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Records of the 7th International Symposium on Advanced Nuclear Energy

Research, which focused on the subject of "Recent Progress in Accelerator Beam

Application", are contained in this issue. It consists of two honorary invited lectures, 35

invited papers which were orally presented, 67 contributed papers which were presented

on posters. The oral presentations were organized in the following five sessions,

(l)Development of advanced materials, (2)Biological and nuclear medicine applications,

(3)Interaction of ions with matter and materials analysis, (4)Beam generation and control

for new applications, and (5)Future plans for accelerator-beam applications.
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Preface

For the last seven years, the Japan Atomic Energy Research Institute (JAERI) has held
International Symposia on Advanced Nuclear Energy Research several times to stimulate and extend
research activities in the nuclear field by exchanging ideas with scientists in interdisciplinary fields. In
March 1996, the seventh symposium was held in Takasaki under the title "Recent Progress on
Accelerator Beam Application".

Accelerator technology has been making progress so far mostly with development of nuclear and
elemental particle researches, and accelerators are now recognized a new powerful tools in the pioneering
research fields of materials science and biotechnology. The symposium was motivated by the expectation
that the progress of the accelerator technology will not only activate the above pioneering research fields,
but also allow new applications in the fields of nuclear science and technology.

In the symposium, 41 invited lecturers and 78 contributed papers were presented to cover a wide
range of topics classified into five sessions including a special one entitled "the several future plans for
accelerator beam application". An emphasis was put on the recent results in a broad range of research
fields, being pursued at the ion beam irradiation research facility, TIARA, completed in 1993.

I now again wish to express our sincere thanks to the invited speakers, all who participated in the
symposium, and the members of the organizing committee. I also appreciate the generous support of the
Science and Technology Agency, the Atomic Energy Society of Japan, the Chemical Society of Japan,
the Japan Society of Applied Physics, the Japanese Society of Nuclear Medicine, the Japan Society of
Radiation Chemistry, the Japan Radiation Research Society, and the Society of Polymer Science, Japan.

Ryuichi Tanaka
Symposium Secretary
Director of Advanced Radiation Technology Center
Takasaki Radiation Chemistry Research Establishment
Japan Atomic Energy Research Institute
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Masaji Yoshikawa

President, Japan Atomic Energy Research Institute

Good Morning Ladies and Gentlemen:

On behalf of the Japan Atomic Energy Research Institute, I have a great honor and pleasure of
welcoming all of you to the 7th International Symposium on Advanced Nuclear Energy Research under the title
of Recent Progress on Accelerator Beam Application. I would like to thank all participants for their positive
interest in this subject and their great efforts in helping us make his symposium possible. Especially, I would
like to thank Prof. Kroto who kindly accepted an honorable lecture and those who have traveled a great distance
and dedicated their valuable time to this symposium.

JAERI has been engaged in a variety of research on nuclear energy, especially, reactor safety, fusion
technology, radiation technology and nuclear ship since its foundation in 1956. We are now constructing a high-
temperature engineering test reactor. An 8 GeV synchrotron radiation facility, SPring-8, developed in
cooperation with RIKEN, will be available next year. At the same time, we are promoting basic research in the
fields of light quantum science, neutron science and computational science.

Now, Ladies and Gentlemen:
The technology of accelerators has been developed especially as the most powerful tool for nuclear and

elemental particle physics. Recently, accelerators have been applied to medical purposes and semiconductor
industry. These applications are due to the progress in the accelerator technology, especially, the diversification
of available ion beams of enough strength of energy and beam current and the great improvement in beam
quality.

JAERI constructed an ion beam irradiation facility consisting of an AVF cyclotron and three different
types of electrostatic accelerators. We call this facility TIARA, Takasaki Ion Accelerators for Advanced
Radiation Application. We started a research project on materials science and bio-technology in cooperation
with researchers of universities and public and private research organizations.

