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PREFACE

This report covers activities of ~1‘eseai'ch and development conducted with TIARA
(Takasaki Ion Accelerators for Advanced Radiation Application), electron beam and Co-60
gamma-ray irradiation facilities in Takasaki Advanced Radiation Research Institute, JAEA,
from April 2011 to March 2012. ‘

* This annual report contains 158 papers in the fields of
1) Space, Nuclear and Energy Engineering,
2) Environmental Conservation and Resource Exploitation,
3) Medical and Biotechnological Application,
4) Advanced Materials, Analysis and Novel Technology for Facilities,
5) Status of Irradiation Facilities.

In the field of Space Engineering, radiation induced degradation and malfunction of
semiconductor devices have been ihvestigated to develop next generation electronic systém
equipped for artificial satellites. R&Ds of radiation resistant and new functional devices

based on wide bandgap semiconductors like SiC, GaN and diamond have also been performed.

For Nuclear and Energy Engineering, the practically available results were obtained for

durability of polymeric insulators used in nuclear facilities, radiation stabilities of organic
extractants, and hydrogen gas géneration from cements, zeolites and metal ferrocyanide
compounds used for radioactive waste treatment. As for structural materials used in light
wéter, fast and fusion reactors, microstructural change in pressure vessel steels, fuel claddings
and blanket materials has been intenéiVely studied using TIARA. Polymer electrolyte
membl"anes exhibiting high performance suitable for fuel cell application have been
developed by radiation grafting and cross-linking technique. B

In the field of Environmental Conservation and Resource Exploitation, metal ion
adsorbents have been developed with radiation grafting technique and applied for rémoving
toxic elements like Pb, B, As and Cs in waste water. Radiatioh grafting technique was also
adopted for surface modification of industrial materials, leading to success in improving
vulcanized rubber for car wiper. Radiation crosslinking technique was used for developing
micro-fabrication technology of biodegradable polymers like polylactic acid in connection
with their application to bio-micro/nano electro .mechanical systems. Hydro-gels produced

by crosslinking of hydroxypropyl cellulose were investigated for realizing three dimensional

- polymer gel dosimeter. R&Ds of the decomposition and removal of persistent antibiotics in

waste water using electron beams and gamma-rays have been performed to develop new

process technologies for environmental conservation.

i
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I the field of Medical and Biotechnological Application, localization of apurinic lesions
on DNA. (AP-sites) induced by ionizing radiation was estimated by the Forster resonance
energy transfer (FRET) method. Interestingly, not only He ions but also y-rays seem to
produce more localized AP-sites than randomly-distributed case. Bystander cell-killing
effects were investigated. Survival of the cell population, in which about 0.02% of cells
were irradiated with heavy ion microbeams, decreased at 24 hours. In contrast, survival of
bystander cells co-cultured with cells irradiated with carbon ion broad-beams and y-rays
decreased at 6 hours or later suggesting that an increase in the number of madlated cellsina
cell population leads to an ea111e1 emergence of the bystander cell-killing effect. The in-air
micro particle-induced X-ray/Gamma-ray emission (micro-PIXE/PIGE) system has been
atilized to obtain distribution of trace-elements in the micron-sized samples for bio-medical
applications analyzing of asbestos in lung tissues histamine in brain tissues, fluorine uptakes
in carious enamel, erythrocyte elements in hepatltls C patients and so on. Radionuclides,
. which are produced with AVF cyclotron, have been used for cancer therapy and dlagn051s

Radlopharmaceutlcal for diagnosis of malignant tumors which is ®Br-labeled amino acid
derivative ([76B1]bromo-a-methyl phenylalanine) was successfully prepared and evaluated as
a potential PET tracer. The radionuclides are also applied: to the plant studies on plant
-fuﬁctions, abs'ofption of various nutrients and pollutants from the environment, which is
c¢rucial for the human society. New experimental methods with the positron-emitting tracer
imaging system (PETIS) have been developed for visualization and quantitative analyses of
assimilation of carbon and nitrogen from the air, and uptake of cadmium and radiocesium
~ from the soil. The ion beam breeding has been applied for many kinds of plants and
microorganisms such as chiysanthemum, dahlia, rice, poplar, yeast and endophyte to obtain
new useful varieties. By ion-beam irradiation, high temperature tolerant mutants of
" Bradyrhizobium japonicum were obtained. Study on lethal effect of ion beams in
Arabidopsis seeds suggested that carbon ions near range end induce irrepar able DNA lesions.

