relocated 1.0 m 
upstream from its original position and its magnetic 
polarity has been also reversed. The beam duct around 
TDQLB2 has been replaced by a square one (�100 mm) 
to reduce the beam loss. Two pairs of sextupole and 
octupole magnets have been installed around the 
doublet. For reduction of undesirable betatron-coupling 
induced by multipole magnets, the beam cross-section 
at the multipole magnets is set flat. For confirmation of
the flat beam profile, a three-wire profile monitor (PM)
has been introduced around the multipole magnets. 

Table 1  Main parameters of multipole magnets. 

 Sextupole 
magnet 

Octupole 
magnet 

Axial length (mech.) 
          (effective) 

0.30 m 
0.33 m 

0.30 m 
0.33 m 

Bore radius 57.5 mm 57.5 mm 
Maximum field gradient 300 T/m2 13000 T/m3

Maximum coil current 350 A 320 A 

Fig. 2  2D and 1D beam intensity distributions at the target 
measured using a GAFCHROMIC film, which was 
irradiated by a 10-MeV proton beam. The beam travels 
for 130 mm in air from the extraction foil to the film.
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In the JAEA AVF cyclotron, less than 1 �m sized heavy 
ion micro-beam formation with energies of hundreds MeV 
was achieved by a flat-top (FT) acceleration system, in 
which the beam phase width was restricted to 13.6 rf 
degrees, so that the energy spread of the beam was reduced 
to 0.02%1). The beam phase was controlled width with two 
pairs of beam-phase-defining slits in the cyclotron central 
region, and measured with the plastic scintillator at the first 
diagnostic station (CS0) after extraction from the cyclotron. 
The beam phase width of 1.2, 1.0 and 5.2 rf degrees in full 
width at half maximum (FWHM), was obtained for 
acceleration harmonics 1, 2, and 3, respectively2). However, 
the relation between the beam phase width and the positions 
of the beam-phase-defining slits has not been determined 
exactly, since the beam phase width inside the cyclotron has 
not been measured precisely. Therefore we have developed 
a scintillation detector, embedded in a new main probe, for 
accurate beam phase measurement inside the cyclotron. 

The original main probe consisted of the integral head 
of a carbon block for total beam current in the cyclotron and 
the differential head of three metal fingers for a beam 
current distribution along the radius. In the new main probe, 
the differential head has been replaced with a plastic 
scintillation detector for measurement of the beam phase 
width. As shown in Fig. 1, the detector is composed of a 
plastic scintillator, acrylic light guides and optical cables. 
Optical cables have been connected to a photomultiplier set 
at the end of in-air part of the main probe to keep it away 
from a strong magnetic field and rf noises inside the 
cyclotron. 

  During the measurement of beam current at the carbon 
block, the plastic scintillation detector is moved to the 
position behind the back of the integral head to avoid 
incident of a beam. If the carbon block is irradiated with 
beam power of 2 kW, its temperature will be more than 
2000 °C. The radiant heat from the carbon block can melt 
the plastic scintillator because of its low melting point of 
about 70 °C. According to thermal analysis, we found that 

such a high beam power can be tolerated by inserting a 
cooling aluminum plate of a thickness of 1 mm between the 
integral head and the plastic scintillation detector. 
   The phase distribution of 45-MeV H+ beam were 
measured for different positions of beam-phase-defining 
slits with both of the plastic scintillation detectors at the 
main probe and at CS0, respectively as shown in Fig. 2. The 
peak of the phase distribution at the main probe shifts in 
conjunction with the position of the slits. By contrast, no 
clear correlation between the peak location and the slit 
position is indicated at CS0. When the position of the slits is 
12.6 mm, the beam phase widths at the main probe and that 
at CS0 are 9.8 rf degrees and 2.3 rf degrees respectively. 
The beam is partly lost at the extraction devices, probably 
due to extension of a radial beam spread. 
   Since precise control of the beam phase distribution 
during acceleration in the cyclotron is required for the FT 
acceleration system, the phase measurement inside the 
cyclotron is more important. The new plastic scintillation 
detector can contribute reduction of the beam energy spread 
for heavy ion micro-beam formation. 
References 
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Fig. 2  Beam phase distribution measured at the main probe
(a) and CS0 (b). Figure legend indicates the position of
one of phase-defining-slits at pillar intervals of 0.8 mm. Fig. 1  Picture of the new main probe head.
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Magnetic field stabilization 
For production of a focused heavy-ion microbeam1) in 

the JAEA AVF cyclotron, the beam energy spread has to be 
reduced to �E/E = 2×10�� to avoid the chromatic aberration 
on beam-focusing. The magnetic field stability of the 
cyclotron is an indispensable prerequisite for the energy 
spread reduction achieved by fine tuning of the operating 
parameters including flat-top (FT) acceleration2). While the 
magnetic field variation is known for many cyclotrons, the 
magnetic field of the JAEA cyclotron has been stabilized by 
controlling the iron temperature3). Imperfection of the 
magnetic field stability, caused by temperature fluctuations, 
such as change of the outside air temperature, was observed.  

We, therefore, tried to correct the magnetic field with 
both an additional coil and a control system with a 
proportional-integral-derivative (PID) feedback. The 
additional coil was winded around the upper main coil of 
the cyclotron. By adjusting the exciting current, fed from a 
small power supply (20A-20V), the magnetic field variation 
of the order of 10-5 can be corrected. The magnetic field 
measured with an NMR probe inside the cyclotron was used 
as a process variable for the PID control. The difference 
between the process variable and a set point is used to 
determine the exciting current of the additional coil. The 
PID control algorithm was executed on a Windows PC with 
a LabVIEW program. 

A preliminary experiment on the magnetic field 
stabilization with the PID control was carried out for the 
acceleration of a 100 MeV 16O4+ beam. Figures 1 and 2 
show the magnetic field variations without and with the PID 
control, respectively. The results indicate the good 
performance of the PID control. 