In near future, it is expected that the accelerator beam application will be expanded not only in JAERI
but in other domestic and foreign facilities. For example, JAERI is planning to construct a high-intensity
positron beam facility which will be connected with ion beam lines of TIARA. In the field of fusion
technology, we are developing a technology for accelerating high-power proton beams to promote a wide variety
of neutron science research.

In the present symposium, a special emphasis is put on the subject of ion beam application. I am
confident that through this symposium there will be fruitful discussions on the present and future application of
accelerator beams. I hope that your participation in this symposium will be rewarding to you.

Finally, I would like to acknowledge the support by the Science and Technology Agency, Japan, the
Atomic Energy Society of Japan, the Chemical Society of Japan, the Japan Society of Applied Physics, the
Japanese Society of Nuclear Medicine, the Japan Society of Radiation Chemistry, the Japan Radiation Research
Society, the Society of Polymer Science, Japan, and Takasaki City. I would also express my sincere
appreciation to the members of the organizing committee.

Thank you for your attention.
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PROGRESS ON RESEARCH OF MATERIALS SCIENCE AND
BIOTECHNOLOGY BY ION BEAM APPLICATION

Isao ISHIGAKI
Takasaki Radiation Chemistry Research Establishment

Japan Atomic Energy Research Institute
1233 Watanuki, Takasaki, Gunma 370-12

Research of materials science and biotechnology by ion beam application in Takasaki Establishment was
reviewed. Especially, the recent progresses of research on semiconductors in space, creation of new functional
materials and topics in biotechnology were reported.

Introduction

The radiation application is one of the
important pillars in the field of nuclear industry. The
utilization of gamma rays from Co-60 and electron
beams from accelerators has been commercially
established in such areas as industry, agriculture,
medicine and so force. The reasons to use radiation are
due to the facts that the radiation energy from these
sources can cause chemical reactions uniformly in
materials and that the radiation can induce reactions at
low temperature even in the absence of chemical
initiators. Commercial applications started at the
beginning of 1950's for modification of polymers by
crosslinking, degradation, grafting and so on.

Takasaki Radiation Chemistry Research
Establishment was founded in 1963 as a center for
research and development on radiation application in
Japan. Since then, we have been extensively
conducting R and D activities for the application of
gamma rays and electron beams in various fields such
as synthesis and modification of polymer materials,
conservation of environment, upgrading natural
resources and food irradiation. Some of these
technologies have been successfully transferred to
private sectors.

Recently, ion beams have been introduced in
this field. Upon injection the particle drops energy
along a narrow track and induces a great number of
ionization and excitation in the track, which results in
the formation of active species in a very high density.
Even a single ion can induce appreciable amount of
reactions in a microscopic region. This is a notable
contrast to the irradiation of gamma rays and electron
beams. Since ion is a charged element, it can form
new materials when it is implanted in substrate
materials or deposited on the surface. Another
characteristics of the ion beam irradiation is the
formation of metastable states as a result of collisions
of the implanted particle with atoms in materials,
which leads to the formation of thermally non-
equilibrium materials. These characteristics of ion
beams enable us the development of new materials,
the advancement of biotechnology and so on. The
characteristics of ion beams are especially important

in semiconductor devices and living ceils which are
brought to the space. It is known that the energetic
heavy ion in space causes malfunction of
semiconductors known as the single event upset. In
the case of living cells the double strand breakage of
DNA, which is fatal to the cell, is brought about by
the single ion hit.

In the present paper, research of materials
science and biotechnology by ion beam application in
Takasaki Establishment was reviewed. Especially, the
recent progresses of research on semiconductors in
space, creation of new functional materials and topics
in biotechnology were reported.