In the field of Advanced Materials and Analysis, various materials were developed by-
applying ion- or electron-irradiation effect: gasochromic metal oxide film, epoxy or
fluoropolmer with nano/micro structures, nanowire/fiber, platinum nanoparticles, FeSi3
nanoerystals, SiC membranes, charge - stripper-foil, Mach-Zehnder poljfmer_ waveguides,
hydrogen-storage alloys, ZnTeO alloys. ~Analyses of characteristics of various materials with
and without irradiation were performed using conventional methods (e.g. photospectrometry,
microscopy (TEM, AFM, MFM), and ESR) and radiation-épplied analysis (e.g. activation,
RBS, ISA, positron annihilation life time spectroscopy, and RHEPD). As for the Novel

Technology, radiation chemistry studies on radiolysis of water or organics were carried out

iv
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using MeV-electron beams and pulsed heavy ion beams involving the: development of
time-resolved radiolysis techniques. Different kinds of measurements, CR-39 detector, TOF,
and activation were studied for low-energy neutrons with improvements. Characteristics of
alanine, rock-salt, diamond, and Al,Os:Eu, and polymer/cross-linker film were examined for
new. applications. The fundamental studiés on the interaction between MeV/atom cluster
ions and target mgtefials for C,-Cep were performed on the basis of the measurement of
secondary ions/electrons or luminescence emitted from materials, and theoretical estimation
of energy deposition/loss. Technical developments at AVF cyclotron for single-ion-hit
irradiation and wide uniform irradiation were in progress besides quick beam change for
_microbeams and emittance/acceptance measurement for higher available beam intensity.-
New beam line for cluster ion irradiation was settled at the single-ended accelerator.

About .the Status of Irradiation Facilities, all the accelerators in TIARA, the AVEF
cyclotron, the 3-MV tandem accelerator, the 3-MV single ended accelerator and the 400-kV -
ion implanter, were stopped till the middle of May due to the influence of the Fukushima
nuclear -accident, though the immediate damage by the Great East Japan Earthquake was
small. They were operated steadily and safely after resumption as well as MeV-electron and
Co-60 gamma-ray irradiation facilities. Their oi:eration on Saturday was carried out twelve
times to make up for the lost beam time, and the yearly operation time of each accelerator was
as long as in the normal year in consequence. The AVF cyclotron accelerated low-energy
light ions during dgytilne in July, August and September in order to lower the peak electric
power consumption according to the decision of the Japanese Government. Total oﬁeration
times of the tandem accelerator, the single-ended accelerator and the ion implanter were
36,598, 41,674 and 32,457 ‘hours, respectively, since the beginning of their operation.

" The total number of experiments made by various users using the AVF cyclotron was 9,241
from the first beam extraction in 1991 to March 2012, as a result of continuous efforts such as

regular maintenance and trouble shooting.

Masao Tamada,
Director General

Takasaki Advanced Radiation Research Institute

Japan Atomic Energy Agency
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1-01

Estimation of Current-Voltage Characteristics of

Subcells in a Multi-junction Solar Cell

T. Nakamura ® M. Imaizumi ?, . Sato ™ and T. Ohshima®

2 Aerospace Research and Development Directorate, JAXA,
)Envuonment and Industrial Materials Research Division, QuBS, JAEA

Multi-jmiction (MJ) solar cells are currently used for
space since they have high conversion efficiency. In order
to utilize such solar cells in space environment, we need to
experimentally clarify the radiation resistance of their output
performance, because the performance degrades by radiation.
However, multi-junction solar cells are composed of a
nunmber of subcells which are electrically connected in series.
Their degradation behavior is, therefore, complxcated and
difficult to understand.

It is possible to obtain the value of I, of each subcell by
changing the current-limiting subcell using color bias
lights. On the other hand, the technique to estimate dark
current-voltage (DIV) in MJ cells, their shorteircuit current
(Is.) is determined by a subcell that generates the smallest I,
while their open-circuit voltage (V,) is the sum of Vs of
all subcells. DIV characteristics of subcells in a MJ cell
using electroluminescence (EL) intensity has been
proposed”. The combination of the above two method
enables us to deduce IV characteristics under light
illumination (LIV) of each subcell?.

In this work, we applied the methods to obtain LIV
characteristics including values of I, and V of each subcell
in a MJ cell before and after proton and electron irradiations.
" In addition, change in series (R;) and shunt (Ry,) resistances
of the subeells were also analized.