Quick change of ion species of microbeam by cocktail 
beam acceleration technique 
 We can provide a 260 MeV 20Ne7+ microbeam with a 
spot size less than 1 �m by using an FT acceleration 
system2). Users of the microbeam need a wide range of 
linear energy transfer (LET). In order to vary LET widely,
we have to change the ion species and kinetic energy. 
However, it usually takes about 6 hours or more to tune the 
cyclotron step by step for a new ion species. A cocktail 
beam acceleration technique4) is, therefore, applied to 
microbeam formation for reduction of the tuning time. We 
can change the ion species to be accelerated by slightly 
shifting the acceleration rf frequency. Beam development 
for quick change of ion species from 260 MeV 20Ne7+ (M/Q 
� 2.85) to 520 MeV 40Ar14+ has been carried out for 
microbeam formation. As a result, we have succeeded to 
confirm formation of a 520 MeV 40Ar14+ microbeam using a 
secondary electron microscope image of a copper mesh 
within 30 minutes after the 260 MeV 20Ne7+ microbeam.
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Fig. 2  Magnetic field is stabilized within ±1×10-6 with 
the PID control. The magnetic field is corrected by 
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Improvement of Beam Attenuator for Reliable Control 
of Beam Intensity 

T. Ishizaka , S. Okumura , I. Ishibori , T. Yuyama and Y. Yuri 

Department of Advanced Radiation Technology, TARRI, JAEA 

Beam intensity control over a very wide range is required 
for experiments and beam tuning in the JAEA cyclotron. To 
attenuate the beam intensity quickly, an attenuator�
composed of metal meshes with many regularly-arrayed 
holes, was installed at each diagnostic station of IS2 and IS5 
in the injection line of the cyclotron. We expect that, by 
inserting the meshes into the beam line, the beam intensity 
can be controlled with the beam size and emittance almost 
maintained. The attenuators of IS2 and IS5 can insert seven 
and two meshes in maximum, respectively. The beam 
intensity can be decreased with the attenuation ratio from 
10-1 to 10-12 by combining meshes with the opening ratios �
of 10-3, 10-2 and 10-1.

From previous experiments1), it was cleared that the � = 
10-3 mesh at IS5, where the beam size is small due to the 
waist point in the beam transport, the attenuation ratio did 
not agree with the designed opening ratio, and that the beam 
intensity distribution was also changed. Furthermore, it was 
cleared that, when one or more meshes with � = 10-3 or 10-2

at IS2 were inserted, similar imperfection in beam 
attenuation to the � = 10-3 mesh at IS5 was observed in spite 
of the large beam size. Then, we stopped using the � = 10-3

mesh at IS5 and remodeled the IS2 station for a longer space 
between meshes. Additionally, new meshes with a smaller 
hole spacing were examined. 

To attenuate the beam uniformly, the diameter and the 
hole spacing of the new meshes were 1/10 smaller than the 
original ones, as compared in Table 1. The attenuated beam 
intensity was measured using Faraday cups at the injection 
line and at the transport line after extraction from the 
cyclotron. The 2D distribution of beam intensity was 
measured at the target point of the LB course using 
GAFCHROMIC films2). As shown in Fig. 1, the profile of 
the beam attenuated by the new � = 10-3 mesh is similar to 
that by the � = 10-1 mesh, while the old � = 10-3 mesh 
distorted the profile. 

The IS2 station was replaced with a new one lengthened 
in the direction of the beam line. The steering magnet IST2 
has been moved downstream by 1167 mm for providing the 
installation space of additional attenuators at IS2, while the 
old IS2 station had only one port. A three-sheet type 
attenuator (sheet interval: 55 mm) has been installed in 
addition to the previous seven-sheet type one (sheet interval: 
20 mm). The largest mesh distance has been expanded from 
120 mm to about 1100 mm by combining meshes at the 
seven-sheet type and the three-sheet one. The arrangement of 
the meshes is shown in Fig. 2. A view port has been also 
equipped at the new station for observation of the beam 
profile using a fluorescent screen. 

We will investigate further for the performance of new 
meshes and the effect of a long mesh distance at IS2. 

Table 1  Main specifications of the old and new meshes. 

References 
1) N. Miyawaki, S. Okumura, S. Kurashima, Y. Yuri T. 

Yuyama, T, Ishizaka, K. Yoshida, I. Ishibori, T. 
Agematsu, T. Nara, and W. Yokota, JAEA Takasaki 
Annual Report 2006 (2007) 192.  

2) T. Agematsu, H. Hanaya, and T. Kojima, 
RADIOISOTOPES, 57 (2008) 87. 

Fig. 2  Block diagram of injection line with meshes of IS2 
and IS5 after the IS2 remodeling. White block: meshes 
for users; yellow block: new meshes for examination; 
pink block, BV: beam viewer (fluorescent screen) for
monitoring the beam profile; #: mesh number on the 
control box for users. 

IS2 
7-sheet ATT 

#3

10-3 10-3

#5

10-2 10-2

#1

10-1

#7

stop

#4

10-3

3-sheet ATT 

10-3 BV 10-2

IS5 
2-sheet ATT 
#6

10-1

#2

10-2

IS4 

IS3 

CYCLOTRON 
IS1 

ION SOURCE

(20ms irradiation)�  (2s irradiation)� �  (2s irradiation)

10 �

a) � 10-1mesh 

10 �

b) New10-3mesh 

10 �

c) Old 10-3mesh

Fig. 1  2D intensity distribution of the 260-MeV 20Ne+7

beam measured using GAFCHROMIC films at the 
LB2 port. The beam was attenuated by the meshes of
the opening ratios � of (a) 10-1, (b) 10-3 (new), and (c) 
10-3 (old). 

