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PREFACE

This report covers research and development activities which have been conducted with
TIARA(Takasaki Ion accelerators for Advanced Radiation Application) during the period from April
2002 to March 2003, and also gives an outline of the operation of TIARA in the same period.

All accelerators in TIARA, the AVF cyclotron, the 3MV tandem accelerator, the 3MV
single-ended accelerator and 400kV ion implanter, have been operated steadily since the construction
were completed in 1993, and have supplied the beam-time to the research programs as had been
recognized in advance by the Subcommittee of TIARA of Advisory Council for JAERI's Research
Facilities. In the same time, available species and energy ranges of ions have been widened to meet
requirements from users, and the quality of ion beams have been improved gradually.

In the semiconductor devices for space, triple-junction space solar cells were examined by
irradiation experiments with various energies of protons and optimized for space use from relative
damage coefficient curves. Test chips of deep sub-micron CMOS were also examined by
high-energy heavy ion irradiation to evaluate sensitivity or immunity for single event latch-up and
single event upset. Measurement of transient ion beam induced current was newly applied to silicon
carbide pn junction using the heavy ion microbeam system. Charge collection mechanism of single
event transient was studied in photonic devices such as InP-InGaAs avalanche photodiodes.
Anomalous charge collection in SOI structure devices are also examined by 100 MeV O ions and
theoretical analyses were tried to introduce for it.

In the field of biotechnology, human fibroblast cells were hit individually with a predefined exact
number of ions of *Ar or *Ne using heavy-ion microbeam. A clear bystander response was observed
in a confluent cell population independent of these LETs and number of charged particles delivered to
the target cells. For the positron emitting tracer imaging system (PETIS), the PETIS was applied to
the analysis of photoassimilate transportation in a bean plant using '"CO,, and the effect of CO,
enrichment on the transportation was evaluated quantitatively. For the mutation induction of plants by
ion-beam irradiation, many crops were used in order to generate new varieties for the purpose of food
resources and promoting new industry. Explants of trees were also irradiated to breed new plants for
the conservation of global environment.

In the field of radiation chemistry and organic materials, it was newly found out that the
formation of crosslinked polymer nano-wires by single ion hitting is possible for not only polysilane
but also a variety of Si-based polymers in relation closely to the efficiency of the crosslinking reaction
on the size controllability. The absorption spectroscopy system that was obtained by introducing the
single photon counting technique enabled the heavy ion pulse radiolysis in the nanosecond time
region.

In the field of nuclear fusion reactors, various materials (ferritic/martensitic steels, Li,TiO:
ceramics, SiC/SiC composites, vanadium and austenitic stainless steels) were irradiated with single,
dual or triple-ion beams for the simulations of neutron damages and effects of He and H accumulation
due to transmutation reactions. Effects of simultaneous irradiation on physical, chemical and
thermo-mechanical properties as well as microstructural evolutions are investigated. The fuel cladding
materials (austenitic stainless steel, SUS304L, zircaloy-2) for light water reactors were also irradiated
at elevated temperatures to examine the generation mechanisms of the radiation-induced corrosion
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cracking.

In the field of inorganic materials, highly-mobile defects in Cu and Au disks were found by
in-situ TEM observation during ion-irradiation and the defect-impurity interactions were clarified.
The irradiation effects of carbon cluster ions (C,*, Cs") with energies of 0.5 MeV/atom on solid
samples were investigated by using the energy spectra of electrons emitted from them compared with
C,*. The crystalline-to-amorphous transformation due to Ar ion-implantation was investigated for
various carbon materials including Cq by using X-ray photoelectron and Raman spectroscopies. As
for the applicatioh of micro-PIXE, the two dimensional distribution for Fe, Ca, Si. Al, Mg and Na
atoms in the clay minerals was successfully obtained by the combination of the Ge and newly
installed Si(Li) detectors.

In the field of materials analysis, this item contains the studies based on various different
motivations, and they are at the leading edge in the relevant fields. The point defect studies
with MeV electrons have been extended up to an applicative study such as the radiation-
induced precipitation in a model alloy of high pressure vessel in nuclear reactors. Effort on
functionalization has been made by employing the processes associated with the introduction
of atomic defects and/or impurities, and also the general radiation effect on physical/chemical
modification was utilized as a kind of fine-machining. Recent progress in generating the
intense Cg beams has opened up the new and interdisciplinary studies covering from
radiation effects for chemical modification to fundamental collision process of cluster ions
with solid matter.

In nuclear science and radioisotope production, the development of positron-emitting
radioisotopes to be used in biology was continued. In particular, production of Br isotopes (especially
76Br) was developed using an isotope separator. For the therapy of cancer of bone, synthesis method
of endohedral **Xe-fullerol was developed by addition reaction of hydroxyl groups to endohedral
3Xe-fullerene.

In the field of ion beam engineering, the effect of thin layer (Bonding agent) on
fluorine penetration in the teeth were measured by using proton induced gamma-ray
emission (PIGE) in the micro beam system. In the in-air micro-PIXE analysis, the
accumulation of cisplatin in the nucleus was confirmed for the first time in human gullet
cancer cells TE-1. In order to study the particle scavenging properties and the chemical
characteristics of snow crystals, in air micro-PIXE analysis was newly applied. The
sub-micron ion beam system was successfully achieved to produce the minimum beam
width of 0.16+0.02um in diameter with 46keV H," beam. The stable generation of fullerene

'(Cﬁo) ions have succeeded by Freeman ion source with grain size sample of Cq. To study

the interaction between MeV energy cluster ions and matter, secondary charged particles
were measured by using TOF mass spectrometer. The IMeV H* and 3MeV Zr** ion beams
were irradiated on silica glasses and phosphosilicate glasses. The result indicated that H*
density in the glass after doping was no drastically change to effect ion conductivity of the
glasses.

In the field of radiation shielding for accelerator facilities, three experiments have been
conducted aiming to contribute to the radiation safety of the accelerator facilities. The first
one is on the characterization of *Cl and *Cl produced by high-energy(40MeV) neutron

v
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irradiation to Ar gas containing acrosol, and these radio nuclides turned out to be formed as
aerosol, acidic gas and gases. The second one is on a successful measurement of secondary
charged particle spectrum from tens of MeV neutron induced reactions using a
newly-developed Bragg Curve Spectrometer (BCS). The third one is on a successful test of
a newly-developed phoswitch-type neutron monitor detector applicable to neutrons with
energies from the thermal energy up to 100MeV.

In the field of accelerator technology, on development of a flat-top acceleration system for the
AVF cyclotron, a preliminary beam of 260MeV *°Ne™ was accelerated successfully by flat-top
conditions. In order to measure the energy spread of the beams with high resolution using a dispersive
magnet system, a new micro-slit system with a minimum gap of 10um was planned. On measurement
of the energy spread for the several MeV proton beams using the nuclear resonance method, an
automatic measurement technique was applied so that acquisition time reduced to a third. An
emittance value of the Helium beam generated by the RF source was measured using the multi-slit
CCD type monitor, which was developed to measure it easily and quickly with low cost.

The AVF cyclotron was operated 3433 hours in 2002 fiscal year. The frequencies of the changes
of ion species, beam energy, beam course and harmonics in a year has been gradually increased. This
is the result the machine has accepted many requests of the users. In order to avoid from the radiation
damages for the electronic components of the cyclotron, an estimation of accumulated dose for the
surrounding devices of the cyclotron was carried out.

The reception of the users and the supports on utilizations for the experiments, safety
management of the radiation controlled area, and other duties have been practiced smoothly.

The Twelfth TIARA Research Review Meeting was held on June 19 and 20, 2003 in Takasaki, of
which subjects were reported in this issue. 13 oral and 87 poster papers, and two invited lectures were
presented. 313 persons participated the meeting.

We owe the progress mentioned above to advices of the Consultative Committee for the
JAERI-Universities Joint Research Project and Subcommittee of TIARA of Advisory Council for

JAERI's Research Facilities.
. N\
NPTV

Masahiro Saidoh, Director
Advanced Radiation Technology Center
Takasaki Radiation Chemistry Research Establishment
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1.1 Analysis of proton degradation for triple-junction space solar cell

T. Sumita*, S. Kawakita*, M. Imaizumi*, S. Matsuda*,
T. Ohshima**, A. Ohi** and T. Kamiya**

National Space Development Agency of Japan*

Department of Material Development, JAERI**

1.Introduction

Since satellites are mainly powered by solar
cells in space, analysis of proton radiation
damage on solar cells is extremely important for
predicting performance of solar cells on an orbit.
Although radiation tolerance of Si and GaAs
space solar cells has been investigated by many
groups'™, multi-junction solar cells consist of
various bandgap semiconductors have recently
received considerable attention because of their
high conversion efficiency. Therefore, analysis
of radiation tolerance of the multi-junction solar
cells is necessary in order to apply the such cells
to space satellite missions.

The Jet Propulsion Laboratory (JPL) has
developed much methodology for predicting
performance degradation due to trapped protons
and eclectrons in space with certain energy
spectra, using  ground-based irradiation
experiments with mono-energetic  particle
irradiations. In the prediction methodology,
relative damage coefficients (RDC) are derived
from the irradiation measurements. The RDC
curve indicates the cell output degradation
attributed to high energy particle-induced
defects as a function of particle energy.

In this paper, we report the results of
irradiation experiments with various energies of
protons on triple-junction (3J) solar cells
optimized for space use and analyze the obtained
RDC curves.

2.Experimental

Figure 1 shows a schematic of the
InGaP/GaAs/Ge 3] solar cell formed by stacking
three different sub-cells with tunnel junctions
that was used in this study. Anti-reflection
coating (ARC) layer was deposited on the top of
the cells. In order to investigate the influence of
the specific sub-cell damage in detail, we varied
the proton energy from 0.03 to 10MeV by using
three types of accelerators (ion-implanter for
0.03 to 0.38MeV, tandem accelerator for 1 to
SMeV and AVF cyclotron accelerator for
10MeV) at JAERI. The implanted proton range
was determined by the TRIM simulation®. The

cell performance under calibrated dual light
sources solar simulator adjusted to the AMO
spectrum were measured before and after the
irradiations. The spectral response (SR) of each
sub-cell was obtained by using monochromatic
light source with color bias light illumination on
a 3J cell. The lock-in amplifier distinguishes
between a specific sub-cell response by the
chopped monochromatic light and steady output
from other two sub-cells due to the color bias
light.

ARC
InGaP top cell

T)

0.14um
0.30pm

GaAs middle cell 3.0pm

TI

Ge bottom cell
(substrate)

150pm

Fig.1 Schematic of the 3J cell for space use.
The each sub-cell has connected in
series through the tunnel junctions (TJ).

3.Results and Discussion

Figure 2 shows typical degradation trends of
the solar cell parameters (short circuit current:
Isc, open circuit voltage: Voc, and maximum
power: Pmax) as a function of proton fluence for
various proton energies. The remaining factor of
the vertical axis is defined as the ratio of the
value after proton irradiation to the one prior to
the irradiation.

The RDCs were derived from fitting both the
degradation curve as a function of proton
fluence for various proton energies and
empirical equation produced by JPL?. The RDC
values ar¢ normalized to the fluence at the
degradation level of a certain energy irradiation
by that of 10 MeV case. In case of the proton
energy range at high RDC values means low
radiation tolerance for the proton irradiation. In
this study, RDC is chosen at reference
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degradation levels of 80% remaining Pmax, 90%
remaining Voc and Isc as shown in Fig.3.
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Fig.2 Degradation of (a) Voc , (b) Isc and (c) Pmax
as a function of proton fluence for various
proton energies.
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Fig.3 Relative damage coefficients for proton
degradation of the 3J cell.

The RDC curve of Voc exhibits three
maxima at energies around 0.03, 0.25 and 2.0
MeV. When protons are accelerated with these
energies. the proton ranges agree with the depths
of p-n junctions for each sub-cell by the TRIM
calculation. Because the Voc of the 3J solar cell
corresponds to the sum of generated-voltages
from each sub-cell, although radiation tolerances
for each sub-cell are different, Voc are directly
influenced from the damage on each sub-cell
due .to specific proton energy irradiation.
Therefore, proton induced degradation of Voc
for 3J cell strongly depends on both the cell
structure and the range of the irradiated protons
where the density of induced defects is supposed
to be maximum.