InGaP/GaAs dual-junction (2J) solar cells (bare type,
2 c¢n X2 cm in size) were prepared for this study. They
were irradiatied with 3 MeV, 120 keV, and 60 keV protons
and 1 MeV electrons. According to simulation results of
The Stopping and Range of Ions in Matter (SRIM), 3 MeV
protons penetrate the whole 2T layers, while 120 keV and
60 keV protons stop at p/m junction of the GaAs
bottom-subcell and InGaP top-subcell, respectively.
Before and after the irradiations, DIV of the subcells were
characterized using the EL method. Also, LIV of the 2J

cell was measured under illumination of an air mass zero

solar simulator. The DIV. curves obtained by the EL
method were compensated by adding Ry, and Ry factors;
both of the values were estimated by numerical fitting to the
measured IV curves using the Simulation Program with
. Integrated Circuit Emphasis (SPICE). The LIV of each’
subcell was estimated by adding I from the bias light
method. to its DIV ‘from the EL method. = Then the LIV of
the 2T cell was composed from the estimated subcell LIV
characteristics.

Fignre 1 indicates the comparison of the measwed LIV
of the 2T cell under the solar simulator and the composed
LIV of one from the estimated subeell LIVs. Both the
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cases of (2) before and (b) after the 3 MeV proton irradiation
(fluence=3 x 10* p*/cm?) are shown. For the fitting LIV
curves of the subeells, the two-diode model was used.
By adding the consideration of change in R; and Ry, the
measured and simulated LIV characteristics of the 2J cell
agrees sufficiently: .

These results promise us to enable more precise analysis
of radiation degradation behavior of MJ cells. This leads
to establish a degradation model and consequently an
accurate degradation prediction methodology for MJ cells.
Studies on other types of MT cells irradiated with various
energies of protons and electrons are underway.

References
1) T.Kirchartzetal., Appl. Phys Lett. 92 (2008) 123502.
2) S.Roenschetal., Appl. Phys. Lett. 98 (2011) 251113.
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1-02

Seebeck Coefficient of Hydrogenated Amorphous Silicon

Semiconductors Irradiated with Protons

S. Sato and T. Ohshima

Environment and Industrial Materials Research D1v151on QuBS, JAEA

I. Introduction

Hydrogenated amorphous silicon (a-Si:H) semiconductor
devices have high radiation tolerance and are expected to be
utilized in radiation environments? (e.g. space solar cells
and photo-detectors in nuclear reactors or accelerator
facilities). In order to make the radiation hardened a-Si:H
device design, variations of the electrical properties due to
radiation exposure should be clarified. In this context, we
have studied variations of the electrical properties due to

radiation exposure® 9,

II. Experimental

The samples were device-grade uudopcd a-Si:H ﬂnn
films fabricated on glass substrates by Plasma Enhanced
Chemical Vapor Deposition (PECVD). The film thickness
was 0.30 um and coplanar-type aluminum Ohmic elecirodes
‘were formed on the film.

The samples were irradiated with 0.10 and 3.0 MeV
protons, and subsequently the Seebeck coefficient variations
.of the irradiated samples were investigated by the in-sifu

thermoelectric power measurement system shown in Fig. 19,

Since the Seebeck coefficient of an n-type semiconductor is
negative and that of ap-type is positive; the conduction type
. of the irradiated samples can be clarified from the analysis
of the Seebéck effect. The temperature difference was
produced between the upper and lower parts of the sample,
and the electric potential difference (thermoelectric power)
between the electrodes was measured.. The proton
irradiation and the thermoelectric power measurement were
performed altemately in the irradiation chamber.
proton beams were stopped by a shutter during
measurements. '

Copper FC
Thermocouple, - ~
Beam Mask 4 Temperature Monitor 1]
. S, '
Prolons sl E/) Electrometer
|5
. £ J| Temperature Monitor 2]
/ L !
Sample l;f) WV I
Peltier Device /! .

Fig. 1 A schematic drawing of experimental setup.
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II1. Results and Dlscussmn .