Material 
Thickness
Diameter
Spacing 
Opening 
ratio �

Old mesh New mesh 
SUS 304 Copper 
0.076 mm 0.03 mm 
0.1 mm 0.01 mm 

2.8 mm 0.89 mm 

10-3 10-2

0.28 mm 0.089 mm

10-3 10-2
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Development of Beam Generation and Irradiation 
Technology for Electrostatic Accelerator 

K. Yamada, S. Uno, A. Chiba, A. Yokoyama, Y. Saitoh, Y. Ishii, T. Satoh, T. Ohkubo, 
T. Agematsu and K. Mizuhashi 

Department of Advanced Radiation Technology, TARRI, JAEA 

1. Influence of terminal vibration of the tandem 
accelerator on beam-energy stability 
The beam-energy stability is an important factor for the 

micro-beam technology of TIARA tandem accelerator.   
The dependence of beam stability on a pressure of a charge 
exchange gas was investigated using the resonant nuclear 
reaction1) in FY 2006.  The acceleration voltage is 
controlled by a feedback signal from the generating volt 
meter (GVM), so the fluctuation of the signal by the 
mechanical vibration of the GVM would spoil the 
acceleration voltage stability.  And a main source of the 
vibration is rotation of pellet chains.  In FY 2007, we 
examined the relationship between the rotation of the chains 
and the beam energy stability.  We obtained the best 
stability when the rotating speed of the chain motor 1 and 
the motor 2 were 1,500 rpm and 2,100 rpm, respectively, 
and the energy stabilities of those were 7.1�10-4 and 
8.9�10-4.  The beam-energy stability depends on the speed 
of the pellet chains going around.  It is indicated that the 
control of the mechanical vibration is more effective to 
improve the beam-energy stability than that of the pressure 
of a charge-exchange gas.

2. Transmission measurement of cluster ions through 
a tandem accelerator using a helium gas

One of the crucial points to accelerate cluster ions at a 
tandem accelerator is the charge exchange from negative to 
positive by collisions with a target gas at a high voltage 
terminal.  A small amount of cluster ions remains intact 
and is stripped to positive charged ions.  These ratios 
depend mainly on target gas density and gas species.  To 
obtain intense cluster beam, we compare helium and 
nitrogen for target gas. we measure transmissions of cluster 
ions through the tandem accelerator as a function of gas 
density.  Figure 1 shows the transmission of C8 ions in the 
terminal voltage of 2.5 MV.  The results revealed that 
helium performs 20 percent better than N2 as a target gas for 
a C8 cluster ion acceleration.   

3. Measurement of MeV proton beam emittance
The improvement of the ion beam brightness originated 

from an emittance of the RF ion source in TIARA 3MV 
Single-ended Accelerator is an essential factor to form the 
beam size of less than several hundred nano-meters in 
diameter in MeV Microbeam System.  An emittance 
monitor with high angular resolution within 1 mrad is 
required to evaluate the brightness. The emittance monitor2)

using luminescence was placed at the SC beam line. As a 
result, the emittance of 1.7 MeV proton beam was less than 

6 �mm mrad (MeV)1/2.  The emittance of the RF ion source 
is aiming to be improved in less than 1�mm mrad (MeV)1/2.
We are planning to evaluate the beam brightness based on 
enhancing beam emittance after improving the emittance 
monitor in the high angular resolution within 0.2 mrad.  

4. The prototype of the ion beam intensity distribution 
monitor for low energy heavy ion beam 
The luminescence by ion beam stimulation is a powerful 

tool to monitor a beam profile of a high energy ion beam, 
while it is not applied to monitor that of a low energy one 
because of the low intensity of luminescence.  We are 
developing the ion beam intensity distribution monitor using 
multi Faraday cup (FC).  High aspect ratio FC is necessary 
to measure a beam current accurately.  The prototype 
monitor consists of twenty one high aspect ratio FCs (�2�
14 mm) which are covered in 30�30 mm irradiation area 
with a ceramic support as shown in Fig. 2.  The beam 
profile of 100 keV C60

+ generated with the 400 kV ion 
implanter was measured, and the profile is plotted as shown 
in Fig. 3.  We will develop high spatial resolution type 
multi FC and high speed measurement system. 

Reference 
1) Y. Ishii, et al., Nucl. Inst. Meth. Phys. Res. B 260 

(2007) 15. 
2) A. Chiba, et al., TIARA annual report 2002 (2003) 327. 

Fig. 1  Transmission of C8 at terminal voltage of 
2.5 MV as a function of gas densities. 

10mm

  Fig. 2 The prototype 
Multi FC.

Fig. 3  Beam profile 
of C60

+.
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Development of Irradiation Position Control 
Techniques for Ion Microsurgery Using an Ion Beam 

Induced Fluorescent Analysis 

H. Shimada a,b,d), M. Oikawa a,b,d), T. Satoh b), S. Okumura b), M. Taguchi c),
T. Kamiya a,b,d), T. Nakano a,d,e) and K. Arakawa a,b,d,e)

a) 21st Century COE Program, Graduate School of Medicine, Gunma University, 
b) Department of Advanced Radiation Technology, TARRI, JAEA, 

c) Environment and Industrial Materials Research Division, QuBS, JAEA, 
d) Department of Medicine, Graduate School of Medicine, Gunma University, 

e) Gunma University Heavy Ion Medical Center, Gunma University 

The heavy particles have unique characteristics of high energy transfer localized in the vicinity of almost straightforward 
tracks.  The heavy particles are suitable for the treatment of small tumors with the size of several millimeters or less.  This
research aims at developing an innovative microsurgery treatment system, using the carbon-ion pencil beam, for age-related 
macular degeneration (AMD).  
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Fig. 1  The fluorescence spectrum of fluorescein in water 
at 293 K obtained to C5+ beam irradiation. 