The RDC curves of Isc and Pmax, however,
tend 10 be scatter for less than 1 MeV irradiation.
Isc of the 3J solar cell is determined by a
junction that has the lowest current output of all
three junctions because the cells are connected
in series. For multi-junction solar cells, however,
the each sub-cell performance cannot be
obtained directly. In order to estimate the current
output performance for each sub-cell, spectral
response of individual sub-cells was investigated.
Numerical convolution of the AMO solar
spectrum with the spectral response provides the
relative Isc for the individual sub-cells. Figure 4
shows Isc degradation of InGaP and GaAs
sub-cells as functions of proton energy and
fluence. For comparison, Isc degradation of 3J
cell is also presented in this figure. Since Isc of
the Ge bottom cell is much larger than that of the
other two sub-cells, the response for the Ge
sub-cell was not plotted.
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Fig.4 Degradalion of Isc for the InGuP, GaAs
sub-cells and the triple junction cell 31 as
functions of proton energy and fluence.
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When proton fluence is less than 10" em™,
the InGaP top sub-cell is considered to limit the
Isc of the 3J cell in the entire energy region.

After irradiation with 0.15-0.38MeV at 102 cm?,

however, the performance of GaAs middle cell
is significantly decreased and the GaAs cell
becomes the current-limiting cell. Therefore, the
current-limiting cell changes due 1o specific
proton irradiation conditions. This is the reason
that the empirical equation, (which is used to
derive the RDC value from the degradation
curve), established based on single junction cells
cannot accurately express the Isc degradation
characteristics for the 3J cells above 10 cm™
fluence.

If the JPL prediction methodology simply
applies to the multi-junction cell for satellite
mission, we must pay attention the GaAs middle
cell damage by irradiated protons that penetrate
InGaP top cell on an orbit. Since the protons that
cause the most severe damage on the GaAs cell
are related to many factors (cover glass
thickness, satellite inclination, mission term, cell
structure and so on..), the investigation of
radiation environment for the certain orbit is also
necessary.

4.Summary

The degradation of an InGaP/GaAs/Ge
triple-junction space solar cell by proton
irradiation was investigated. The relative
damage coefficients (RDC) of the cell were
derived through measurements of cell
performances of Isc, Voc and Pmax. The
degradation of Isc is mainly due to damage on
the GaAs middle cell. which becomes the
current-limiting cell after a certain level of
irradiation. On the other hand, the RDC curve of
Voc has three maxima for significant proton
energies. This is because the Voc degradation for
the 3J cell occurs when proton ranges
correspond to the junctions of each sub-cell.
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1.2

Study about the Hardness-by-design methodology

in deep sub-micron CMOS processes

H.Shindo’, Y.lide", N.Ikeda", S.Kuboyama®, S.Matsuda,
T.Hirao™, T.Ohshima"’, M. Yoshikawa'" and T.Kamiya"
Office of R&D, National Space Development Agency of Japan’

Department of Material Development, JAERI”

1. Introduction

In recent years, requirements 1o improve the
performance and reduce the cost of the integrated
circuits for space use have been increasing.
Hardness-by-design methodology utilizing a
sub-micron process for commercial ASICs
(Application Specific Integrated Circuit) has
been extensively investigated over the last
several years. Actually. these radiation-hard cells
have been developed using up to 0.25um CMOS
commercial processes”. In addition, previous
works have shown that the total-dose tolerance of
integrated circuits manufactured in commercial
CMOS processes may satisfy the space mission
requirement®. There are several advantages and
disadvantages in utilizing commercial processes.
Because the hardening techniques utilizing the
hardness-by-design approach do not require any
modification of the fabrication process, we can
use state-of-the-art process with the field data
including reliability information based on the
volume production in commercial markets.
However, these hardening techniques impose
some penalties on the Si chip size, speed and
power for the redundant portion”. In addition, the
deep sub-micron technologies are generally
believed to be more sensitive to Single-Event
Effects (SEEs)”. So, it is very important to
determine whether the deep sub-micron process
(<0.2pum) is reasonable for designing the circuits
for space use.

The objective of this study is 1o evaluate
SEL (Single event Latch-up) and SEU (Single
Event Upset) sensitivities of 0.18um CMOS
process with hardness-by-design methodology.

2. Experimental
2.1 Sample Devices

We designed test chips to evaluate SEE
susceptibilities of 0.18um CMOS commercial
processes. The test chips were fabricated at
TSMC (Taiwan) and Fujitsu (Japan) with their
0.18um CMOS processes. The TSMC process
uses an epitaxial wafer, a p-substrate, an n-well,
six metal layers, one poly-silicon layer, and a
drawn poly-silicon gate length of 0.18um. The
Fujitsu process also uses an epitaxial wafer, a
p-substrate, a twin-well, six metal layers, two
poly-silicon layers, and a drawn poly-silicon gate
length of 0.18um. Figure 1 shows the overview
of the test chip. The two test chips contained four
types of latch cells with hardness-by-design in
addition to the native laich supplied by each
foundry. The latches included in the test chips
were selected from the published materials. The
DICE" (Dual Interlocked Storage Cell) has a
unique structure in which stored information is
retained in two separate nodes. Corrupted
information at one node cannot propagate (o
another node and is recovered automatically by
the correct node. The Norly latch” also has two
separate latich nodes, but it prevents error
propagation based on the ratio of the driving
capability of the transistors. The Baze inverter®
also has a unique structure to prevent the
transient current signal with an isolated n-well
layer.

2.2 Test Setup

Sample devices were controlled by small
microprocessor card. The experiments were
performed with mono energetic ions obtained
from the heavy-ion accelerator at Japan Atomic
Energy Research Institute (JAERI) Takasaki. We
use N, Ne. Ar, Kr and Xe ion for irradiation test.
The test chips fabricated at TSMC and Fujitsu

_6_
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contain the hardness-by- design latches described
above. Each latch was constructed as a 512-bit
memory block. Several types of standard SRAM
macro were also included in test chip in order to
evaluate the SEL susceptibility under more
stringent design conditions because the SRAM
macro was usually designed with narrower
clement spacing than the standard cells.

3. Results and Discussion

No SEL was observed during the irradiation
up to 64.1MeV/(mg/cm2) of LET with a {luence
of 10’cm™. Both the TSMC and Fujitsu processes
utilize an epitaxial wafer, and both of them use
Shallow Trench Isolation (STT) technology which
effectively reduces the current gain of a parasitic
lateral bipolar transistor to prevent SEL”.

Figures 2 and 3 show the SEU
cross-sections as a function of LET for the
TSMC and Fujitsu chip. It is said that the most
robust latch was the DICE cell. No SEU was
observed up to 64.1 [MeV/(mg/cm®)] of LET in
the TSMC chip, and only a few SEUs were
observed at a LET of 39.4 [MeV/(mg/cm®)] in
the Fujitsu chip. The Baze latch in Fujitsu chip
exhibited an SEU cross-section larger than the
native latch in contrast. For the Norly latch, the
SEU cross- section was improved about tenfold

compared with the native one for the TSMC chip.

However, it was not greatly improved for the
Fujitsu chip. The fact may indicate that it is
difficult to select the ratio of driving capability of
the transistors in the cell. A detailed analysis is
necessary to explain these phenomena.

4. Conclusion

In this study, we evaluated basic SEL and
SEU sensitivities of 0.18um CMOS technologies
with hardness-by-design methodology. The test
chips had a strong SEL tolerance with their
native standard cells. The may be
attributable to utilization of STI technology.
The results suggest that the commercial
technologies can be applied 1o space applications
with modification 10 only several storage cells
for SEEs. The results also demonstrated that the
DICE cell had a very strong tolerance to SEU

result

and SET effects.
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1.3 Measurement of Transient Current Induced in Silicon
Carbide Diodes using single-ion hit technique

T. Ohshima’, K. K. Lee’, S. Onoda’, T. Kamiya*, M. Oikawa’ ",
J. S. Laird‘, T. Hirao" and H. ltoh"

Department of Material Development, JAERI*

Advanced Radiation Technology Center, JAERI**

1. Introduction

Silicon carbide (SiC) is regarded as a
promising candidate for high power and high
frequency devices owing to its excellent
chemical stability and physical properties”.
Besides, it is expected that SiC be applied to
electronic devices used in high radiation
environments like space because SiC has high
radiation resistance>”. For the development of
radiation resistant devices based on SiC, it is
very important to understand their response to
ionizing radiation. McLean et al.* has shown
the relationship between bulk damage and
electrical characteristics of SiC devices.
Furthermore, it was reported that no
significant degradation in the electrical
characteristics of SiC junction field effect
transistors was observed up to the neutron
fluence above 10® n/cm®> at room
temperature”.

Ion Beam Induced Current (IBIC) is a
unique technique for the investigation of
charge generated by ion irradiation.
Furthermore, single-ion hit transient IBIC
(TIBIC) is a very useful technique for the
study of high-speed current generated in
devices  without  radiation  damage®.
Manfredotti et al.” reported IBIC induced in
4H-SiC Schottky diodes under different bias
voltages. However, in previous studies, only
IBIC in SiC Schottky diodes by light ion
irradiation were reported. The study of TIBIC

in SiC p-n diodes has not yet been reported,
especially with heavy ions. However, the study
of high-speed transients in devices by
heavy-ion irradiation is important because
such information is essential to understand the
single event phenomena like single event upset.
In this article, we report transient current
induced in SiC p-n diode by heavy (Nickel)
ion irradiation using a single-ion hit system at
TIARA.

2. Experimental Details

The p-n diodes used in this study were
fabricated on p-type hexagonal (6H)-SiC
epitaxial layers grown on 6H-SiC substrates
(3.5° off, Si face). The net acceptor
concentrations in the epitaxial layers are
5x10" 10 1x10'® cm™. The n*-type region with
a mean phosphorus (P) concentration of
5x10" /em® was fabricated in the epitaxial
layers by a three fold P-implantation (30, 60,
90 keV) at 800 °C, followed by a subsequent
annealing at 1650 °C for 3 min. Lift-off
technique was used to form Al electrodes on
the n* region. As for electrodes on the backside
(p-type) region, Al contacts were alloyed at
850 °C for 5 min, and subsequently Al was
re-evaporated on the alloy. Current - voltage (/
- V) characteristics of diodes were measured
using Agilent 4156B in a shielded probe
station. Leakage currents at a reverse bias of
20V were of the order of several pA. The
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Fig. 1 TIBIC signals for a SiC n*p diode with
a 140 nm thick Al electrode with three
different applied biases. The TIBIC signals
were obtained using 9 MeV Ni** particles.

diodes were irradiated with 9 MeV Ni** and 12
MeV Ni* microbeams, and the transient
currents were measurcd using the singlc-ion
hit TIBIC system. The transient current signals
were recorded using a 3 GHz Tektronix
TDS694C oscilloscope.

3. Results and discussion

Fig. 1 shows the TIBIC signals for a SiC
n'p diode with a 140 nm thick Al electrode
with different reverse biases. The TIBIC
signals were obtained using 9 MeV Ni*
particles. The amplitude of transients increases
with increasing reverse bias. The fall time,
which is defined as the time from 90 % 10 10 %
of the current transients, becomes shorter with
increasing reverse bias. This result can be
attributed to increasing electric field and
depletion width due 1o increasing applied bias.
The depletion width for the diode is

100

~
(6,1}
T v

Efficiency (%)
w
o
J

SiC n'p diode
25 —e— 12 MeV Ni*
—8— 9 MeV Ni**
0 N L A 1 N 1 i 1 " i
5 10 15 20 25 30

Applied Bias (V)

Fig. 2 Applied bias dependence of the charge
collection efficiency for n*p diodes. The circle
and square symbols represent results for 12
MeV Ni* and 9 MeV Ni* irradiations,
respectively.

approximately 2.5 um at an applied bias of 30
V. Considering the fact that the end-of-range
of 9 MeV Ni** is about 2.45 um, therefore,
almost all the charges are generated within the
depletion layer at an applied bias of 30 V.

The applied bias dependence of the
charge collection efficiency is shown in Fig. 2.
The circle and square symbols represent the
results for 12 MeV Ni* and 9 MeV Ni*
irradiations,  respectively. The  charge
collection efficiency increases with increasing
applied bias. However, the efficiency did not
reach 100 % at a reverse bias of 30 V. The ion
range of 12 MeV Ni'* is greater than the
depletion width (the end-of-range is estimated
to be 2.89 um. and the depletion with is
approximately 2.5 um at an applied bias of 30
V.). This means that both the drift and
diffusion components contribute to the TIBIC
signal, and some charges generated in the
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neutral region did not reach the space-charge
region. Thus, a significant portion of the
generated electrons recombines with holes in
the field-free bulk. On the other hand, as for 9
MeV Ni* irradiation, the values of efficiency
are smaller than those for 12 MeV N** in spite
that the end-of-range for 9MeV Ni** is shorter
than that for 12 MeV Ni*. In addition, the
depletion width at a reverse bias of 30 V is
estimated to be longer than the end-of-range of
9 MeV Ni*, however, the charge collection
efficiency is less than 100 %. Manfredotti et
al.” reported that the charge collection
efficiency was 100 % when the depletion layer
was longer than the ion range. However, their
result was obtained using light ions such as He
and protons, and the effect of Pulse Height
Defect (PHD)® is insignificant. On the other
hand, in our case, highly ionizing heavy (Ni)
particles were used. Therefore, in heavy ion
irradiation, it is necessary to consider both
nuclear stopping and the recombination of
electron-hole pairs within the plasma regions
%), In addition, Auger and trap-assisted Auger
recombination have to be considered for high
electron-hole pair generation due to highly
ionizing particles. These effects lead to a
reduction of the charge collection efficiency.
Hence, the result obtained in this study can be
interpreted in terms of PHD.