RESEARCH FIELDS PLANNED FOR
TIARA

We started new R & D Projects by using ion
beams, the Advanced Radiation Technology. The
research fields were selected by taking into account of
the characteristics of ion beams mentioned above. A
new facility called TIARA (Takasaki Ion Accelerators
for Advanced Radiation Application) was constructed
from 1987 and completed in 1993 to promote these
projects. TIARA is composed of four ion accelerators,
AVF cyclotron and three electrostatic accelerators. The
AVF cyclotron with the maximum proton energy of
90 MeV has two external ion sources; ECR ion
source for heavy ions and multicusp ion source for
light ions such as proton and He. Heavy ions from
carbon to xenon can be accelerated up to 500 MeV at
present. The electrostatic accelerator facility consists
of a 3 MeV tandem and a 3 MeV single-ended
accelerators, covering the middle energy range, and a
400 keV ion implanter covering the lowest energy
range.

In addition to the normal irradiation mode, a
variety of beam controlling and irradiating techniques
have been developed to meet the requirements for the
projects. The examples of these techniques are as
follows: inicrobeam focusing, single ion hitting,
uniform irradiation to large area, beam pulsing,
multiple irradiation of several ion beams and
secondary beam generation.
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Fig. ] Light ion microbeam apparatus connected to the
single-ended accelerator. Beams of H and He of a few MeV
with a diameter of a quarter micron meter are available.

An emphasis is put on the microbeam
technique for different fields of research subjects, such
as radiation effect on semiconductor devices and on
living cells under space environment, and various trace
element analyses. Fig. 1 shows the microbeam
apparatus for light ions connected with the single-
ended accelerator. This is to be used for trace element
analysis by using microbeams of a few MeV proton
and He ion with a beam size of quarter- or sub-micron
meter. In the case of heavy ion microbeam apparatus,
which is connected to the tandem accelerator a
minimum size of 1 Jim for 15 MeV Ni and Si ions is
available. High energy microbeam is a useful tool for
biological studies. We started the cell surgery by
using the apparatus for heavy ion microbeam which is
connected to the cyclotron. Heavy ion beam with
more than 100 MeV is collimated in three steps with
apertures of 5, 0.5 mm and several (im to extract the
microbeam of extremely low fluence rate. We achieved
a beam size of 10 Jim for 220 MeV Carbon ion.

The multiple irradiation of ion beams is also
a unique characteristics of TIARA. Different ions with
any combinations can be simultaneously or
alternatively irradiated to a target for the in-situ or on-
site ion beam analysis of the surface structure of
materials under ion bombardment. Fig. 2 shows the
beam lines connected to the triple beam irradiation
chamber mainly for simulating the irradiation
condition in a fusion reactor. The displacement
damage and the fast neutron-induced transmutation
effect are analyzed by bombarding three kinds of ion
beams, Ni, He and H.

The third characteristics is the single ion hit
system connected with the heavy ion microbeam
apparatus. This system consists of a single ion
detection unit using a couple of annular type
multichannel plates and a fast beam switching unit.
The single ion detection efficiency is more than 98%
for 15 MeV Ni ion at present The overall accuracy of
the hit positioning is estimated as + 2 (im.

Fig. 2 Multiple beam irradiation room. Chambers for
triple beam irradiation and dual beam irradiation are
equipped.

Semiconductor Devices in Space
One of the greatest successes in modern

science and technology in the second half of the
twentieth century is the development of space
technology. Various artificial satellites for
broadcasting, weather-forecasting and navigation are
almost indispensable to our daily life. These satellites
are equipped with semiconductor devices such as solar
cells and large-scale integrated circuits. The
semiconductors are sensitive to the space radiation
when compared with other components of satellites.
In space, they are exposed to energetic heavy ions
from the galaxy and strong proton and electron
radiation in the Van Allen belts. The mission life and
reliability of satellites are limited by these radiation
effects inflicted on semiconductor devices. The most
serious radiation effects are degradation of output
power of solar cells and so-called single event effects
of large-scale integrated circuits.

at*

Fluence (cm-2)