Reference 
1) H. Shimada, et al., JAEA Takasaki Ann. Rep. 2006, 

JAEA-Review 2007-060 (2008) 191. 
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Photo. 1  Renewal of �RI shoes�(left) and instal- 
lation of indication light at entrance (right). 

Safety Measures, Utilization Status and Spread of 
Research Results at TIARA Facility 

Y. Nakamura, H. Takizawa, M. Hosono, K. Nishimura, H. Kaneko, K. Mizuhashi, 
H. Tachibana, S. Kaneya, S. Kanai, T. Asai, M. Yoshida and K. Daikubara 

Department of Advanced Radiation Technology, TARRI, JAEA 

Periodical inspections every month and for three months 
were performed and safety of the facility was also maintained 
certainly1).  Several safety measures in the TIARA facility, 
such as the installation of indication light at the entrance to 
first-class radiation controlled area, the repair of the water 
sealing at the pipes penetrated into the building, the renewal 
and disposal of radiation protection materials, and so on were 

carried out 
as shown in 
Photo. 1. 

A central 
part of per- 
sonal access 
control sys- 
tem, which 

is one of the important interlock safety devices, was renewed 
because of long-term utilization and serious deterioration.  
An average count of personal sensing 
event for one month amounted to 
37,000-41,000 for recent a few years.  
Several PC’s and principal software 
including the OS(LINUX) and 
control programs were replaced with 
new ones completely.  A pair of PC 
and LCD is shown in Photo. 2. 

The shift of the number of 
experimental subjects is shown in 
Fig. 1.  The number of common use 
for latest two years was multiplied 
about two times.  The common use 
is divided into the facility common and the common 
innovation use which was newly introduced in 2007. 

In FY2007, the constitution ratios for internal, common 
and effective use occupying whole utilization frame had been 
designed as 70:20:10 comprehensively for 4 accelerators.  
However, since in this condition the allotment rates for the 
cyclotron, tandem accelerator and implanter were predicted to 
decrease largely to less than 50%, these ratios of utilization 
frame in FY2008 were changed as shown in Table 1. 

The shift of the application and allotment time, their ratio 
in JAEA internal use for the cyclotron since 1999 is shown 
in Fig. 2.  As a result, the allotment rate through FY2008 
could be recovered up to 0.484 and 0.495 for cyclotron and 
three electrostatic accelerators, respectively. 

The works for utilization and usher’s window were 
smoothly performed similarly to past years.  The average 
number of persons for one month was 47.6 (49.3 for last 
year) for staying at the visitor’s house for outside users, 38.8 
(51.5) for the loan of glass budge and ID card, 159 (179) for 
the temporary visitors in TIARA facility, and so on.  The 
number of carrying-out articles for a month was reduced to 
170 from 327 rapidly, because the procedure for article 
carrying-out was altered strictly.  On the other hand, the 
number of carrying-out for low-level radioactive samples 
was 26.8 as almost the same as 29.6 in last year. 

The second Takasaki Advanced Radiation Research 
Symposium was held successfully on June 21-22 at 
Takasaki city gallery.  The number of presentations for 
oral and poster sessions was 22 and 154, respectively.  
Participants to this symposium were 355, which decreased 
57 persons compared to the first symposium. 

In addition, the JAEA Takasaki annual report 2006 
summarizing research results and activities at TARRI was also 
issued.  This report compiled 187 papers consists of 243 pages 
including 22 coloured sheets, and was printed as 700 books. 

Reference 
1) Y. Nakamura et al., JAEA Takasaki annual report 2006 
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Table 1  Comparison of designed utilization frame 
between FY2007 and FY2008. 

Facility common Common innovation

FY2008 > 75  8 - 6
FY2007 > 70 <  20 < 10

Utilization
frame

17 - 19

Percentages of designed utilization frame  (total 100 %)

JAEA
internal

Effective
use

Common

0

500

1000

1500

2000

2500

3000

3500

4000

4500

99 00 01 02 03 04 05 06 07 08
0.4

0.5

0.6

0.7

0.8

����������������
��������������
��������������

Fiscal  year

A
llo

tm
en

t  
ra

te

A
pp

lic
at

io
n 

/ A
llo

tm
en

t t
im

e 
 (h

)

Fig. 2  Shift of application and allotment time, their ratio 
in JAEA internal use for the cyclotron since 1999. 

Photo. 2  Renewal of
main PC and LCD for
personal access control.

PC

LCD

5-01



－ 190 －

JAEA-Review  2008-055

Operation of the AVF Cyclotron 

T. Nara a), I. Ishibori a), S. Kurashima a), K. Yoshida a), T. Yuyama a), T. Ishizaka a), S. Okumura a),
N. Miyawaki a), H. Kashiwagi a), Y. Yuri a), W. Yokota a) , K. Akaiwa b), To. Yoshida b),

S. Ishiro b), Tu. Yoshida b), S. Kanou b), A. Ihara b), K. Takano b) and S. Mochizuki b)

a) Department of Advanced Radiation Technology, TARRI, JAEA, b) Beam Operation Service, Co., Ltd. 

Operation 
The AVF cyclotron was steadily operated throughout 

fiscal 2007 and supplied various ion beams for research 
experiments. The cumulative operation time was 53,224 
hours and the total number of experiments was 6,710 from 
the first beam extraction in 1991 to March 2007. 
   Table 1 shows the statistics of the cyclotron operation of 
fiscal 2007. The total operation time amounted to 3318.3 
hours, and monthly operation times are shown in Fig. 1. The 
percentages of operation time of the year used for regular 
experiments, joint-use, the innovation program, beam tuning, 
and beam development are 72.1%, 4.4%, 1.2%, 21.1%, and 
1.3%, respectively. The number of machine troubles was 
279. The only trouble that caused a cancellation of 
experiments was a breakdown of a motor bearing of the 
cooling system for temperature stabilization of the cyclotron 
magnet. 