Summary

Transient currents induced in SiC p-n
diodes using 9 MeV Ni** and 12 MeV Ni*
were measured using TIBIC technique. The
amplitude of TIBIC signals increases with
increasing bias voltage. The fall-time reduces
with increasing bias voltage. Complete charge
collection efficiency is not obtained even if the
depletion width is longer than Ni ion range.
This can be interpreted in terms of pulse height

defect where the contribution of nuclear
stopping and the recombination of
electron-hole pairs in initially generated
plasma column surrounding the track of the
incident ions for highly ionizing particles.
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1.4 Pursuit of Ion Induced Current Collection Process by
Multi-Electrodes Structure Diode
- Examination of The Collection Behavior of Ion Induced Current by

Adjoined Electrode -
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G. Gang™ """, H. Abe’, T. Kamiya’
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1. Introduction

The highly efficient computer used in
the spacecraft contains the mass of memories.
SEU (Single Event Upset) and MBU (Multiple
Bit Upset), data error in memory cells, are
caused by the charge production by due to
incident jons. SEU is a memory cell reverses
MBU is a
phenomenon that two or more memory cells
The effect of MBU in

the space applications is larger than that of SEU.

by ion inducing current.

reverse by a single ion.

The fundamental processes of MBU have not
been fully clarified yet, because MBU is more
complicated than SEU. MBU is a phenomenon
of reversal of data, which is generated by
propagation of a charge in cells that are not

irradiated by a single ion. Therefore, the

Fig.1 TIBIC image of the line schottky diode.

domain where a single ion strikes influences

should be investigated.

2. Experiments

In this experiment used the line
schottky diode, which has three contacts was
used. This device was fabricated on n-type
silicon substrate with a doping level of 1.5 %
10" ecm™

electrode are 2 pm % 100 um and about 10 nm,

An electrode area and thickness of

respectively. The each clectrode distances of
the samples are 4 ym, 6 pm and 8 um,
respectively”. During the ion irradiation, bias
of -3 V was applied. A microbeam was

formed using 15 MeV Carbon ions beam.

2 350 =

Jectrode A
= 300 4
‘g 200 /
6 100 /Eleclrode B
oo
E jxElccmade C—
= -100 . + .

0 5 10 15 20
Time (ns)

Fig.2 Transient current waveforms collected {from
each electrode, when 15 MeV C iops hit at

position P.
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Fig. 3 Equivalent circuit of line schottky diode.

The transient current measurements
were made using the Transient Ion Beam
Induced Current (TIBIC) system > ® . The
microbeam of about 1 um in diameter was used
and the beam was scanned by 1 pm step.

3. Results and Discussion
The obtained TIBIC image was shown in
Fig. 1. The width of white portion (~4.5 um)
which means a sensitive area has larger width
than the actual electrode (2 um), because
depletion layer extends not only vertically but
also horizontally. When a 15 MeV carbon ion
hits at position P in Fig.1l, a single event
transient currents was collected from each
electrode as described in Fig. 2. The total
collected chaiges of electrodes A, B and C were
243 fC, 51 fC and 34 fC, respectively. The
total collected charge from back contact was 325
fC, which is almost the same as the sum of the
charges of there electrodes. Therefore, this fact
suggests that Kirchhoff's law is materialized 9.
This seems to be propagation of the charge
generation by ion. In order to clarify behavior
of the current in the line schottky diode, an
equivalent circuit for it was designed as shown
inFig. 3.  Aregular analysis is performed on a
resistance network, which influences a circuit

considerably.
different
Therefore, it was not able to explain the

However, as shown in Fig.2, the
polarity signals were measured.
measured negative signals at electrode B and C
by the regular analysis.

Transient analysis was performed with a
SPICE code °.
results reproduce the experiment ones, the signal

In order to made the simulation

source was decided as follows. The assumed
signal source has a pulse current, and a rise time,
a fall time, a pulse width (peak hold time), and a
peak current of 1.0 ps, 1.2 ns, 0.15 ns and 280
RA, respectively.
from electrode A. This equivalent circuit can be

A signal was introduced

divided into several components; 1) A network
of substrate resistances (R, - Rs). 2)
resistances (Rs — Rs) and capacitance (C, — Cs)
for depletion layers. 3) load resistances (Rp).
4) resistance of the back contact (Rg). Ry is the
impedance of a measurement system. These
parameters are necessary for a SPICE simulation,
which are quite difficult to measure, except
which the capacitances (C,, C, and C;) and

Table 1
List and values of the SPICE simulation

parameters

5.00 MQ
455 MQ
5.00 MQ
658 Q
658 Q
Arbitrary constants
Arbitrary constants
Arbitrary constants
146 pt
1.73 pt
1AWl
Arbitrary constants
50.0 Q
Signal source

o]t a4 Jiel(ellelF JL At St IT I Ab LS




JAERI-Review 2003-033

1.0 F E
0.8 '

Electrode A

Simulation Data
=O= Electrode A

ﬁ— Electrode B
"D— Electrode C

~
<
b=
o 06 |
E I
Eﬂ 0.4 L Electrode B
8 o2t
g L
E O mmsnamend b
h .

0.1

0 5 10 15 20
Time (ns)

Fig.4 Comparison of the normalized analyzed result with the normalization experimental result.

resistances (R, Ra, Ri, Ry and Rs) which were
obtained using C-V meter. The value used for
calculation is shown in Table 1.

The result of transient analysis is shown in

Fig. 4. Negative signal from electrode B and C,

could be explained as a results of charge
transformation in the resistance network. The
simulation data and the experiment data can be
almost the However, the

same. same

paramelers must be arbitrary decided. In order
to perform the more accurate simulation, it is

necessary to measure these parameters.

5. Conclusion

Transient current waveforms on line
schottky diode were measured and simulated.
Two negative signals can be explained by the
transient analysis on the equivalent circuit using
the SPICE simulation code.
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1. INTRODUCTION

A major source of problems for high-speed
communications and optical links are Single
Event Transients (SET) induced by MeV ions
generated by high-energy proton recoil products
and nuclear reactions close to active regions of a
device. Since communication systems cannot
attenuate these transients without degrading the
-3dB bandwidth,
photoreceiver
noise or high Bit Error Rates (BER). Marshall et
al. observed that the BER in fiber optic links are

they pass directly into

encoders generating spurious

primarily dominated by the {ront-end response
of the photodetector, typically a photodiode.
They found that BER rates in MHz optical links
could be partially mitigated by increasing the
optical power”. However, modern Gbit
optoelectronic links require high sensitivities to
maintain negligible BER levels and applying
higher power levels can lead to severe non-
linearities and a reduction in the receiver
bandwidth.

The use of HI-V materials such as InGaAsP
and InP with higher absorption coefficients
results in reduced collection volumes, thereby
lowering the sensitivity to vertical strikes.
However, high-energy heavy ions impinging
within a diffusion length or so of the active

volume still pose a problem. Avalanche gain in

the multiplication region of an APD enhances
charge collection, resulting in a large ultra-fast
current transient. Here we discuss charge
collection mechanisms responsible for the SET
bias and position dependence for an InP-InGaAs

APD subjected to focused 18MeV O ions.

2. EXPERIMENTAL

The DUT examined was a 2.5GHz InP-
InGaAs Separate Absorption Grading Charge
Multiplication (SAGCM) APD. Photons (1.3-
1.5um) pass through the p*n-n* InP region
InGaAs where
(EHP)
pair). The

bandgap

(multiplication) into the
absorption and electron hole pair
formation occurs (~1.5¢V  per
InGaAsP

discontinuity reducing the otherwise large dark

region increases the
current from InGaAs  (small bandgap of
~0.75eV). The inner region defined by the InP
mesa is defined MESA while the device

perimeter will be referred to as the EDGE

3. TRANSIENT ION BEAM INDUCED
CURRENT

A Transient lon Beam Induced Current
system was used for acquiring the spatial
dependence of charge collection across the
DUT”. An 18MeV O beam focused 10 ~1pm

was scanned over the DUT and transient data
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collected in single ion mode on a 3GHz
Tektronix DSO.
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Figure 1: Peuak current, charge and transient fall-time
images from -2.5V to -60V. At the bottom of each image is

the scale used for image generation.

Shown in Figure 1 are 100x100um images
generated {from the peak current, total charge
and transient fall-time for biases ranging from —
2.5 to —60V. As seen, the peak current around
the EDGE is at all times larger than in the
MESA, whereas both the total charge and fall-
time undergo a threshold like change between —
35V and ~-50V where the charge in the MESA
increases above that of the EDGE while the fall-
time decreases. At a threshold bias between -35
and -50V, the MESA charge, peak current and
fall-time all increase rapidly due to the onset of

multiplication after punch-through.

4, RESULTS AND DISCUSSION
MESA SET wversus bias

dependence  shown

The average
in Figure 2. Transient
characteristics versus bias were extracted for the
EDGE and MESA and shown in Fig. 3. The
peak current at the EDGE is at all times

considerably larger than that of the MESA for
all biases. Cho et al. reported enhanced APD
the EDGE of
structures using a focused laser and attributed it
to higher electric fields”. For MESA strikes, the

currents around guard-less

total charge increases in a near-linear manner
until a threshold bias of around -35V where it
rapidly climbs. Charge at the EDGE undergoes a
threshold increase at around -15V, after which it
remains f{lat and again increases. For biascs
below Vipge, the InGaAs absorption region in
un-depleted and the transient current resulting
from the InP field region near the EDGE as well
as diffusion in the InGaAs region are small (but
non-zero) due to the small potential barrier at the
InGaAsP/InP interface.

6.0 T 7 T v
P ] MESA Translents I

e F (1N
e 35§
et 4BV
e GOV
e G5V

0.0 Time (ns) 0.5 1.0
Figure 2: The magnitude of the bias dependence for

the average SET extracted from the MESA.

A significant {raction of the 18MeV O energy is
deposited in the pre-absorption region producing
a sharp transient current (<ImA, 0.25pC) due to
the large hole mobility of InP. The p* diffusion
acts as a dead layer resulting in an eclectron
diffusion flow into the field region. At Vepge (-
15V), the InGaAs region near the EDGE begins
to deplete and the current increases. Between
Vepcre and Vigesa (-35V), the InGaAs region near

the periphery is depleted and charge is collected
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more efficiently (gain mechanisms aside for
now). The potential barrier at the interface stops
vertical hole transport trapping them in a 2-D
well whose shape depends on bias. At this point,
they can still diffuse sideways to the EDGE field
due 1o the long carrier lifetimes®. As described
by Ma et al. the current (and hence total charge)
is constant between these two voltages since the
diffusion process is independent of bias and the
gain is approximately unity. This results in a
total charge less than that deposited by 18MeV
O (see Figure 3). After Vigsa, the potential
barrier is surmounted and holes are readily
transported to the multiplication region resulting
in M>1 and a dramatic increase in the charge.

5. CONCLUSION

Single Event Transients have been measured
in an InP-InGaAs APD for the case of 18MeV
O. With the aid of CV and Transient Ion Beam
Induced Current Imaging, a simple model
explaining the observed bias dependence of the
SET has been presented.
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1. Introduction

Semiconductor devises used in the
space environments are irradiated with high
energy heavy ions. When these ions pass through
devices, the dense electron-hole pairs are
generated and Single Event Effect (SEE) is
induced. Because SEE leads to system failures, it
is necessary to clarify the mechanisms of SEE,
and raise SEE tolerance to increase the reliability
of semiconductor devices used in the space
environments. Recently, Silicon on insulator
( SOI ) structure device is regarded as a high
radiation tolerance device, because the buried
oxide layer can limit the charge collection.
However anomalous charge collection in the SOI
structure device was reported “?. In this paper, we
discuss the anomalous charge collections in SOI
structure devices.

2. Experiments

In this experiment, in order 1o observe a
charge collection we irradiate the heavy ions
micro beam to semiconductor devices and
measure the single event transient current
waveform.