Fig. 3 Anomalous radiation effect on silicon solar
cells - sudden death of solar cell power produced by 10
MeV proton irradiation and that of 1 MeV electron
irradiation.
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Recently, we have found anomalous
degradation in output power of silicon solar cells
when samples were irradiated with ion beams as
shown in Fig. 3. The output power of solar cell
gradually decreased up to the fluence of I014

proton/cm2. Then, the power suddenly dropped to zero.
This sudden death phenomenon was also observed for
electron irradiation at the fluence of 10'7

electrons/cm2. This sudden death phenomenon could
not be explained by the conventional model for the
solar cell damage based on the degradation in minority
carrier lifetime. We proposed a new model in which
carrier removal and mobility degradation as well as life
time degradation were taken into account in the
simulation. The result of simulation satisfactorily
explained the sudden death phenomenon. Through the
experimental and theoretical study of the radiation
effects on solar cells we succeeded in the accurate
prediction of degradation of solar cell power in space
environment and in the development of radiation-
resistant solar cells.

-10 0 10 20 30 40
Position of Incident lon(fim

Fig. 4 Microscopic analysis of single event effects
caused by a single hit of 15 MeV carbon ion on pn-
junction of silicon: (a) illustration of single hit on pn-
junction, (b) observed charge at pn-juction.

Another serious problem for semiconductor
devices in space is single event effects caused by
single energetic heavy ions. Single event effects are
triggered when electric charges induced in
semiconductor devices by energetic ion incidence
exceed a certain level characteristic to each device. As
shown in Fig. 4, we measured ultrafast transient
current induced by single ion impingement into a
silicon test diode with 3-finger structure by using an
ion microprobe system connected to the tandem
accelerator. It was found that the amount of single
event charge depended on the position of the ion
impingement on the sample. This finding will enable
the accurate prediction of single event effects and
designing of single event free devices.

Functional Materials
Available ion beams at TIARA have a broad

spectrum in energy, ion species and beam size. These
beams can be used simultaneously and/or alternatively
by the combination of three electrostatic accelerators.
The ion beams can be used under high vacuum and in
atmospheric condition, or at high and low
temperatures. These features of ion beams play an
important role for processing materials science.
Because organic materials are sensitive to ion beam
irradiation when compared with inorganic materials,
the application of ion beams on organic materials is
rather limited to the production of track membranes.
On the other hand, in the case of inorganic materials,
the introduction of various species has been widely
applied by implanting ions in the low energy region.
Ion beams of MeV energy region are also important
for surface-sensitive analysis.

1000 2000 3000
Time (min)

4000

Fig. 5 Cyclic change of pore size of PTM with
temperature. PTM was chemically modified with hydrogel
layer on the pore surface.
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Mass Separation

12Q+, 13C+, Otherlmpuriry Ion*

Diamond Film

Si Substrate

Fig. 6 Illustration of synthesis procedure of diamond
thin crystals by ion beam deposition technique.

When ion beams of high energy are irradiated
onto polymer films, areas of decomposed polymer
chains are produced along the ion's trajectory. The
chemical etching of the areas produces cylindrical
pores of a uniform pore size. This technique has been
applied to manufacturing particle track membranes
(PTMs). We tried to modify PTMs by the surface
modification of pores in order to provide a character to
respond such environmental conditions as temperature,
pH, electric field, etc. At first, polymeric films were
irradiated with heavy ions and etched by a concentrated
alkaline solution to synthesize PTMs. The surface of
pores produced in PTM was chemically modified by
such hydrogel monomers as N-isopropylacrylamide
and acryloyl-L-proline methyl ester. It was observed
that the current through the pore or the pore size was
cyclicly changed by temperature when the membrane
was dipped in KCl solution under the supply of 125
mV at 6 Hz as shown in Fig. 5. This method will
make it possible to realize micro-flow control,
separation of organic and inorganic substances of
similar sizes with different chemical properties and
synthesis of artificial ion channels which will open a
new field of the synthesis of biomimetic materials.

Table I Typical features of synthesized carbon films
using ion beam deposition on silicon substrate.

^>sEnergy
FluenceV^

(laC/cmapN*.

0

1015

1016

1017-1Q18

Synthesized Phase

10 eV

Si (111)

Cubic SiC
+

Si (111)

Graphite
Polycrysta!