Table 1.  Statistics for cyclotron operation in fiscal 2007. 
Beam service time   2576.5 hr 
Machine tuning    699.2 hr 
Beam development         42.6 hr 
Total operation time   3318.3 hr 
Change of particle and/or energy    � 270 times 
Change of beam course    343 times 
Change of harmonic number     57 times 
The number of experiments � �  689 
Experiment cancelled due to machine trouble   3 (24hr) 

A multi-cusp ion source is used to produce H+ and D+

ions.� For production of ions heavier than Helium, two 
ECR ion sources are used alternatively. Table 2 describes 
the operation time of each ion source. Popularity of major 
ions used for experiments is shown in Fig. 2. The tendencies 
of the statistics are similar to those of the past years. 

Table 2  Operation times of ion sources. 
Ion source Operation time (h) Ratio(%)

Multi-cusp 1190.6 32.7 
ECR (OCTOPUS) 1082.8 29.8 
ECR (HYPERNANOGAN) 1366.5 37.5 

Maintenance 
The regular yearly overhaul and maintenance was 

carried out. The principal items were as follows: 1) 
Correction of the original positions of some beam probes, 
two phase slits, the deflector, etc. 2) Cleaning of the 
deflector electrodes. 3) Inspection of the RF system and 
evaluation of its characteristics. 4) Change of lubricating oil 
for about 50 rotary pumps. 5) Chemical cleaning of the heat 

exchanger of the main cooling system. 6) Routine 
maintenance of the power supplies. 7) Modification of the 
beam diagnostic station (IS-2) to improve accuracy of 
reduction ratio of the beam attenuator. 

Technical development 
The new beam acceleration tests were carried out for  

12 MeV H+, 18 MeV H+ and 75 MeV 28Si5+, and they are 
ready for use in experiments. 

A multipole magnet system for formation of a 2D 
uniform beam1,2) was installed in the LB beam course and 
named MuPUS (Multipole magnet beam Profile 
Uniformization System). Test operation to investigate and 
improve its performance is under way. 

The all-permanent-magnet type ECR ion source (LECR)3)

was installed to an injection system of the cyclotron and 
practical operation will start in fiscal 2008. 

References  
1) Y. Yuri et al., Phys. Rev. ST Accel. Beams 10 (2007) 

104001.
2) Y. Yuri et al., “Uniform beam formation using 

multipole magnets”, in this annual report (2008). 
3) K. Yoshida et al., JAEA-Review 2007-060 (2006) 193. 
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T. Agematsua), S. Uno a), A. Chiba a), K. Yamada a), A. Yokoyama a), Y. Saitoh a), Y. Ishii a),
T. Satoh a), T. Ohkubo a), K. Mizuhashi a), W. Yokota a),

 T. Kitano b), T. Takayama b), T. Orimo b), M. Kouka b), Y. Aoki b) and N. Yamada b)

a) Department of Advanced Radiation Technology, TARRI, JAEA, 
b) Beam Operation Service, Co., Ltd 

1. Operation and Status 
Three electrostatic accelerators were operated smoothly 

in FY 2007, and all the planned experiments were carried out 
except those canceled by users.  The yearly operation time 
of the tandem accelerator, the single-ended accelerator and 
the ion implanter amounted to 1949, 2437 and 1900 hours 
respectively, similarly to past years.  The total operation 
time of each accelerator since operation started is 28313, 
32022 and 25127 hours respectively.  The monthly 
operation time is shown in Fig. 1.  The time is shorter in 
April, July, August and December than in the other months 
because of the maintenance.  Ion species used for 
experiments in FY 2007 are shown in Fig. 2.    

2. Maintenance 
The number of troubles was smaller than that for past 

years.  A couple of troubles took place in the interface 
circuits of the safety interlock systems; one was in the circuit 
between the electro-static accelerators and the radiation 
control system, the other between the accelerators and the 
personal access control system.  We made it sure that safety 
was kept under the fail-safe design during the troubles. 

The component of high voltage generator of the 
single-ended accelerator was contaminated by spouted grease 
from the bearing of the motor-generator drive rod.  This 
was caused due to deterioration of grease containing fluorine 
with low radiation resistance.  The grease worked less than 
1000 hours in this case.   

The high-pressure residual gas of SF6 is leaking from the 
SF6 gas handling system of the tandem accelerator.  The 
actual spots of leak are not identified.  The most amount of 
the leak comes out when the accelerator tank pressure is high.  
Therefore, in order to reduce the leak by lowering the 
residual gas pressure, a pipe was installed to carry the gas in 
the high-pressure part of the system for the accelerator to the 
low-pressure storage tank.  The sealing rubbers in the 
system were renewed for leak tight. 

3. New Beam Development 
As to the ion implanter, Pb ion, which was requested by 

users, was successfully generated using oven method and 
accelerated with intensity of 1.5 �A.  We tried to generate 
Se ion for the tandem accelerator.  But the inside of the ion 
source seriously contaminated by metallic Se, and obtained 
beam current was not enough to provide to experiments. 
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Fig.1  Monthly operation time of each accelerator in FY 2007

Fig. 2  Statistics of ion species used for experiments in FY 2007. 
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Fig. 1  Monthly operation time of each accelerator in 
FY 2007. 
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Operation of the Electron Accelerators and 
Gamma-ray Irradiation Facilities 

H. Kaneko a), Y. Haruyama a), N. Haneda a), H. Hanaya a), R. Yamagata a), H. Seito a),   
T. Kanazawa a), T. Kojima a), T. Yamaguchi b), N. Yagi b), M. Takagi b),

T. Hirai b) and S. Matsuzaki b)

a) Department of Advanced Radiation Technology, TARRI, JAEA ,  
b) Radiation Application Development Association, RADA 

1.  Operation 
1.1  Electron accelerator 

The electron accelerator was on service without serious 
trouble in 9:00�17:30 on Monday and Friday, and in 8:30
�23:00 on Tuesday to Thursday, to satisfy the demand of 
operation time for users. 