The heavy ions used in this study were
100 MeV O ions accelerated by an AVF cyclotron
at JAERI Takasaki TIARA facilities. For 100
MeV O ions, the projection range and LET in Si
are 95 pum and 3.1 MeV/ (mg/cm’), respectively.
Details of the method to form the collimated
micro beam by using a micro collimator have
been described in the previous report . Figure 1

shows the normalized energy spectrum of the
collimated micro beam by using 20 umé
collimator measured with a Silicon Surface barrier
Detector (SSD) and a Multi Channel Analyzer
(MCA). In order to decrease the radiation
degradation” during single event transient current
measurement, the beam intensity was reduced by
using an attenuator. The beam intensity was
several hundred ions/sec.

1.2 . - - T . : -
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Figure 1. Normalized energy spectrum of 100 MeV
O ion beam after passing through collimator ( 20

umo) .

The used samples were silicon SOI p'n
junction diodes with junction diameters of 50 pum,
top silicon layer thickness of 3.29 um and the
buried oxide layer thickness of 0.5 um. We used a
digital sampling oscilloscope to measure a single
event transient current waveform. In this study. an
applied bias was -5 V1o -20 V.
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3. Results and Discussion

Table 1 lists the dependence of the
amount of collected charge on the applied bias.
The amount of collected charge Q. is obtained
by integrating the transient current waveform. Qq
is the estimated charge in the top silicon layer
(width  :3.29 um ). As listed in the table 1, Q.
is about 1.5 times larger than Q.. It was reported
that in the case of lower energy. such as 15 MeV
C and O ions {or the same samples, the amount of
collected charge was limited by the buried oxide
layer *. Recently, similar resulls were reported,
and the various analyses have been done “ 2.
Vizkelethy et al. suggested that this anomalous
charge collection is explained by a displacement
current due to perturbation of the electric field at
the interface by the ion strike and using the
Schockley-Remo-Gun theorem.

However in addition to these analyses,
it may be necessary to consider the influence of
primary secondary-electron. Figure 2 shows the
estimated energy of primary secondary-electron as
a function of emission angle at the interface
between the top Si layer and the oxide layer. As
shown in the figure 2, the maximum energy of
primary secondary-clectron induced by 100 MeV
O ions irradiation is higher than 10 keV and that is
one order of magnitude higher than that by 15
MeV C and O ions. For 10 keV electron, the
Continuous Slowing Down Approximation range
( CSDA range ) in Si is about 1.0 um ©. 1t is
possible that the secondary-clectron reach to the
electric field in the top silicon layer. because
CSDA range is longer than the oxide layer
thickness. According to this effect, the secondary
electrons generated within or below the buried
oxide layer can contribute to charge collection.

4. Summary
In the case of using high-energy heavy
ion, the amount of charge collecied in the SOI

diodes was found to be larger than collected
charge in the top silicon layer. To understand this
phenomenon, it is necessary to consider not only
the displacement current but also the secondary-
electron effect.

In order to clarify this phenomenon, we
will simulate the charge transport process in the
SOI structure devices by using the ISE-TCAD 7
( 3D simulator ). In addition to this simulation, we
will make an irradiation test using several energy
ions 1o investigate the influence of primary

secondary electron.
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Table 1. Total charge, Q.yp, collected in the SOI p'n
junction diode depending on the bias voltage. And
estimated charge, Q.o in the top silicon layer is aiso

shown.
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Figure 2. The comparison of primary secondary
electron energy generated by the case of 100MeV
O ion under the top silicon layer with the case of
15MeV Cand O ion.
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1. Introduction

A single event effect (SEE) is caused
by the high-density electron hole pairs
produced along with the ion track when the
charged particle of high energy passes
through the activity region in a
semiconductor. It is a serious problem
when using a semiconductor device in the
space environment. It aims at
explanation of these effects mechanism.
We have already measured the electron
charge produced with one ion using the
TIBIC (Transient Jon Beam Induced
Current) system'?, and have obtained the
important information for solving the
mechanism of SEE.

In recent years, semiconductor devices
becomes um size, therefore the SEE of
semiconductor devices for the grounds by
the cosmic ray has become a serious
problem. It is reported that neutron
cause these phenomena®, and the
explanation of those mechanisms are
pressing need now. It is necessary to
clarify the explanation and collection
electron charge of the producing processes
of a neutron/proton induced SEE.

The final purpose is a synthetic solving
and modeling of the mechanism of
producing a single event, and is the
indicator acquisition to those tolerance
semiconductors.

In this research, neutron/proton
induced producing the secondary heavy ion
charged particles in the semiconductor,
when the neutron/proton incidence in it.
The transient current measurement system
for measuring the amount of collection
electron charged currents by the cause of

the neutron/proton induced secondary heavy
ion charged particles were reconstructed.

2. Experimental

A proton beam from an AVF cyclotron
is transported to a 'Li(99.8% purity) target
that is a rolled plate of metallic "Li, 35 mm
diameter. A 'Li target with ~5 MeV
energy loss was employed for each proton
energy as a compromise between the
neutron intensity and the energy spread”.
In this experimental, measurement using
neutron energy was 45 and 65 MeV.

A neutron/proton beam measurement
system is also make to build the same setup

as the TIBIC measurement system
performed in the heavy ion beam
experiment. As a preliminary

experiment, a SSD (Silicon Surface barrier
Detector, see the inside of Fig. 1, SSD1)
was carried out instead of the
semiconductor'® and a SSD2 was used
together with the conventional MCA (Multi-
Channel Analyzer). The transient
current was measured using the SSD1 which

Litarget .
(PN comerter) S

Proson beam | [Ncusson beam

—4m newtron collimeter | [ s

To Beam Dump

Fig. 1. Outline of reconstructed transient
measurement system for neutron/proton beam.
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specification is active area: 50 mm?
sensitive depth: 100 um; diameter: 10 mmg.
Since the signal obtained only by SSD1 was
small, BiasTee (ORTEC 5530A) and Fast
amplifier (ORTEC  VTI20A)  were
connected with before DSO (Tektronix
model TDS 694C, Fig. 1). Moreover,
apart from this measurement system, TOF
(Time Of Flight) system was introduced for
measurement of neutron beam. Neutron
beam energy and incidence beam flux were
measured using the TOF method.
Irradiation conditions are 45 and 65 MeV
neutron/proton beam energy at beam
currents ~100 nA/ 300pA.

3. Results and Discussion

The signal was obtained from the
SSD1/SSD2 which installed for system
reconstruction of a measurement system.
A TOF measurement was performed and the
quasi-monoenergetic neutron/proton beam
measured. A result, the setup for system
reconstruction determined Fig. 1. Figure
2 shows TOF measurement checked that
was 65 MeV quasi-monoenergetic neutron
beam (area inside the solid line in a Fig.).
The irradiation condition at this time are
beam current: 10 nA, measurement time:
4001.3 sec, an estimation of the amount of
neutron irradiation: 6.22 x 10° n/cm?
fluence: 1.6 x 10* n/cm?¥sec, yields: 8185
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Fig. 2. The 2-dimensional spectrum of 65MeV
neutron beam by TOF measurement.
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Fig. 3. The spectrum of 65MeV neutron beam
by MCA measurement.

events and 1.32 x 10~ events per neutron 1
n/cm’.

Figure 3 shows 65 MeV neutron beam
spectrum was obtained by the SSD2. It
turns out that the signal is continuously
contained to 65 MeV region.

Figure 4 shows the SSD1 obtained the
typical transient maximum and minimum
peak current waveform at 65 MeV neutron
beam. Since it is the amount of
collection electron charges that carried out
time integration, maximum value -3.556 mA
and minimum value -0.145 mA can be
estimated as 3943 fC and 47.2 fC
respectively. It turns out that the
collection electron charges has occurred
within SSD1 between 47 ~ 394 fC.
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Fig. 4. The transient current waveform were
produced within SSD1 (max. and min.)
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Similarly, it was set to 13 ~ 573 {C when 45
MeV irradiation was estimated.

Figure 5 shows the same estimate was
performed also about 65 and 45 MeV
neutron/proton beam. The neutron
irradiation shown @ and the proton
irradiation shown W, Neutron/proton
irradiation are found that the width of
producing of a collection electron charges
are narrow range by 65 MeV irradiation,
although there is generation of the collection
electron charge in a wide range in the case
of 45 MeV irradiation. Moreover, it is
seen that the neutron induced the collection
electron charges range between maximum
value and minimum value more widely
range than proton induced them. This 1s
considered because the neutron/proton
induced particle which generation/reaction
probability was carried out inside SSD1.

60 L1 ) 8 ) & L ) 4
] L. Collection Currents for Neuhon /10

l Collection Currents for Proton /1C

40 | L

20 "
n

Charge Collection Currents / fC

1

®

0.0 D——A! % 5 ) ais

Beam Energy/ MeV

Fig. 5. 45 and 65 MeV neutron/proton beam
induced collection electron charge currents
(max. value and min, value).

Realizing that ionization produces
spurious charge (and current) to cause SEE
in sensitive node regions of microcircuits,
neutrons can produce such ionization charge
through a) neutron collisions that excite
nuclei, which de-excite by emitting ionizing
gamma rays; b) neutron collisions that
produce ionizing recoil atoms or ions from
lattice displacements if they are sufficiently
energetic, and c) inelastic collisions by
which the neutron is absorbed in the nucleus
which then emits a charged particle, as in (n,

o) and (n, p) reactions where the a and p-
product particles can ionize.

As mentioned above, it was completed
that the reconstructed measurement system
obtained about transient current of quasi-

monoenergetic neutron/proton beam
induced the secondary heavy ion charged
particles.

Although identification of these

particles or identification of secondary
heavy ion particles’ energy has not been
performed yet, these charged particles are
due to be identified from now on.

A future study, we are going to carry
out the irradiation to semiconductor devices
using a neutron/proton beam.
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1. Introduction

High power semiconductor devices
have been widely used in key industries,
for instance, traction, transmission, etc. A
failure of such power devices induced by
cosmic rays at the sea level has been
observed”. It is considered that high

power devices fail or breakdown by
interaction between Si and cosmic rays,
e.g., high energy neutrons and protons.
The aims of this work are to examine
the device failure by proton irradiation, to
compare and investigate the failure modes
and the failure rates obtained by actual
cosmic rays to those by proton irradiation
test and to estimate the failure rates by
cosmic rays by the new method obtained
by equivalent proton irradiation. That is
quite useful for designing high power
devices having high performance as well
as high reliability. The other aim is to
establish model of failure mechanism and
design rule of power devices from the
dependence of clectric field at failure on

heavy ion irradiation energy.

2. Experiments
2.1 Field Test
The test circuit of field test is shown in

% %k kX

Fig.1. DC high voltage is applied to DUT
(Devices Under Test) during field test.
Resistance is inserted between DC high
voltage supply and each DUT to restrict
the current. Time when DUT failed is
monitored to estimate the failure rate.

2.2 Proton irradiation

An AVF-cyclotron at TIARA has been
used for proton irradiation. Parameters
are proton energy and fluence. The failure
rate of high power devices was derived
from the number of failures divided by
proton fluence. The block diagram of test
system is schematically shown in Fig.2.

2.3 Heavy ion irradiation

An AVF-cyclotron at TIARA has also
been used for heavy ion irradiation.
Ne(75MeV) beam, Ar(150MeV) beam and
Kr(322MeV) beam were
DUT. As
irradiation, voltage was monitored when
DUT were failed.

irradiated on

increasing voltage during

3. Results and discussion
3.1 Field Test

The field test results are shown in Fig.3
indicated by “cosmic ray”. Horizontal
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axis represents electric field parameter
S™®  which relates to maximum electric
field in DUT. Vertical axis represents
failure rate divided by resistivity of DUT,
which is equivalent to cross-section of
single event burnout. The failure rates
increase exponentially with electric field.

3.2 Proton irradiation

The DUT suddenly failed by proton
irradiation during voltage supplied. The
phenomenon is very similar to the failure
caused by actual cosmic rays. Fig.3 also
shows the failure rate by proton
irradiation. The failure rate increases as
field

increases. The slope of the failure rate

irradiation energy and electric
obtained in this test is similar to that of
the failure rate by actual cosmic rays or
These

show that it is possible to carry out an

by neutrons irradiation. results
equivalent testing of cosmic ray failure
rate by proton irradiation instead of real

cosmic ray irradiation.

3.3 Heavy ion irradiation
Fig.4 shows the results of heavy ion
Horizontal axis

irradiation. represents

electric field (Ef) where heavy ion stop.

Vertical axis represents irradiation energy.

As irradiation energy is higher, electric

field at DUT failure is lower. For example,

“device type A” failed at E=8.0E4 with
75MeV Ne beam and at E=7.0E4 with
322MeV Kr beam. Electric field at DUT
failure also depends on device structure.