100 eV

Si (111)

Amorphous

Amorphous

Diamond
Thin Crystal

Fig. 6 illustrates the synthesis process of
diamond single crystal using ultra low energy ions.
Mass-separated I2C+ ions are deposited on Si (I 1 1)
substrate by changing the incident energy of I2C+ ions.
Typical features of synthesized films are shown in
Table 1. The deposition of ion beams of 10 eV
induced polycrystalline graphite film while 100 eV
ion deposition produced a single crystal with cubic
symmetry on the amorphized Si substrate. The crystal
parameters obtained by RHEED analysis for the thin
crystal indicated that the obtained crystal was close to
a diamond single crystal. Although the process of this
crystal growth is not clear at this stage it is possible
to note that the amorphous state composed of Si and
C with the same lattice parameter as that of diamond
is critical for homogeneous nucleation of diamond.

Heavy ions like 16 MeV I6O+ experience a
large energy change when the collision occurs on the
target atoms. This phenomenon provides an analytical
method called Rutherford Backscattering Spectroscopy
(RBS). For some specified ions like ISN?+, resonant
nuclear reactions with H atoms are induced with high
probability, which provides a method of depth-
profiling of hydrogen atoms in the samples.

(a)

[Cu(20nm)/Nb(10nm)]6

Nb-layer

6 8
Scattered Energy (MeV)

6.4 6.6 6.8 7.0 7.2
15N Incident Energy (MeV)

Fig. 7 Surface-sensitive analysis of layered structure
using high energy heavy ions: (a) characterization of
matrix periodicity with heavy ion RBS, (b) depth-
sensitive analysis of hydrogen with resonant nuclear
reactions 'H ("N, ay) 12C.

- 6 -



JAERI-Conf 97-003

Fig. 7 shows the examples of these
methods applied to Cu (20 nm)/Nb (10 nm) multi-
layered samples. RBS analysis using 16 MeV "O*
resolves each layer with a good mass-resolution even
in Cu isotopes. The nuclear reaction analysis using
"N ions shows the localization of hydrogen atoms in
Nb layer.

Biotechnology
In the field of biological science, two

research subjects were performed. One is the study on
the repair mechanism of DNA damages induced by ion
beams and the other is the application of ion beams to
plant breeding.

The irradiation effects of ion beams with
various LETs on the radioresistant bacterium
Deinococcus rudiodurans was studied to elucidate the
difference in radiation sensitivity from usual cells. In
general, usual cells such as mammalian cells show a
maximum of relative biological effectiveness RBE
around 100 keV/u,m as shown in Fig. 8. It has been
said that high LET radiation induces severe damage
called clustered damage in chromatin consisting of
DNA and proteins, which is not repairable in cells.
On the other hand, the RBE of Deinococcus
radiodurans decreased monotonously with LET from
10 to several 1000 keV/|im. This result implies that
Deinococcus radiodurans repairs such severe damage of
DNA.
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Fig. 8 Repair mechanism of DNA damages in bacteria
produced by irradiation ion beams of various LETs.

Fig. 9 UV resistant mutants of Arabidopsis ihaliana
produced by ion beam irradiation: left - mutant, right -
wild type.

Usually, it is quite difficult to get hybrid
plants by the conventional cross-fertilization between
different species because of the presence of a barrier for
sexual reproduction. Although it is possible to
produce seeds which can germinate by the cross-
fertilization between wild type plant (Nicotiana
gossei) and cultival one (Nicotiana tabacum) in the
case of tobacco plant, the seedling withers during the
growth. It was found that the seediing grew up to
produce a hybrid plant when the pollen of cultivar was
irradiated by 6 MeV He ion beams. The obtained
hybrid plant shows an excellent characteristics as
insect and disease tolerance coming from the wild
species.

Ion beams are expected to induce new
mutants of plants. We succeeded to isolate a UV
resistant mutant of Arabidopsis. At first a lot of seeds
were irradiated by carbon ions. Then the seedling in
second generation were grown under UV irradiation.
After the third generation was grown without UV
irradiation, mutants of the forth generation were
obtained. Fig. 9 clearly shows the difference in
growth under UV irradiation between the mutant and
the wild plant.