The annual operation time of the electron accelerator, as 
shown in Fig. 1, is 706.3 h (552.5 h for vertical beams, 
153.8 h for horizontal beams), and that of the accelerator 
No.2 operated until 2004 is also shown in Fig. 1. Total 
operation time of the accelerator No.1 in FY2007 increased 
by about 18% compared with that in FY2006, and analysis 
of the number of research subject indicated the increase of 
longer-time irradiation for nuclear facilities subject. 

The accelerator served mainly for graft-polymerization 
for new material development, radiation effect study on 
semiconductors and various experiments of visiting users.

1.2  Gamma-ray irradiation facilities 
�  The Co-60 gamma-ray irradiation facilities consist of 
three buildings (8 rooms) and cover a wide dose-rate range 
from  0.04 Gy/h to 20 kGy/h with eight irradiation cells. 
The annual operation time for the first, second cobalt 
irradiation facilities and food irradiation facility is 23,433 
h, 9,010 h and 10,631 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 facility with 

long irradiation period. The second irradiation facility 
served mainly for development of new functional materials 
and other research subject 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. 

2.  Maintenance 
2.1  Electron accelerator 

The operation of the accelerator was interrupted for 10 
days in October, 2007 and 4 days in January 2008 because 
of periodical maintenance check on accelerator body and 
incidental equipment, e.g. conveyor and doors of irradiation 
room and repair of vacuum system at the vertical beam line. 

2.2  Gamma-ray irradiation facilities 
� The periodical maintenance check mainly on 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 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 2007, with 11 days 
interruption. 

Co-60 sources were purchased and loaded to the 
irradiation room No.2 in the first irradiation facility to 
maintain total activities of the room. The old waste sources 
of about 30 pieces were disposed through The Japan 
Radioisotope Association (JRIA). 

Fig. 2  Shift of annual operation time of Co-60 
gamma-ray irradiation facilities. 

Fig. 1  Shift of annual operation time of electron 
accelerators. 
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Utilization of the Electron Accelerator and Gamma-ray 
Irradiation Facilities 

H. Kaneko a), Y. Haruyama a), N. Haneda a), H. Hanaya a), R. Yamagata a), H. Seito a),
T. Kanazawa a), T. Kojima a), T. Yamaguchi b), N. Yagi b), M. Takagi b),

 T. Hirai b) and S. Matsuzaki b)

a) Department of Advanced Radiation Technology, TARRI, JAEA , 
b) Radiation Application Development Association, RADA  

Present status of the utilization of electron accelerator 
and gamma-ray irradiation facilities 

� An electron accelerator and three gamma-ray irradiation 
facilities were operated for various research subjects as 
operation plan in FY 2007 without serious trouble. 
Distribution of research subjects and number of experiment 
subjects are shown in Fig. 1 and Fig. 2, respectively.  Table 
1 shows irradiation time and the number of research subjects 
for each facility. 
   The number of experiment subject at the electron 
accelerator increased in the research fields of environment 
and nuclear facilities, and decreased in the field of heat resist. 
Also, the number at gamma-ray irradiation facilities 
increased in the field of resource & bio-technology, and 
decreased in the field of nuclear facilities.  The irradiation 
time in FY2007 of each facility increased in comparison 
with that in FY2006. 

Table 1  Irradiation time and number of experiment subjects 
in each research field at each facility in FY2007. 

Electron 
Accelerator 

Gamma-ray 
Irradiation facilities

   � � Facility

Research fields 
Irradiation 
time(hr) number Irradiation 

time(hr) number

Material 
processing 145.5 281 12933  411 

Heat-resist   24.5   8   174    3 
Material for space 140.8  38  7559   57 
Nuclear facilities 145.0  37 53076  113 
Environment 149.1  48   550   74 
Basic technology  70.9  41  5180   45 
Resource & Bio- 
technology    0   0  2621  276 

Joint use 140.1  52 19859  195 

Total 815.8 505 101951 1174 
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COMMON USE PROGRAM in Takasaki Advanced 
Radiation Research Institute 

 K. Kawata, M. Hoto and R. Suzuki 

Department of Advanced Radiation Technology, TARRI, JAEA 

1. Introduction 
The facilities of JAEA are widely opened to users from 

universities, public institutes, and the industries, etc. 
COMMON USE PROGRAM, the system of facility use for 
the user’s purpose on fee-charging basis, started since 2006 
taking over the former system. There are 3 OPEN USE 
facilities in Takasaki; Co-60 Gamma-ray Irradiation 
Facilities, Electron Accelerator and TIARA. In addition to 
these, some of the off-line devices can be used. 

We round up the Research Proposals dividing one year 
into two terms, and the execution possibility and the validity 
of the experimental plan are checked by the special 
committee. The facility usage fee will be the total of the 
admission fee, irradiation fee and additional charge. In case 
of Non-proprietary research, the users must report the 
irradiation result to JAEA, and could be exempt from 
irradiation fee. JAEA will open the reports to the public. It 
is also possible for universities to apply from the facility use 
program of The University of Tokyo. Those applications are 
accepted as priority case. Table 1 shows the outline of the 
program. 

Table 1  Classification of COMMON USE PROGRAM. 