4. Conclusion

The test results obtained by proton
irradiation are similar to those by actual
cosmic ray. It is shown that it is possible
to carry out a new equivalent acceleration

testing of cosmic ray failure rate by
proton irradiation instead of cosmic ray
irradiation. Model of failure mechanism
and design rule of power devices would
be established from the dependence of
electric field at failure on heavy ion
irradiation energy.
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1. Introduction

CulnSe, (CIS) is a one of the chalcopyrite
semiconductor with a direct band-gap of
leV. CIS is expected as a base material for
realization of thin film solar cells due to its
large absorption coefficient. At a present, in

CIS-based cell, it was reported that
conversion efficiency of 18.8%”,
comparable to that in poly-Si cells.
Additionally, recent studies showed that
CIS-based cells possess much larger
tolerance against high-energy irradiation

than Si- or GaAs-based cells.?® Thus,
CIS-based cell is a strong candidate for
space utilization.

For realization of space solar cells, which
have larger efficiency and longer lifetime, it
is important to clarify the irradiation effects
of cell component. Many studies have been
reported on irradiation effects of major cell
materials of Si or GaAs, however, reports of
irradiation effects of CIS itself have not
197, In this study, we
studied fundamental irradiation effects of
CIS thin films. Single-crystalline CIS thin
films were prepared, and high energy proton
and electron irradiation was made. We also

been so much ye

observed annealing effect of irradiated CIS

films for investigating a recovering

behavior of irradiation-induced damages.

2. Results and Discussion
In this study, CIS thin
prepared by RF-sputtering. For formation of

films were

single-crystalline CIS films, semi-insulating
GaAs was wused as a substrate. For

poly-crystalline CIS film, on the other hand,
quariz glass substrate
Composition of deposited thin films was

was used.
investigated by electron probe micro
analysis (EPMA). From this, Cu/In ratio of
0.91 1o 0.94, and Se/(Cu+In) of 1.03 to 1.05
were obtained. Electric properties of
prepared films were characterized by Hall

effect measurement using van der Pauw

configuration.
poly-crystalline

Both single- and
films showed n-type
conductivity. As-grown carrier density was
in range of 2x10'® ~ 2x10"7 cm™ for
single-crystals, and about 1x10%cm™ for
poly-crystalline films.

High
irradiation on CIS thin films were carried
out at JAERI. Here, proton energy of
380keV, 1MeV, and 3MeV were selected.
For electron irradiation, accelerating energy
in 1-3MeV was chosen. During the
irradiation, to avoid a sample from heat-up,

energy  proton and electron

10'® T v —vvvrey
"'-g Eb/efore irradiation R=0.1 [cn™']
L PO T B
MERTRY ¢ T SN
k) ' Mgy
‘E / \ \
| _ o ]
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8 LT A=t [en™']'d
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U 10'5 N aak A, Al ....:
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Electron fluence ¢ [cm?]

Fig.1: Carrier concentration dependence on
the 2MeV and 3MeV electron {luence.
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the sample holder was cooled by water
circulation, and a sample temperature was
kept below 50°C.

Carrier concentration dependence on the
electron fluence was characterized by Hall
elffect measurements. Figure 1 shows carrier
concentration dependence on the electron
irradiation fluence. It seemed that the
decrease of the carrier concentration from
the initial value was seen above the electron
fluence of 1x107cm™. Similar results were
also found in proton irradiation above the
proton fluence of 1x10'*cm™. These results
suggest that high-energy irradiation causes
introduction of electron traps in CIS films,
and density of the trap increased with the
increase of irradiation fluence.

Carrier concentration behavior depending
on the electron fluence can be empirically
expressed as, n=ngexp(-R.¢/ng). Here, n is
the carrier concentration, ny is the carrier
density before irradiation, R, is a carrier
removal rate, ¢ is the irradiation fluence.
This equation is valid only in the lower
fluence region. From the comparison of the
equation with experimental results, carrier
removal rate, R, of about 1 cm’' was
obtained for the electron irradiation. For the
proton irradiation, carrier removal behavior
was also studied, and carrier removal rate
was in range from 400 cm™' 1o 1400 cm™ for
single-crystalline CIS. Here, larger carrier
removal rate was obtained in lower-energy
proton irradiation. These carrier removal
rates are comparable to or smaller than
those of other compound semiconductor
materials for solar cells.

We have studied annealing effects of
irradiated  CIS study
demonstrated that annealing of irradiated

films. Recent

ClIS-based cell is effective to recover its
performance ®. To further investigate this
point, we have studied on the annealing
irradiated CIS film

Annealing of the

effects  of itself.
electron- or
proton-irradiated CIS films was performed
under the atmospheric environment at 60°C
oven. This annealing

temperature is chosen as a typical surface

using electric

10” ! 1 I i
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E
A
c --@- Proton irradiated
S --lk- Electron irradiated
5
€
5 v @
[ =4
3 ®
s 10'® [ n
= [ ] ]
o Annealing Temperature: 60 [°C)
1 ! 1 1 H
0 30 60 90 120 150 180
Annealing time [h]
Fig.2: Carrier concentration behavior

during the annealing at 60°C.

temperature of the solar cell on the satellite
in space. In this study, annealing time
dependence of the carrier densily of the
irradiated CIS films was investigated. As
seen in Fig.2, both of the electron- and
proton-irradiated CIS films showed increase
of carrier concentration that was decreased
by the irradiation. These results suggest that
annealing possibly makes damaged CIS film
recovered.

Change of concentration in
irradiated CIS thin film during the annealing
was analyzed. In the present analysis, it was
assumed that the
damages were recovered by the annealing.

carrier

irradiation-induced

We also assumed that carrier concentration
behavior obeys a simple rate equation that
indicates exponential change of carrier
concentration with the annealing time.

Experimental results showed reasonable
agreement with the proposed rate equation
with the time constant T of about 18 days.
Obtained time constant of irradiated CIS
thin film agrees well with the extrapolated
value of similar annealing experiments on
CIS-based cells®'. As stated before, present
annealing temperature of 60°C was selected
to be close 1o the temperature of the satellite
cell working in space. In space, radiation
damage and recover by thermal annealing
may occur in cells simultaneously.
According to these investigations, we could

estimate the performance degradation of the
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cell in space radiation environment. A
CIS-based cell with 100pum thick cover glass
seems to maintain its initial performance in
space. This result is well agrees with recent
report by NASDA on the MDS-1 satellites.
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2.1 Irradiation of heavy ion microbeam in single tobacco cells
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Introduction

We showed that tobacco BY-2 cells
were 5-10 times more tolerant to ion beams
than mammalian cells”, although the genome
size of tobacco was similar to that of mammals.
Furthermore, large shoulders were observed in
the survival curves of tobacco BY-2 cells.
From these results, the tolerance system,
probably including DNA repair processes,
seems to be different between tobacco BY-2
cells and mammalian cells.

Compared with other radiations, ion
beams have differential properties; high LET
and the penetration control. Furthermore,
microbeam irradiation can control the number
of ion particles to be irradiated in a target.

In the present study, we developed the
procedures for the microbeam irradiation to
tobacco BY-2 cells in order to banalyze
biological effects of ion beams. Here, the
outline was introduced.

Experiments
Irradiation vessel

As shown in Fig. 1, a beam window was
opened in the center of a plastic dish, and a
sheet of Harzlas TNF-1 (100 pm thickness)
was sticked on the beam window. Then, a
sheet of sterilized Kapton film (30 pm
thickness) was set on the dish, and fixed by a
sterilized polycarbonaté ring.
Cell culture

Protoplasts were isolated from tobacco
BY-2 cell line according to the methods
reported by Yokota et al.”, and mixed with

SMLSD medium (LS-salts and —vitamins, 0.2
mg/1 2,4-D, 5 mM MES, 30 g/l sucrose, 0.4 M
sorbitol, 0.8 % SeaPlaque agarose and pH 5.8)
at a density of 5 x 10* protoplasts/ml. The 48.4
ul of the mixture was poured into the
urradiation vessel and covered by a sheet of
cover glass (22 x 22 mm, 150 um thickness).
In this procedure, the thickness of the medium
containing cells was calculated to be 100 wm.
After the irradiation, 1 ml of the

SMLSD medium without agarose was added in
the irradiation vessel, and cells were cultured
at 27°C under dark condition. After two weeks,
colonies having 16 or more cells were counted
as survivors. Colony formation rate of the non-
irradiated cells was about 20 %.
Irradiation

The cell positions were recorded as a
database using an Autoscan system, according
to the procedure reported by Kobayashi et al.?.
Based on the cell-positions database, cells
were automatically irradiated with carbon and
neon ion microbeams using the MiST-BA
(Microbeam System in Takasaki for Biological
Application). Properties of ion microbeams
used in the present study were shown in Table
1.
Detection of ion tracks

After the irradiation, Harzlas TNF-1 of
the irradiation vessel was etched by 13.4 M
KOH solution at 27°C for 12 (C ions) and 9
hours (Ne ions), respectively (Fig. 2). After the
etching, as shown in Fig. 3, the number and
positions of ion tracks passed through a cell
could be confirmed based on the superposed
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image of the cell and the pits on a surface of References
Harzlas TNF-1. 1) Y. Yokota, Y. Hase, N. Shikazono, A.
Tanaka and M. Inoue (2003) International
In summary, we developed the Journal of Radiation Biology, in press.
irradiation vessel and the procedures for ion 2) Y. Kobayashi, T. Funayama, S. Wada, M.
microbeam irradiation to tobacco BY-2 cells. Taguchi and H. Watanabe (2002) JAERI-
Using these, we expect to make biological Review 2002-035, 74-76

effects of ion beams in single plant cells more
clear.

Table 1 Properties of microbeams used in this study.

lon Energy Beam size Range in water* Mean LET in cell position*

(MeV/u) (um) (mm) (keV/um)
12¢5+ 18.3 ¢ 20 1.2 121
20Ne®+ 17.5 ¢ 20 0.6 408

*calculated using E LOSS M computer program.

Polycarbonate ring

Kapton film
Plastic dish with a beam
N — window
’ \ cm

Cover glass

Cells and medium
Kapton film
Harzlas TNF-1

Fig. 1 Vessel for microbeam irradiation to single tobacco cells.

Fig. 2
Alkali etching of Harzlas TNF-1
J for detection of ion tracks.

13.4M KOH solution
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Fig. 3
Images of cell layer (A), Harzlas TNF-1 layer (B) and the superposition
(C). Bars are 20 um.
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2.2  Development of gene transfer system using ion beam-irradiated

pollen

Masayoshi Inoue*, Yuichiro Yokota*, Satoshi Kitamura**, Yoshihiro Hase**

and Atsushi Tanaka**,

Laboratory of Plant Breeding Science, Graduate School of Agriculture, Kyoto

Prefectural University*, Department of lon-beam-applied Biology, JAER]**

We have been analyzing bioeffects of ion
beam in Nicotiana plants, including pollen and
single cells.

In the previous reports, we revealed that ion
beam was effective for overcoming
cross-incompatibility between distantly related
species” ® and for inducing Potato virus

Y We also found a

Y-resistant mutation®
unique phenomenon, "leaky pollen”, in which
internal substances leaked through an opening
in outer wall of pollen grain exposed to He
ion”. This phenomenon was specific for the
ion beam exposure, and seemed to be resulted
from physical lesions induced in outer wall of
pollen grain. In C ion exposure, the most
effective penetration depth for inducing leaky
pollen was around 4 pum®.

Various techniques for gene transfer in
plants have been developed and widely used in
the plant manipulation;
Agrobacterium-mediated procedure and direct
procedure using electroporation and particle
gun. There are, however, problems to be
dissolved for efficient application in plant
breeding. narrow host range, low yield of
plants transformed, and intricate and laborious
works for the culture.

Pollen is indispensable to  sexual
reproduction in wide range of plant species. If
exogenous DNA can be incorporated into
pollen and transferred to egg cell, pollen can
be used as a gene vector in combination with
crossing,

We tried 10 develop the gene transfer

system using ion beam-irradiated pollen. In the
experiments with 18 MeV C ion from 3MV
tandem accelerator, the following results were
obtained.

(1) After the irradiation of C ions under
different conditions combined with fluence and
penetration depth, percentages of pollen
stained by trypan blue increased from 24.6% in
the unirradiated 10 41.4% and over 90% in the
4 x 10° p/cm*4 um and 4 x 10" p/cm*4 um,
respectively. On the other hand, a significant
increase was not observed in the irradiation
with the depth of 1 pm. These results showed
that the irradiation in the depth of 4 um was
available for inducing effective damage on
pollen cell membrane”.