FUTURE PLAN AND CLOSING

As the next step of the Advanced Radiation
Technology Project, we are planning to apply high-
intensity positron beams to the research in materials
science and biotechnology. We have a plan to
construct a high intensity positron beam facility,
"Positron Factory", in which a high power electron
linac of 100 MeV and 100 kW will produce intense
slow positron beams of more than 10'" positron/sec.
The magnitude of the produced beam will be 100
times larger than those existing in the world.

The positron beams will be applied to the
synthesis of super-functional materials, ultra-fine
biotechnology and nano-structure analysis as shown in
Fig. 10. A part of positron beam lines will be
combined with ion beam lines of TIARA. Ion beams
will be used as a tool to induce fine structure changes
in materials and to analyze the structures through
nuclear reactions while the positron beam will be a
complementary tool to analyze the electronic structure
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through the annihilation with electrons of materials.
In biotechnology ion beams will bring about double-
strand breaks in DNA and the positron beam will
make it possible to produce a more moderate scission
through a "soft ionization". We expect to open a new
horizon in advanced radiation application by the
combination of ion beams with positoron beams.

It will be noted that the greatest successes
have arisen when two apparently very different fields
have been allowed to overlap; as with nuclear energy
and the physical properties of materials; similarly for
medical sterilization. Therefore, the coming phase of
progress could be more interdisciplinary. It is needed
to collaborate among the scientists in different fields

in a world-wide scale. Takasaki Establishment has
opened TIARA to promote extensive research and
development activities at universities, national
research institutes and other establishments. Takasaki
Establishment will actively promote effective
international research cooperation by using TIARA
and the future positron factory. Through these
activities, Takasaki Establishment is seeking to
become one of the most valued research organizations
in the world. Takasaki Establishment will continue its
leading role in the field of radiation application on
materials science and biotechnology.

High-Power Electron Linac (100MeV,1 OGkW) e -
Target System

Electrons
I

High-Energy Positrons

Multi-Channel Beam Extraction

Intense Slow Positron Beam
(>1010/cm?»s)

ion I Super-Functional Materials
Beams' —-———

Ultra-Fine Biotechnology

I Basic Physics & Chemistry

Fig 10 Illustration of high-intensity positron beam facility.
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THE NEW ROUND WORLD OF FULLERENE-RELATED MATERIALS

Harold KROTO
School of Chemistry, Physics and Environmental Science

University of Sussex, Brighton, BN1 9QJ, UK

The discovery of buckminsterfullerene has completely changed our perspective on the structure and dynamics of
thin layered materials - graphite in particular. The traditional perspective of flat graphite is now tempered by the
sudden realisation that an isolated flat sheet of 60 carbon atoms can and often (perhaps almost always - given
half-a-chance) does close to form a cage and that the pre-1985 textbook picture that graphite has an intrinsic
tendency to be flat does not reflect reality at all well on a microscopic level. Furthermore the new microscopic
perspective also explains numerous macroscopic aspects of the infrastructure of bulk graphite.
Keywords: Fullerenes, Carbon, Nanoparticles, Irradiation

1 Introduction

The discovery of CgQ was a serendipitous
consequence of experiments which aimed at the
simulation of the chemical conditions which exist in
the carbon plasma which surrounds a carbon star by
vaporising a graphite target with a pulsed focused
laser beam [1]. Further consideration of the cage
concept implied that giant fullerenes [2] would
possess quasi-icosahedral shapes in the sense that they
would have 12 pentagonal cusps distributed over the
surface of the closed mainly hexagonal graphene sheet
network. If the pentagons were symmetrically
distributed a roughly spheroidal cage would result and
if six were localised in one region and six localised
elsewhere cylindrical nanotubes arise. The new
perspective readily explained the infrastucture of
speroidal carbon particles, discovered by Iijima in
1980 [3], as a set of concentric giant fullerene cages in
onion-like configurations.