Seebeck coefficient variations of the undoped a-Si:H
irradiated with 0.10 MeV and 3.0 MeV protons are shown in
Fig. 2. The negative Seebeck effect was observed in the
undoped a-Si:H irradiated with 3.0 MeV protons at the
fluence above 3.0x 10! /cm?, although no Seebeck effect
was observed before irradiation. Slightly increasing up to
the fluence of around 10" /em?, the Seebeck coefficient.
decreased at above 2.0x 10" /em®, and eventnally could not

_be measured again at above 4.0 % 10" /em®.  The negative’

Seebeck effect was also observed between 1.0x 10! /em? and
3.0x 10" /om® in the case of 0.10 MeV proton irradiation.
The Séebeck effect could not be measured again at the
fluences above 1.0x 10" /em® These results indicate that
the conduction type of undoped a-Si:H was n-type in that
fluence regime and donor-centers were generated due to
proton irradiation. Therefore, it is concluded that the
increase in dark conductivity and photdconductivity due to

proton irradiation, which we have reported previously>>

is attributed to the donor-center generation.

We would like to thank Dr. Hitoshi Sai of National
Institute of Advanced Industrial Science and Technology
(AIST) for fabricating the a-Si:H samples.
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Improved Radiation Hardness of Phase-Locked Loop

Circuits with Redundant Pairs of
SOI Transistors for Analog Circuits

S. Kuboyama ¥, A. Maru 2 H. Shindou®, H. Abe ™, T. Hirao ® and T. Ohshima

)Aelospace Research and Development Dir ector ate, Japan Aerospace Exploration Agency (JAXA)
® Bhyironment and Industr 1a1 Materials Research Division, QuBS, JAEA

Single-event transient (SET) pulse in nano-meter scale
integrated circuits caused by high energy heavy ions and
protons in space radiation is serious problem for electronic
equipments intended to be .operated in the space

environments.
modular redundancy (TMR) 1 have been studied extensively
for a long time. SET free inverter (SFI) cireuit? is one of
the mitigation techniques. _Thé SFI circuit is,' only
applicable to SOI process technology. However it has a
unique feature that SET pulse generation is essentially
prevented by the circuit itself. All other techniques cannot
prevent the generation of pulses and only reject then with
_voting or filtering circuits with additional timing penalty.

The principle of SFI circuit is easily extended to all other
combinational and sequential logic circuits and successfully
applied to.abplicatioxx specific integrated circuits (ASICs) 3
including micro-processor unit (MPU) for space
aﬁplications. :

In this study, the principle of SFI operation is extended to
analog circuits such as current mirror circuits. It has been
demonstrated with a phase-locked loop circuits intended to
be utilized in ASICs, which includes some analog circuit
blocks, such as the current mirror, differential amplifiers and
50 on. '

The Phase-Jocked Loop (PLL) circuits are composed of
several functional circuit blocks as shown in Fig. 1. The
programmeable divider (DM/DN/DO) and phase detector
(PFD) are digital circuits, whicli can be hardened by using
SFI and derivative basic logic circuits. Remaining analog
circuit blocks are voltage-switching charge pump (V-CP),
voltage controlled current source (VCCS), and voltage
controlled oscillator (VCO). In this study, all these circuits
were hardened utilizing the redundant pair transistors.

FIN ——' DM PFDJ—r\/CP ?ﬁc@ H VCOo lTl Ls
' ‘ : VCOoyr
;I; .

FOUT ° :
[on f———{ o -

DM/DN/DO: Programmable Divider circuits
PFD: Phase Detector

VCP : Voltage Charge Pump

VCCS : Voltage Controlled Current Source
VCO: Voltage Controlled Oscillator

LS : Level Shifter :

Fig. 1 Block diagram of PLL designed.

45

Many mitigation techniques such as triple -

VCCS is the most complicate analog circuit block in our
PLL, the circuit was also hardened by using the redundant
pair transistors as shown in Fig. 2. Iis SET immunity was

-confirmed in detail with Simulation Program with Integrated

Circuit Emphasis (SPICE) and Hyper Device-LeveI
Electrical Operation Simulator (HyDeLEOS) and obtained
a good result.

The PLL was fabricated and evalvated for SET immunity
by using heavy‘ions with LET of 3.4 ~ 68.8 MeV/(mg/em?).
The input frequency was 10 MHz, VCO was oscillating at
600 MHz, and the output frequency of PLL was set to
100 MHz for the experiments. No burst mode erTor was
observed up to LET of 68.8 MeV/(mg/em®). The observed
error mode was only single prolonged period. For the
clock source, the incidence of the single prolonged period is
not critical. This error mode was caused by the event in
the level converter which was not hardened utilizing the
redundant pair transistors. The level converter will be
hardened utilizing the redundant pair fransistors in the
second sample, we will continue to evaluate its radiation
tolerance. '
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Fig.2 VCCS utilizing redundant transistor pairs.
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