(2) Pollen germination rate on a solid
medium was reduced with the increase of dose,
resulting in about 60% of the non-irradiated
control in the 1000Gy. However, a significant
reduction of seed formation following crossing
with the 1000Gy-irradiated pollen was not
observed.

When the irradiated pollen was suspended
in a liquid medium with pBI 221 harboring
GUS gene and germinated on a solid medium,
GUS expression was observed in the pollen
grain and tube. Expression rate in pollen
irradiated was 2 ~ 4 times higher than that in
non-irradiated control. In the case of 1000 Gy.
the rate was about 30%". These results
suggested -that exogenous DNA could be
effectively  incorporated into  the ion

beam-irradiated  pollen and  transiently
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expressed there.

(3) When pollen irradiated with 1000Gy of
C ion was suspended in a medium with pCH
harboring hygromycin resistance gene, and
used for pollination, a number of seeds were
obtained. The seeds were germinated and
cultured on the medium with hygromycin, and,
consequently, several seedlings were survived.
However, after PCR amplification specific for
the resistance gene, a corresponding band was
not detected in survival seedlings, showing that
hygromycin resistance was not transferred to
the next generation”.

(4) Also in tobacco pollen, nuclease activity
was very high, resulting in the degradation of
exogenous plasmid DNA to be incorporated
into pollen. This degradation was, to a limited
extent, reduced by washing with the medium
solution or the EDTA application in the
suspension medium. But, simultaneously,
pollen germination was greatly reduced. These
results showed that preliminary treatment for
the reduction and/or the exclusion of nuclease
activity was necessary in pollen-mediated gene

transfer system'"'?,

As mentioned above, it-is conceivable that
exogenous DNA can be incorporated into the
pollen cell through an opening of pollen grain,
specifically induced by ion beam irradiation.
However, nuclease released from pollen is an
obstacle on the system using pollen as a vector.
In order to establish the pollen-mediated gene
transfer system, allernative treatment for
dealing with nuclease activity should be
developed.
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2.3 Effects of 12C% fon Beams on Protoplasts, Petals and Leaves of
Chrysanthemum (Dendranthema grandiflorum R.)

H. Ikegami‘, K. Takata, H.Kai, K. Hirashima‘, T. Nakahara',

Y. Hase",N. Shikazono~ and A. Tanaka"

Department of Agricultural Biotechnology, Fukuoka Agricultural Research Center’
Department of lon-Beam-Applied Biology., JAERI”

1. Introduction

fon beams arec widely used to improve many
plants and crops. In most cases, materials applied
for ion-beam irradiation depend on the aims and
situations at which experiments are executed.

In recent work, we grew mutants of
chrysanthemum c.v. ‘Syuho-no-chikara’ derived
from protoplasts for two years to demonstrate
various types of mutations can be induced
by irradiation of ion beams on
protoplasts’?. However, there are still many
points that should be solved on the sensitivities
and mutation mechanisms when various tissues or
cells are irradiated.

To determine the optimum dose of ion beams
and to estimate the precise differences of the
mutation observed among materials especially
between protoplasts and other tissues, we
investigated the effects of “C* ion beams on
protoplasts, petals and leaves of chrysanthemum
and regenerated plants.

2. Materials and Methods

Chrysanthemum  line, No.74' (red flower)
which was bred by a horticulturist in Fukuoka
prefecture was used for the experiment. Isolation
and embedding of mesophyll protoplasts derived
from leaves were conducted by the modified
method”. Petals and leaves were cut into about 2 X
5 mm segments and transferred to solidified
medium. Prepared protoplasts and segments were
irradiated with 320 MeV "C* jon beams from the
AVF cyclotron in JAERI. Those irradiated
protoplasts and segments were cultured for 60
days and we counted the number of emerging

callus and shoots.

3. Results and Discussion

The dose response curve of callus and shoot
inductions by 320 MeV XC* jon beams irradiation
is shown in Fig.1,2.

In leaf tissues, the callus induction rate was
almost 100% between 0Gy and 6Gy(Fig.1).

In protoplasts, the callus induction rate
decreased at 2Gy and no callus was observed -
at 7.5Gy. Median lethal dose(LD50) was
between 3Gy and 5Gy(Fig.1).

In petal tissues, the callus induction rate was
maintained more than 90% between 0Gy and 4Gy
and decreased above 6Gy. On the other hand,
shoot induction rate decreased above 2Gy and
about 15% was observed at 6Gy. LD50 of callus
inductions was estimated about 2Gy. Thus, shoot
induction rate is thought to be much lower than
callus induction rate(Fig.1,2).

Comparing callus induction rate of these
materials, we can suppose that leaf protoplasts are
more sensitive 1o ion beams than petals and leaves.
This would be because both petals and leaves are
multicellular tissues. In addition, the fact that
leaves are less sensitive than petals is interesting
(Fig.1).

The regeneration of plant from protoplasts,
leaves and petals irradiated with ion beams are in
progress.
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2.4 Induction of Mutation in Elatior Begonia (B. ¥ hiemalis)

by Ion Beams

Masahide IIZUKA" Nobuhiro KUDO', Yasuo KIMURA,
Yoshihiro HASE ™" and Atushi TANAKA"

Gumma Horticultural Experiment Station’

Department of Ion-beam-applied Biology, JAERI”

Introduction

Ion beams, which have a higher linear
energy transfer (LET) than X and gamma
rays, is one of efficient mutagenic agents,
applicable to mutation breeding of many
horticultural crops. However, there have
been few studies on the effects of ion
beam irradiation on induction of mutation
in vegetables and ornamental crops. The
lethal dose of the *He** and '*C** ion
beam irradiation to strawberry, hydrangea
and spiraea seed became clear 2,

We have the mutation breeding of the
Elatior Begonia (B.Yhiemalis) that is
important pot cultures. An ion beam was
used to Elatior Begonia for the purpose
of variation of the flower color. We
examined effects of ion beam irradiation
on regeneration of Elatior Begonia. As a
result, less than 5Gy were effective for
the irradiation of carbon ion beams. ¥

Materials and Methods
Elatior Begonia(B. ¥ hiemalis) cv.Line

in greenhouse were wused as plant
materials. Young leaves were excised,
and the surface was sterilized by

immersing in 70% ethyl alcohol for 1 min,
followed in 1%(W/V)
hypochlolite solution for 15 mins and

sodium

then rinsed three times in distilled water.
The leal segments were cultured on
modified Murashige and Skoog's (MS)
medium supplemented with 0.5 mg/l NAA

and 1mg/l BA. The samples covered with
Kapton film were irradiated with carbon
jon beam (220 MeV '*C** and 320 MeV
2C°*) at various doses (1,2, 5 Gy). After
irradiation, the leaf segments were
the fresh medium and
cultured at 20 °C with 16 hr-photoperiod.

Regenerated shoots were acclimated and

transferred to

transplanted in greenhouse about 2
months later.

Results and Discussion

The regeneration rate was roughly

100% when irradiated with less than 5Gy.
The 800 acclimation plants grown from
1200 regeneration shoots and variations
are observed.

We are performing cytological studies
to investigate horticultural values of the
mutants and are screening mutants of
flower color variation in the growing

plants.
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Table 1.Regeneration and plantlets {rom
Elatior Begonia leaves irradiated by C ion beam.

No. of No. of
Cultivar Radiation Dose(Gy) regeneration 0.0
plantlets
shoots
rine 12g8 1 69 42
2 64 37
5 58 26
12gf 1 81 41
2 74 45
................................ 5. .........60 ___.......388_ .
anabel  '°C* 1 57 34
2 74 52
5 66 41
2of 1 68 53
2 51 37
5 76 53
netia 2g% 1 75 44
2 62 37
5 71 50
1206 1 69 46
2 75 49
5 65 47

Fig.1. Plantlets of Elatior Begonia from regener‘alion
shoots irradiated by *C*"  ion beam.
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2.5  Molecular and Physiological Analysis of ##19 in Arabidopsis

Satoshi Kitamura, Naoya Shikazono and Atsushi Tanaka
Department of lon-Beam-Applied Biology, JAERI.

Flavonoids are secondary metabolites that are
unique to the plant kingdom, with a multitude of
functions such as acting as pigments and UV-B
protectants. Some plant flavonoids are also known
to have beneficial effects on human health by their
strong antioxidant activities and to prevent bloat in
ruminants. Two flavonoids, anthocyanins and
proanthocyanidins (PAs; so-called condensed
tannins) are exclusively accumulated in the
vacuole although they are synthesized in the
cytosol. Until vacuolar compartmentalization is
completed, these compounds are not stabilized, so
they do not exhibit their functions in plant cells.

Although much is known about flavonoid
synthesis, the steps involved in their sequestration
are poorly understood. Three models have been
proposed for sequestering anthocyanins in
vacuoles: direct transport of non-modified
anthocyanins, transport after their modification,
and transport mediated by a carrier protein of
glutathione S-transferase (GST)". In the latter
case, GST activity does not seem to be necessary
for the transport itself. On the other hand, little is
known about the vacuolar sequestration
mechanisms for PAs. All that is known is that a
putative membrane-localized transporter protein
has been isolated in Arabidopsis?.

Two transparent testa (#f) mutant loci (#/8 and
1t19) were induced by ion beams in Arabidopsis®.
Although #/8 was found to be a putative
leucoanthocyanidin dioxygenase (LDOX) gene,
the nature of 779 has not been elucidated. Purple
pigmentation due to anthocyanins was not visible
in the basal region of the stem in two independent
119 mutants (##19-1 and #t19-2). The seed coat of
119 was pale-brown at the ripening stage, in
contrast to brown in the wild type Columbia (Col).
However, the seed coat of #/9 became browner
with increasing length of the desiccation period,
eventually darkening as much as that of Col after
long-term desiccation.

Molecular mapping seems to indicate that a
large inversion, which co-segregates with the
mutated #19 locus, has occurred in the #J9-1
mutant. TAIL-PCR and sequence analysis
demonstrate that a large inversion was generated
in #t19-1, and that one of the breakpoints in the
inversion coincides with a GST-like gene. The
other mutant, #79-2, was analyzed by the same
strategy, and found to have a 16.7 kb deletion in

the promoter region of the GST-like gene. Such
large DNA alteration 1s preferentially induced by
ion beams, and this characteristic allowed us to
identify the mutated gene. Because both #1719
mutants have mutations in the GST-like gene,
molecular complementation of the 119 was carried
out using the wild-type GST-like gene with its
authentic promoter. In each of five independent T1
plants (named #/9/AU:TT19 line), anthocyanin in
the seedlings (Fig. 1A) and brown pigmentation in
the testa at the ripening stage (Fig. 1B) were both
restored to the wild-type level. This is conclusive
evidence that disruption of the GST-like gene is
responsible for the flavonoid-deficient phenotype
of the #7/9 mutants. In the following, this gene is
referred to as 7779.

To date, two kinds of GSTs have been reported
to be involved in the flavonoid pathway. The first
type is the parsley GST gene, which appears to act
in the early steps of a UV light-dependent signal
transduction pathway leading to the expression of
chalcone synthase‘”. Another class of GST, which
includes maize BZ2 and petunia AN9, participates
in the last step of anthocyanin accumulation®.
TT19 is about 70% identical to Arabidopsis EST
clone H36860 protein and about 50% identical to
petunia AN9. These identities are quite high when
compared with the typically low identities of
Arabidopsis GST family proteins (as low as 30%).
A phylogenetic analysis indicated that TTI19
primarily clustered with H36860, and secondarily
clustered with AN9, with complete robustness.
This result, coupled with the results of the feeding
experiment  using  flavonoid  intermediate
naringenin and with the RT-PCR results for the
flavonoid structural genes, suggests that 7779 is a
better candidate for an AN9 ortholog. To determine
this possibility, the AN9 gene, driven under the
caulifiower mosaic virus (CaMV) 35S promoter,
was introduced into the #/9 mutants. All surviving
T1 seedlings (#19/355:AN9 line) exhibited
anthocyanin pigmentation (Fig. 1C). Therefore, it
is concluded that the function of 7779 in the
Arabidopsis anthocyanin pathway, like that of AN9
in petunia’’, is to take up anthocyanidin 3-
glucosides into the vacuolar membrane.

However, in contrast to complementation of the
anthocyanin-less phenotype in #19, the seed color
at the ripening stage remained the same as that of
1719 in all 119/35S:AN9 plants (Fig. 1D). The
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expression of AN9 mRNA was shown by RT-PCR
even in developing siliques from the ##19/355:AN9
line. A control construct of the CaMV 35S
promoter with 7719 ¢cDNA confirmed the ability
of TT19 to complement seed color of #19 even
under the CaMV 35S promoter (#19/35S8:TT19
hine) (Fig. 1D). Although three plants with pale-
brown seeds were found in this control transgenic
line, co-suppression might have occurred in a
tissue-specific manner. These results indicate that
the inability of AN9 to complement the seed color
of 119 reflects a difference in gene function
between 7719 and ANY.