Techniques involving the vaporisation of graphite
using focused beams of high energy laser radiation
originally revealed the existence of closed molecular
carbon cages in the nucleating atomic plasma that
resulted. This discovery has led to a new
understanding of the round graphite particles that
have been observed almost ubiquitously whenever
isolated small carbon fragments are created - for
example during carbon black production. Their
formation had presented severe problems as
hypothetical mechanisms to explain formation in
general involved the fallacious premise that flatness is
an intrinsic and all-pervading property of a graphene
sheet of any size. The tendency to close is now
recognised as a highly probable process whenever the
elimination of the edge instabilities, associated with
an open graphene sheet, is energetically favoured.
More perceptively closure can be seen as a
transference of the edge instability, by creation of 12

pentagonal defects, into the body of the sheet - a
morphological change which involves a modest and
essentially irrelevant out-of-plane strain penalty, even
on a microscopic scale. Note that twelve, and only
twelve, pentagonal disclinations are necessary
whatever the size of the graphene sheet.

High energy irradiation played a key role in the
discovery, the quest for structural confirmation and
investigations of the formation mechanism [4].
Furthermore high and low energy beams are playing
key roles in various aspects of the development of this
new round world of carbon based materials. Recent
studies using electron beams have shown that round
carbon particles can be created by electron irradiation
and controlled particle beams may be used to produce
viable amounts of endohedral fullerenes by ion
implantation. The latter breakthrough heralds the
birth of a new "Super-Periodic Table" consisting of
"superatoms" ie fullerene carbon cages inside which
various elements of Mendeleev's Periodic Table are
encapsulated, so modifying the "valency" of both the
fullerene and the entrapped element.

1 Irradiation of graphite

In the 1985 an experiment was carried out [1] in
which graphite was irradiated by a focused laser beam
and the resulting hot plasma consisting of carbon
atoms was constrained in a helium gas pulse. As the
plasma cooled the carbon atoms nucleated and
complicated clustering processes occurred which are
still not well understood. The mass spectrum of the
resulting plasma is shown in Fig 1 [1]. The key
discovery was that a cluster of sixty atoms is
unusually stable and it was proposed that this
surprising result could be explained if the cluster

- 9 -



JAERI-Conf 97-003

possessed the structure of a truncated icosahedron, Fig
2. The molecule was named Buckminsterfullerene

Fig. 1. Mass spectrum produced by laser ablation of
graphite [1]

(after Buckminster Fuller the designer of the geodesic
domes which are based on the same topological
principles). Subsequent work by a Heidelberg/Tucson
group and also at Sussex has resulted in the extraction,
purification and unambiguous characterisation of the
molecule [5,6]. These studies have resulted in the
birth of exciting new fields of chemistry, physics and
materials science [7-9]. Not only does the CgQ
molecule form but so also do other closed cage
fullerenes (eg Cn with n = 70,76, 78, 84... etc).

Fig. 2. C50 Buckminsterfullerene

It is worth noting that the reason for carrying out the
original laser vaporization study [1] was to simulate
the conditions which occur in the plasma which
surrounds a carbon star in an attempt to identify the
linear carbon molecules that were predicted to form
[10]. These molecules, which had been detected by
astronomy in interstellar space [10], were detected
[11] and it is interesting to note that subsequent
studies indicate that the molecules then go on to
aggregate further by cross-linking reactions that
"knit" a hexagonal/pentagonal network which anneals
into a closed cage [12].