Purpose Research and development Except R&D

Classifi- 
cation General Priority 

case Commercial

Result Non- 
proprietary Proprietary  

Referee Yes No   
Charge* A B C 
*A= admission fee 
 B= admission fee + irradiation fee 
 C= admission fee + irradiation fee + depreciation 

2. Public relations 
The information like an outline of this system, 

guidelines for applicants, format download, etc can be seen 
on JAEA website (http://www3.tokai-sc.jaea.go.jp/sangaku/
3-facility/index.html). In addition to this, we go out for 
publicity to search current needs of the outside of JAEA. In 
2007, we participated in International Nanotechnology 
Exhibition & Conference 2008 (Tokyo), Seminar for 
advancement of RI/radiation use (Nagoya), Radiation use 
event applied to daily life (Osaka), and so on. 

3. Use in FY2007
There were 35 Research Proposals in FY2007 at 

Takasaki Institute, and 22 of all hoped to use with open 
result. Including the users from priority case, we accepted 
300 applications from 52 users and half of the users were 
new. We can find that the percentage of users from 
universities exceeds the others except Co-60 Facility from 
Table 2. However we expect there should be latent needs in 
the industries. Therefore we are trying to exhume them by 
the “Public relations” and improve convenience of the usage 
procedure by introducing new system to increase the 
industries user.

Figure 1 shows classification of all 300 applications. On 
TIARA, Non-proprietary use represents more than 50%, 
while Co-60 Facility and Electron Accelerator have a few. 
This tendency may come from the user’s affiliation. 

Table 2  User’s affiliation of each facility. 

� � � � � �   User 

Facility U
ni

ve
r-
�

si
ty

Pu
bl

ic
 

In
st

itu
te

 

O
th

er
s 

To
ta

l 

AVF Cyclotron 7 3 5 15
3MV Tandem Accelerator 1 0 0 1
3MV Single-ended 
Accelerator 2 0 0 2TI

A
R

A

400kV Ion Implanter 5 0 1 6
Co-60 Gamma-ray 
Irradiation Facility 7 1 10 18

Electron Accelerator 6 1 3 10
Total 28 5 19 52

Fig. 1  Percentage of each classification.  The percentage 
is calculated based on the number of applications. 
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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 2007. The effective dose values of 
almost all radiation workers were below the detection limit 
(0.1 mSv). 

The maximum dose was 0.6 mSv/y due to the overhaul of 
the TIARA AVF cyclotron. 

Table 1 Distributions of the effective dose of the 
radiation workers in FY 2007. 

�

(2)� Individual monitoring for the visitors and others 
Table 2 shows 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 2007. 

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 2007. 

Small amounts of 41Ar, 11C and 13N were detected for 
some time during operation of the cyclotron or experiment, 
but the pulverized substances (65Zn, etc.) were not detected. 

Table 3 Monitoring results of released radioactive 
gases and dust in FY 2007. 

3 Monitoring for external radiation and surface 
contamination 

External radiation monitoring was routinely carried out 
in/around the radiation controlled areas and surface 
contamination monitoring was also carried out. Neither 
unusual value of dose equivalent rate nor surface 
contamination was detected. 

Figure 1 shows a typical example of distribution of the 
dose equivalent rate at the radiation controlled area in the 
cyclotron building. 

Fig. 1  Dose equivalent rate distribution at the radiation 
controlled area in the cyclotron building. 
Measurement date: 26th March 2008, 
Measuring position: Indicated with × 1 m above floor, 
Unit: �Sv/h. (The values are not indicated at the places 
where the dose equivalent rates are less than 0.2 �Sv/h). 

1st 2nd 3rd 4th Total
quarter quarter quarter quarter

��   HE � 0.1 523 539 551 572 693

 0.1 � HE � 1.0 1 7 0 0 8

 1.0 � HE � 5.0 0 0 0 0 0

 5.0 � HE � 15.0 0 0 0 0 0

 15.0 � HE 0 0 0 0 0

524 546 551 572 693

� Exposure
Number of persons

(B) 0 0 0 0 0

��  above 1mSv �B�/�A�×100�%� 0 0 0 0 0
0.1 2.0 0.0 0.0 2.1
0.00 0.00 0.00 0.00 0.00
0.1 0.6 0.0 0.0 0.6

������*1 Not detected according to internal exposure.

 Mean dose  (mSv)
 Maximum dose  (mSv)

Number  of  persons  in each periods

Distribution range
of effective dose

HE:Effective dose *1

        (mSv)
Number of persons under radiation

control (A)

 Mass effective dose  (Person�mSv)

persons
Items

1st 2nd 3rd 4th
quarter quarter quarter quarter

Number of persons 504 535 457 409 1905

TotalPeriods

      Periods 1st 2nd 3rd 4th
   Items quarter quarter quarter quarter

<1.5×10-4 <1.5×10-4  2.4×10-4  1.5×10-4  2.4×10-4

 5.6×108  2.0×108  1.2×109  9.5×108  2.9×109

<1.5×10-4 <1.5×10-4 <1.5×10-4 <1.5×10-4 <1.5×10-4

 1.2×108  6.0×107  2.9×108  1.9×108  6.6×108

<1.5×10-4 <1.5×10-4 <1.5×10-4 <1.5×10-4 <1.5×10-4

 7.0×108  6.2×107  1.7×108  8.8×106  9.4×108

<6.0×10-10 <6.2×10-10 <6.7×10-10 <6.6×10-10 <6.7×10-10

0 0 0 0 0

Maximum  concentration
(Bq/cm3)

13N
Maximum  concentration

(Bq/cm3)

Activity  (Bq)

65Zn
Activity  (Bq)

11C
Activity  (Bq)

Maximum  concentration
(Bq/cm3)

Total

41Ar

Nuclide

Maximum  concentration
(Bq/cm3)

Activity  (Bq)
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Radioactive Waste Management in TIARA 