Complementation of the  anthocyanin
pigmentation by AN9 did not restore brown seed
color in #19. This suggests that the brown
pigments of the wild-type seeds rely mainly on PA
derivatives and that 7779 participates in the PA
pathway in Arabidopsis. To determine the
distribution of PA precursors, seeds were stained
with vanillin, which reacts with PA precursors to
give a red color. About three days after flowering
(DAF), Col and 119 seeds had clearly different
patterns of red pigments: in the Col testa, red
pigments appeared to accumulate in large vacuoles
in cells of the endothelium layer, while in 779,
they were restricted to a few smaller vacuoles. At
DAFS5, the vacuole of Col was fully expanded
within each constitutive cell (Fig. 1E), whereas
such an expanded vacuole was not detected in 779
(Fig. 1F). This indicates that the mechanism by
which PA precursors are accumulated in the
central vacuoles is affected by the 779 mutation,
while the precursors would be normally
synthesized.

A recent biochemical analysis revealed that
BANYULS (BAN) is involved in the synthesis of
2,3-cis-flavan 3-ols, which are specific to the PA
pathway®. To obtain further knowledge of the PA
pathway, a double mutant with #/9 and ban was
constructed and its phenotype was characterized.
The seed color of the double mutant at the ripening
stage was about the same shade of brown as #/9,
although it was a little grayer than the color of
119. The gray coloration of the double mutant
seems to be due to leakage of some of the
anthocyanins during the immature stage. One of
the characteristics of #/9 is a darkening of seed
color during long-term desiccation. In contrast, no
change in seed color was observed in the double
mutant after an additional desiccation period. If the
Arabidopsis BAN gene has no other function in
planta, it i1s conceivable that 2 3-cis-flavan 3-ols
such as (-)-epicatechins are essential for the
browning of #]9 testa during long-term
desiccation. Therefore, it is reasonable that the

pale-brown color at the ripening stage in 119 testa
is due to a lack of participation of 2,3-cis-flavan 3-
ols in PA synthesis until the ripening stage. These
genetic results are consistent with the
histochemical data using vanillin (Fig. 1F).

Concerning anthocyanin accumulation, the
petunia an9 mutation was complemented by the
maize BZ2 and the maize bz2 mutation was
complemented by the petunia AN9®. However, the
maize bz2 mutation was not complemented by
Arabidopsis H36860, which has about 50% amino
acid identity to AN9”. This suggested that
different plants might use different transport
mechanisms without using GST". Examples of
such transport mechanisms are direct transport and
the transport after modification of anthocyanins,
both of which were suggested by in vitro
analyses’. However, our mutant analysis
demonstrates that the GST-like protein clearly
participates in  anthocyanin  transport of
Arabidopsis. It is expected that this in vivo role of
GST is relatively conserved in many plant species.

Based on our results, we have developed a new
model for the flavonoid accumulation pathway
(Fig. 2). Our findings clearly show that 7779
encodes a GST-like protein, and is functionally
implicated in  vacuolar transport and/or
accumulation of PAs. GST has not previously been
reported to be involved in the PA pathway. Such
an involvement was considered unlikely because
of the structural features of TT12 protein, which
belongs to the MATE-type transporter family and
is the only constituent of the PA sequestration
machinery that has been suggested so far®. In view
of the fact that transport mechanisms for
anthocyanins are conserved', GST appears to be
involved in the PA pathway in many species. The
finding that TT19 is part of the sequestration
machinery for PAs should help to resolve the
puzzle of their transport and accumulation. An
understanding of the mechanisms by which PAs
are sequestered could lead to the development of
new strains of vegetables, fruits, and forage crops
with manipulated tannin level. Such crops could
have health benefits for both humans and
ruminants.

How TT19 is involved in PA accumulation
remains unclear, but our results may provide some
clues. The vanillin assay clearly showed that PA
precursors in /]9 were wrapped with a membrane-
like structure (Fig. 1F). Some flavonoids have
been proposed to be transported to the vacuole
using small membrane-like structures (so-called
vesicles) containing flavonoids”. It is thus
tempting to speculate that TT19 functions after PA
precursors are taken up into the membrane by
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TT12 (Fig. 2), for example at the stage of the (2) L Debeaujon ef al., Plant Cell 13, 853 (2001).
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2, 31 (2001).

Fig. 1 Characterization of gene function of TT719.

(A, B) Phenotype in the seediing (A) and the testa at the ripening stage (B) of the #19/AU:TT19 line.
(C, D) Phenotype in the seedling (C) and the testa at the ripening stage (D) of the #179/355:AN9 line.
(E, F) Depositional patterns of PA precursors in seed coat of immature seeds DAF5.

Scale bars in (A, B, C, D) indicate 1 mm, and those in (E, F) indicate 50 ym.
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2.6 Development of the efficient mutation breeding
method using ion beam irradiation

T. Morishita*, H. Yamaguchi*, K. Degi*,
Y. Hase**, N. Shikazono** and A. Tanaka**
Institute of Radiation Breeding, NIAS*

Department of Ion-beam-applied Biology, JAERI**

1. Introduction

Most mutagens used for registered crop
mutant varieties in the world were gamma
rays. Recently, heavy-ion beams have been
regarded as a new mutagen because such
high-LET (linear energy transfer) irradiation
provides higher RBE (relative biological
effectiveness)  for  various  endpoints,
compared with gamma rays. In this study, to
develop the method for ion beam breeding in
buckwheat, which is noticed as a healthy
food ingredient, the biological effects of ion
beams were investigated. We reported the

results about these experiments.

2. Material and Method

Intact and hulled dry‘ seeds of common
buckwheat (var: Botansoba) and tartary
buckwheat (var: Rotundatiem) were
irradiated with helium ion (*He*, 50 MeV,
penetrating depth 1.7 mm and 100 MeV, 6.2
mm), carbon ion (°C*, 220 MeV, 1.1 mm
and '*C™, 320 MeV, 2.2 mm) and neon ion
(*Ne*, 350 MeV, 0.6 mm). *He*, “C™,
C*, and *Ne ion beams were generated
by an AVF cyclotron (JAERI, Takasaki,
Japan). A gamma ray from 44 TBq *Co

(IRB, Ohmiya, Japan) was used as the low

LET ionizing radiation control. Irradiated
seeds were sown in nursing soil. After 7-10
days, the capacity for germination was
investigated. After 3 weeks, the survival
capacity was investigated.

seeds (M;) of the

buckwheat (self fertilizing) were sown in an

Irradiated tartary
upland field. After 3 months, the mature
buckwheat was harvested, and the individual
plants were threshed. The seeds (M)
obtained were sown in an upland field by
plant-to-row lines. Visible traits, chlorophyll,
mutations

and  morphological were

investigated.

3. Result and Discussion

The relationship between the dose of
various ion beams and survival rates are
shown in Fig. 1. In both of intact and hulled
seeds of tartary buckwheat, lethal dose 50
(LDso) of *He®* (100 MeV) ions are about
350 Gy. Those of ‘He™ (50 MeV) ions are
about 350 Gy and 200 Gy, réspectively.
Those of *C** (220 MeV) ions are about 70
Gy and 30 Gy, respectively, but flattened
over 100 Gy, and the 100% lethal dose of
C™ (220 MeV) was not observed. While in
C** (320 MeV) ions, 100% lethal dose was
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observed at 200 Gy in both common and
tartary buckwheat. That of *Ne* did not
exhibit the decreasing rates until 1,000 Gy. In
12C™ (220 MeV), ’C** (320 MeV), and ‘He™
(50 MeV), the irradiation effect of hulled
seeds was higher than that of intact seeds.
it defined that the
penetrating depth of 1.7 mm was necessary to

reach the target cells in hulled seeds, and in

From these results,

the case of the penetrating depth less than 2.2

mm, the effect of the hulls is remarkable.
Table 1 and Fig. 2 show the mutation

rates under 100 Gy in the M, generation of

—
=
k=3
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tartary buckwheat. The total mutation rates
increased as the dose rose in ‘He™ (100
MeV) ions and C* (220 MeV) ions.
Compared with the relationship between dose,
mutation rate and survival rate about these
ions, the mutation rates of ‘He* (100 MeV)
ions and *C™ (220 MeV) ions at 100 Gy
were about 15%, while survival rates were
different in these ions. The chlorophyll
mutation rate of *Ne®** jons was lower than
those of any other ion beams. Further study
will be necessary to define the mutagen effect

of ion beams.
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Fig. 1. Dose responses of ion beams irradiated buckwheat seeds.
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Table 1. Mutants observed on ion beams irradiated M, generation

of tartary buckwheat.
Chlorophyll Morphological Total
mulation mutation mutation
Ton Dose No. of

(Gy) lines No. (%) No. (%) No. (%)

He 100MeV 20 165 3 1.8 8 4.8 10 6.1
Hulled seeds 40 144 3 2.1 12 8.3 14 4.7
60 162 12 7.4 12 7.4 20 12.3

80 7 3 4.2 (] 12.17 10 14

100 49 5 5.1 ] 8.1 14 14.1

He 100MeV 20 145 4 2.8 7 4.8 10 6.9
Intact seeds 60 167 5 3.0 11 6.6 14 8.4
100 180 2.7 14 $.3 16 10.7

Ne 350Mev 20 164 1 0.6 8 4.9 8 4.9
Hulled seeds 40 162 1 0.6 8 4.9 8 4.9
60 184 1 0.5 17 9.2 18 9.8

80 98 0 0.0 7 7.1 7 7.1

. 100 137 1 0.7 6 4.4 7 5.1
Ne 350MeV 20 130 0 0.0 5 3.8 5 3.8
Intact seeds 60 120 2 1.7 6 5.0 8 6.7
100 126 2 1.6 7 5.6 ] 7.1

C  220Mev 20 61 1 1.6 4 6.6 4 6.6
Hulled seeds 40 22 1 4.5 2 8.1 3 13.6
100 7 0 0.0 1 14.3 1 14.3

e o 2] 100
_ o . —_
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Fig. 2 The relationship between mutation rates,
survival rates and irradiation dose in tartary buckwheat.

O: mutation rates of intac seeds, Il mutation rates of hulled seads,
O: survival rates of intact seeds, @: survival rates of hulled seeds.
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2.7 Mutation Generation in Pot & Garden Carnations Regenerated
from Tissue Cultures Irradiated with Ion Beams
M.Okamura*, N.Yasuno*, M.Takano*, A.Tanaka**, N.Shikazono** and Y.Hase**

Plant Laboratory, Agribio business company, Kirin Brewery Co., Ltd.*

Department of Ion-Beam-Applied Biology, JAERI**

1. Introduction

Most mutagens used for mutation breeding
of crops in the world are gamma rays and
X-rays. lon beams are expected to be utilized
widely as new mutagens, because they have
much higher linear energy transfer (LET) and
relative biological effectiveness (RBE) than
those of gamma rays and X-rays”. By ion
beam irradiation, specific flower color mutants
were obtained in chrysanthemum?. By the
combined method of ion beam irradiation with
in vitro leaf culture, we succeeded in the
development of new carnation varieties “Vital
Ion series™ in 2002 V.

In this study. we investigate the efficiency
of mutation generation by a combined method
of jon beam in pot and gardening carnations,
Gardencarna®, and characterize the feature of
mutation breeding using ion beam irradiation.

2. Materials and Methods

Pot carnation variety ‘Pinky” (pink flower),
a long seller cv in Europe and America, and
Gardencarna®, line ODS55, were used for the
experiment. In ‘Pinky’, small stem segments
with node were placed in petri dish containing
Murashige and Skoog medium supplemented
with 0.1mg/l NAA and 0.1mg/l BA, 30g/
sucrose and 7g/l agar. In gardening carnation,
micro leaf segments were placed in petri dish
containing MS medium supplemented with
0.1mg/l NAA and 2mg/l Zeatin, 30g/l sucrose
and 7g/l agar. The samples covered with
Kapton film were irradiated with 320 MeV
carbon, 220 MeV carbon and 50 MeV helium
ion beams {rom the TIARA AVF cyclotron
(JAERI, Takasaki). After irradiation, the
tissues were transferred onto fresh medium
and cultured in the growth room. The
frequency of shoot regeneration was examined
1.5 months after irradiation. The regenerated
plants were acclimatized in the greenhouse

and their flower color and shape were
investigated.