T. Ishibashi and N. Higuchi 

Department of Administrative Services, TARRI, JAEA 

1. The radioactive wastes management 
The radioactive wastes generated in TIARA are 

managed by Utilities and Maintenance Section. The main 
radioactive wastes are the solid wastes generated by the 
research experiment and the maintenance of the cyclotron. 
Other radioactive wastes are the liquid wastes such as 
inorganic waste fluids generated from the research 
experiment and the air-conditioning machines in controlled 
area. These wastes are managed according to properties.
�

2. Solid radioactive waste 
Table 1 shows the amounts of solid wastes at various 

properties and kinds generated in each quarter of FY 2007.
The main solid waste is generated by 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 2007. Liquid waste was almost inorganic 
waste water generated with chemical experiments and 
operation of air conditioning units installed in each room of 
the first class radiation controlled area. Larger quantity of 
waste water in summer season (2nd quarter) is mainly due 
to condensed water, which is treated by evaporation, and 
inorganic water is reused in the controlled area. Only small 
amounts of concentrated liquid are generated by the 
evaporation. 

Table 1  Radioactive solid wastes generated in FY 2007. 

                    Amounts Number of
1st 2nd 3rd 4th package

quarter quarter quarter quarter /drum
 Category A* 0 0.50 0.28 0.38 2.34  

1) Combustible 0 0.40 0.20 0.56 1.16      7** 
2) Incombustible 0 0.10 0.10 0.98 1.18 0
Compressible 0 0.10 0.10 0.24 0.44      3**
Filters 0 0 0 0.74 0.74 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

Amounts of generation in each periods (m3)

Total     Items

*  defined by dose at the outer surface of container : (A) � 2 mSv/h � (B). 
** 200-liter drum 

� Table 2  Radioactive liquid waste generated in FY 2007. 

 Category A* 10.88 20.44 5.60 3.38 40.30  
1) Inorganic 10.88 20.44 5.60 3.18 40.10 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 0.20 0.20 2

 Category B* 0 0 0 0 0 0

� � � * defined by concentrations in Bq/cm3 (�,�) : (A) � 3.7�10 � (B) � 3.7�104.
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Appendix 3 
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 Collaboration*1 Paper
Number
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Joint
Res.

Entr.
Res.

Coop.
Res.

JAEA
Inter.

Com.
Use C T S I E G

Joint
Res.

Entr.
Res.

Coop.
Res.

JAEA
Inter.

Com.
Use C T S I E G

3-54 � � 4-26 � �

3-55 � � 4-27 � �

3-56 � � 4-28 � �

3-57 � � 4-29 � � �

3-58 � � � 4-30 � � �

3-59 ��� 4-31 � � �

3-60 � � 4-32 � � �

3-61 � � 4-33 � �

3-62 � � 4-34 � �

3-63 � � 4-35 � �

3-64 � � 4-36 � �

3-65 � � 4-37 � �

3-66 � � 4-38 � � �

3-67 � � 4-39 � � �

4-40 � �

4-01 � � � � 4-41 � �

4-02 � � � � 4-42 � �

4-03 � � � 4-43 � �

4-04 � � � 4-44 � � �

4-05 � � � � 4-45 � � �

4-06 � � 4-46 � � �

4-07 � � � � 4-47 � � �

4-08 � � � 4-48 � � �

4-09 � � 4-49 � � �

4-10 � � � 4-50 � �

4-11 � � 4-51 � �

4-12 � � � 4-52 � �

4-13 � � 4-53 � �

4-14 � � 4-54 � �

4-15 � � � 4-55 � � � �

4-16 � � 4-56 � � �

4-17 � �

4-18 � � 5-01 � � � �

4-19 � � � 5-02 �

4-20 � � 5-03 � � �

4-21 � � � � � � 5-04 � �

4-22 � � 5-05 � �

4-23 � � 5-06 � � � � � �

4-24 ��� 5-07 � � � �

4-25 ��� 5-08 � � � �

  G : Co-60 Gamma-Ray Irradiation Facilities
  E : 2 MV Electron Accelerator

  T : 3 MV Tandem  Electrostatic Accelerator

  I : 400 kV Ion Implanter
  S : 3 MV Single-ended Electrostatic Accelerator

        through The University of Tokyo
  JAEA Inter. : JAEA internal use

  C : AVF Cyclotron System

 *2 Utilization of Irradiation Facilities*1 Type of Research Collaboration

  Coop. Res. : Cooperative research with plural universities

  Joint Res. : Joint research with external users

                         facilities) 

Irradiation Facilites*2
Paper

Number
Paper

Number

Irradiation Facilites*2Type of Research
 Collaboration*1

Type of Research
Collaboration*1

  Com. Use : Common use based on "JAEA-facility-use"
  OL : Off line (research without the use of  irradiation 

  Entr. Res. : Research entrusted to JAEA



－ 229 －

JAEA-Review  2008-055

i

Symbol used in the Appendix

An example of symbol expression is written as following. 

07   J  151   4-50  C
�    �   �     �-�   �

�  Number of last two orders in fiscal year 
�  Kind of publication 

J  :  Publication in Journal 
    C  :  Publication as Proceedings 
    NP : Press-Release (Newspaper) 
    TV : TV Programs 
    PA : Patent 
� Consecutive numbers for the kind of publication 
�-� Paper number 
�  Classification number of research field 
    1 : Space, nuclear and energy engineering 
    2 : Environment conservation and resource security 
    3 : Biotechnology and medical application 
    4 : Advanced materials, analysis and novel technology 
�  Consecutive number every research field 
�  Irradiation facilities utilized for the research 
    C : AVF Cyclotron 
    T : 3 MV Tandem Electrostatic Accelerator 
    S : 3 MV Single-ended Electrostatic Accelerator 
    I : 400 kV Ion Implanter 
    E : 2 MV Electron Accelerator 
    G : Co-60 Gamma-ray Irradiation Facilities 

O : Off-line (Research without the utilization of irradiation facilities) 
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