3. Results and Discussion

The dose response curves of the shoot
regeneration by ion beam irradiation in
‘Pinky’ were shown in Fig.1A, and that in
Gardencarna® in Fig.1B. In 220MeV carbon
ion beams, the median regeneration dose
(RD50) was estimated at 13-14Gy and that in
320 MeV carbon and in 50 MeV helium ion
were estimated at 17-19Gy and 34-36Gy,
respectively. The RBE of 220 MeV and 320
MeV carbon ion beams relative to 50 MeV
helium ions were estimated to be about 2.5
and 2, respectively.

The mutants of flower color and shape in
plants regenerated from tissues irradiated with
ion beams are shown in Table 1. The mutation
rates of ‘Pinky’ are 6.1 % and 4.2% in 50
MeV helium and 220 MeV carbon ion beams,
respectively. Flower color mutants such as
light pink, salmon pink, bi-colored and flower
shape mutants such as smaller petals,
cup-shaped flowers were obtained (Fig.2). It is
notable that color mutants were obtained at
high frequency by ion beams, for “Pinky™ has
no color variation yet despite its long history
of cultivation in Europe and America. The
mutation rates of Gardencarna®, line OD55,
are 5.2%, 11.3 % and 6.5% in 50 MeV helium,
220 MeV carbon and 320 MeV carbon ion
beams. respectively. Flower color mutants
such as light pink, salmon pink, red and {flower
shape mutants such as Dianthus-type petals
were obtained (Fig.3).

In this study the wide spectrum in {lower-
color and -shape was observed in the mutants
derived from ion beam irradiated pot and
gardening carnations. The results correspond
with the reports in chrysanthemum® and
carnation.” Ton beams have different effect
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from that of electron beams on mutation (1997), 121-127
generation of crops and have great impact on 2) S. Nagatomi, et. al., JAERI-Review 97-
plant seed and seedling business. 015 (1998), 50-52

3) M. Okamura et. al., Nucl. Inst. and Meth.
References in Phys. Res. B 206 (2003), 574-578

1) A. Tanaka et. al., Int. J. Radiat. Biol 72

Table 1. Mutants in pot and gardening carnations obtained by the irradiation of 50 MeV helium and
220MeV, 320 MeV carbon ion beams.

Ion Irradiation ~ Mutants in flower color and/or shape (No.) Mutatjon
beams dose rate (%)
Pot carnation variety ‘Pinky’ (Pink)

50 MeV 10-30Gy Light pink (4), Small flower (2), 6.1

He Dianthus-type (1)

220 MeV  5-15Gy Salmon pink (2), Light pink (5), Small flower (2), 4.2

C Bi-colored: Pink and pearl (2), Cup shaped (1)

Gardening carnatio ‘Gardencarna®’ OD55 (Dark pink)
50 MeV 15-40Gy Light pink (3), Salmon pink (1), Small flower (1), 5.2

He Dianthus-type (1)
220 MeV  10-15Gy Minute striped (3), Light pink (4), Salmon pink (2), 11.3
C Red (1), Small flower (1), Dianthus-type (1)
320 MeV  10-15Gy Minute striped (3), Light pink (2), Salmon pink (1), 6.5
C Small flower (1), Dianthus-type (2)
— - - e , _—
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Fig.1 Dose response curves for regeneration frequency in pot (A) and gardening (B) carnations
irradiated by 220 MeV, 320 MeV carbon and 50MeV helium ion beams.
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Fig.2 Mutant of pot carnation cv. ‘Pinky.” Fig.3 Mutant of gardening carnation, Gardencarna® ODS55.
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2.8 Effects of Ion Beam Irradiation on the Mutation Induction
from Chrysanthemum Leaf Disc Culture

K. Ueno*, S. Nagayoshi*, Y. Hase**, N. Shikazono** and A. Tanaka**
Kagoshima Biotechnology Institute*, Department of lon-Beam-Applied Biology,

JAERI**

1. Introduction

Chrysanthemums have some agronomical
traits to be improved such as reducing axillary
buds 1o
temperature flowering to save the cost of heating.

save farmer’s labor and lower

New type plant mutants such as UV-resistant
Arabidopsis and chrysanthemum with novel
flower colors have been obtained using ion
beams as a mutagen’ ?. The objectives of our
research are to develop an effective method for
mutation of chrysanthemums using ion beams
and to obtain desirable variations. In this paper,
we describe effects of ion beam irradiation on the
from  cultures of

mutation induction

chrysanthemum.

2. Materials and Methods
2.1 Plant materials

Chrysanthemum (cv. Jimba) leaves were cut
into appropriately 4 mm x2 mm disc and
cultured on MS medium with 5 mg/l IAA and
1 mg/l BA prior to 3-6 days of irradiation. After
1 month of irradiation, leaf discs were
subcultured on MS medium with 0.01 mg/l
NAA and 0.05 mg/l BA for adventitious shoot
development. Then after 1 month, adventitious
shoots were subcultured on MS hormone free
medium for plant regeneration.
2.2 Jon beam irradiation

Leaf discs were irradiated with 220 MeV or
320 MeV carbon ions, accelerated by AVF
cyclotron at JAERI at doses of 0.5-5 Gy for
chrysanthemum.

2.3 Analysis of DNA contents

DNA contents were estimated by the Proidy
Analyzer (PARTEC PA)¥. Sugar cane was used
as genome size control, then, DNA contents were
determined by comparing sugar cane with
chrysanthemum.

3. Results and Discussions

In 220MeV “C* and 320MeV “C* ion
beams, regeneration frequency decreased rapidly
with increasing dose and the 90% re-generation
dose (RD90) was estimated at 2 Gy and 3 to 4
Gy, respectively®. Therefore, specimens were
irradiated at nearly RD90.
approximately 18,000 regenerated plants were

In this study,

obtained and cultured during three years; for

selection fewer axillary buds or lower
temperature flowering type. From the screening
of 13,077 M1 plants derived from the ion beam
irradiated leaf discs 66 visible mutants were
selected (Table 1).

Under low temperature, flowering period of
“Jimba” is greatly delayed. Thus, in winter
season, this cultivar is forced to culture under
high temperature controlled at 15 10 20°C.
Therefore, we tried 1o select early flowering type
to behave safely even under low temperature of
10 10 12°C (Fig. 1, 2).

In 220MeV "C* jon beams, early flowering
type (until 9 weeks flowering after lighting stop)
frequency gradually increased with increasing
dose (except 5Gy), and late flowering type (more

than 14 weeks) frequency also increased (Fig. 2).



JAERI-Review 2003-033

A lot of mutants with different flowering period
were obtained by ion beam irradiation (Fig. 1).

The mutants of early or late flowering type
were selected and analyzed about DNA contents.
The chromosome number of chrysanthemum is
54 (hexaploid). So, 2% of total DNA contents are
just about same value of one chromosome.
Almost  normal plants derived from
non-irradiated leaf discs did not decrease in any
amount DNA (data is not shown). However, 10%
of mutants that decreased more than 2% of the
total DNA were included in the selected plants
derived from non-irradiated leaf discs.
Furthermore, the mutants in which the DNA
contents were less than 98%, were included in 30
to 70% of mutants irradiated with 220MeV “C>*
ion beams of 0.5 to 5 Gy (Fig. 3). These results
show that the chromosomes are cut easily by the
ion beam irradiation, because the energy is
higher than other radiation®.

We are breeding the improvement of one
point; few axillary buds or early flowering type
that maintained characteristic of the original cv.
“Jimba”. Therefore, the high irradiation dose of
ion beam is not desirable.

In the original cv. “Jimba”, the number of
axillary flower buds is almost more than 30.
However, the number of axillary buds of the
mutants were less than half to quarter, and these
were obtained from leaf cultures irradiated with
320MeV “C* ion beams at 3 and 1 Gy (Fig. 4)°.

These two selected plants were proliferated by

vegetative propagation and these clonal lines
were selected by the line breeding system. These
two lines are keeping each character of few
axillary buds, no difference in the line. We also
obtained the few axillary bud mutants from cv.
“Jimba” irradiated with 220MeV “C* (Fig. 4).
These selected plants or lines were analyzed
DNA contents. DNA contents of B01-2-15 were
“Jimba’.

However, other selected line or plants did not

approximately 98% of original
decrease any amount of DNA (Fig. 5).

Now, we are going to prepare for selection of
mutants which have both few axillary buds and
low temperature flowering trait. Therefore,
re-irradiation becomes needed for that, and
selection of the mutant in which DNA contents

are not decreasing may be necessary.

References

1) A. Tanaka et al., TIARA Ann. Rep. 1995,
(1996) 32-34.

2) S. Nagatomi et al., TIARA Ann. Rep. 1997,
(1998) 41-43.

3) K. Mishiba and M. Mii, Cell Tech., (1988)
Vol.17, No. 4: 609-615.

4) K. Ueno et al., Tkushugaku Kenkyu 3 (2001)
(Suppl. 2): 62.

5) N. Shikazono et al., Genetics 157, 379-387
(2001).

6) K. Ueno et al., TIARA Ann. Rep. 2001,
(2002) 44-46.

Table 1. The number of tested and selected plants in three years, which regenerated from leaf

cultures irradiated by ion beam or X-ray.

Cultiver Radiation Energy Dose Number of tesled and (selected) plants for three years.  Total
MeV Gy 2000 2001 2002
Jimba He 50 1-3 111 2 4 1) 155 (3)
100 1-10 2032 (2) 2,032 ()
C 220 1-5 35 3,633 (24) 1,794 (12) 5,462 (36)
320 0.5-10 2,800 (1) 2,628 (18) 5,428 (25)
X-ray 5 891 (10) 1,086 (3) 445 2422 (13)
non-radiated control 0 1,060 (9) 1,420 _ (6 2,480 (15)
Total 2,097 (21) 9,595 (37) 6287 (36) 17,979 _(94)

()= No. of selected plants. Selected by a few axillary buds or early flowering.
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2.9

Mutation Induction to Sweetpotato with Ion Beam Irradiation

M.Ooe’, J.Nagai', K.Shimonishi ", Y.Hase ", N.Shikazono™"" and A.Tanaka"""

Kagoshima Biotechnology Institute*

Agricultural Enviroment Promotion Office, Kagoshima Prefecture**

Department of Ion-beam-applied Biology, JAERI***

1. Introduction

In the breeding of sweetpotato which is high
polyploidy, mutation breeding is suitable for
minor improvement of some specific trait
remaining most of its superior characteristics.
Currently, novel type of plant mutants such as
UV-resistant Arabidopsis” have been obtained
Therefore, ion
beams are considered to be the most suitable tool

using ion beams as a mutagen.

for the mutation breeding of crops.

The main objective of this study is to modify
starch composition of sweetpotato by ion beam
irradiation. In this report, effects of ion beam
irradiation on morphologic properties and starch

composition were examined.

2. Materials and Methods
2.1 Plant materials 7

Embryogenic calli of sweetpotato (cv.
Shirosatsuma) were induced from meristematic
tissue and subcultured on MS medium with 0.05
mg/l 2,4-D. Calli were prepared to 2 mm (for
>C*) or 6 mm (for *He™) in height prior to
irradiation.  After irradiation, somatic embryos
were induced from calli using 4 mg/l ABA and 1
mg/l GA; followed by transfer to hormone-free

MS medium for plantlet development.

2.2 Ion beam irradiation

Sweetpotato calli were irradiated with 100
MeV helium ions at doses of 25-750 Gy or 320
MeV carbon ions at doses of 20-300 Gy
accelerated by AVF cyclotoron at JAERI.

2.3 Analysis of starch composition and content

Starch content of tuberous roots were

determined by iodine  binding  using
To calculate Amylose
content, 10 mg of extracted starch was dissolved
in 0.5 ml of DMSO, and 9.5 ml of distilled water
was added. 200 g1 of this starch solution was
diluted with 4.4 ml of distilled water, and reacted
with 400 y1 of 0.1% I, solution.

contents were calculated by the following

spectrophotometer.

The amylose

equation:
Amylose content % = (ODgso — 0.17)/(1.48
~0.17) - 100 '

3. Results and Discussions

The number of regenerated M1 plants after
ion beam irradiation were listed in Table 1 and 2.
When sweetpotato calli were irradiated with 100
MeV helium ions, and 320 MeV carbon ions,
regenerated M1 plants were obtained at doses of
25-200 Gy and 20-50 Gy, respectively. Almost
these plants were obtained at 100 Gy or below in
helium ions and 40 Gy or below in carbon ions.

Young leaves of the original cv. Shirosatsuma
are reddish, and its tuberous roots are yellowish
white. In this experiment, appearances of these
organs were mutated in their colors. The color
of new leaves and tuberous roots in some M1
plant were altered to pale green and pale purple,
Out of total 965 M1 plants

irradiated with helium ions, 13 independent M1

respectively.

plants had pale green leaves, and the incidence