2 Irradiation of CgQ

An interesting and important experiment was carried
out in 1986 on C^Q very soon after its discovery. In
this experiment the C^Q molecule was irradiated by a
laser to study its fragmentation behaviour. O'Brien et
al [13] discovered the fascinating fact that when the
molecule was irradiated it fragmented by a process

which eliminated Cj units. This result was explained
by an interesting mechanism in which the proposed
cage expressed C2 units and then re-sealed. O'Brien
et al (Fig. 3) have shown that the cage can be deflated
by multiphoton irradiation down through C58, C56...
etc., down to

Fig 3) Mechanism suggested by O'Brien et al [ ] for the
fragmentation of C^Q during high energy irradiation

the cage C32 after which point further fragmentation
results in complete disintegration into much smaller
fragments in the range C2, C3 Cj7 or so. There
has been a lot of work on this topic in order to
understand this fascinating process in detail and
recently Mark and co-workers have shown that the
process actually involves successive C2 ejection steps
[14]. This result, that Cj was produced rather than the
more stable C3 species was considered at the time to
be very good circumstantial evidence for the proposed
closed-cage structure [4],

Some very interesting studies by Cambell et al [15]
have uncovered the interesting property of C^Q that it
has a long delayed ionisation. If a beam of CgQ
molecules is laser irradiated and a gated timing
technique used to determine the delay between photon
excitation and the moment of electron ejection it is
found that there is a delay of ca 100 microseconds.
This is an exceptionally long time when compared
with the lifetime of ca 10"^ seconds which
accompanies the ionisation of molecules in general.

3 Irradiation of carbon nanoparticles

During electron microscope studies of carbon
produced during the production of fullerenes, Ugarte
[16, 17] has observed some most interesting structural
rearrangements. Essentially giant fullerene structures
with large hollow cavities Fig 4 are observed to
collapse filling the inner void. The initially produced
particles exhibit quite pronounced polyhedral (quasi-
icosahedral [2]) shapes and under irradiation they
metamorphose into more speroidal structures with
onion-like graphitic infrastructures. These structures
are readily explained on the basis of concentric shells
of giant fullerenes in which each successive shell
possesses an approximate radius ca 0.34nm greater
than the one before [18,19].
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indicates that imperfections lead to greater sphericity
and inspection of the particle in Fig 5 indicates that it
fits in well with this perspective.

Fig. 4. TEM images of radiation induced fluidity in a
polyhedral carbon nanoparticle [16]

In Fig 5 is shown a massive "round" graphitic particle
which is some 46 nm in diameter. It consists of
approximately 65 concentric fullerene shells (NB d =
2xnxO.34nm assuming a graphite interlayer spacing of
0.34 nm). It is however highly defective.

Fig 5 An almost pefectly round graphite particle observed
by Ugarte [17] (NB. lOnm bar)

Assuming the total number of atoms in n shells is
given by N n = 10n(n+l)(2n+l) we conclude that as n
= 72 here there are some 8x10^ carbon atoms in this
particle. Thus this particle indicates quite
dramatically that we are in a new
postbuckminsterfullerene era in which we see that
graphite can readily form round structures as opposed
to the flat sheets that traditional perspective
suggested.

It is now quite easy to explain the round
stuctures and in Fig 6 is shown a simulated high
resolution transmission electron microscope from
(HRTEM) image of a "perfect" set of concentric
cages.

Even though the shells have fairly polyhedral shapes,
the TEM image of the object can exhibit an almost
perfectly round shape depending on the angle of
observation. A detailed study by Sarkar et al [19]

Fig 6 Simulated TEM image of a nanoparticle [18]

4 Endohedral Fulierenes

Almost immediately after the discovery of Cgo Heath
et al [20] detected a complex in which an La atom was
trapped inside the CgQ cage. Since the bulk
production of C^Q by Kratschmer et al [5] a much
effort has been made to produce such endohedral
material which has resulted in very small amounts of
La@Cg2- V e r v recently Cambell and co-workers [21]
have developed a route to the creation of viable
amounts of endohedral materials. By bombarding
successively deposited thin films of Cgg ( c a o n e

molecule thick at a time) by ions with a carefully
controlled energy they have been able to produce
endohedral fulierenes with good efficiency. Cambell
et al have been able to produce Li@Cgo in <& 5 0 ° / o

yield at a rate that suggests a 15-50mg per hour
production rate is feasible. Na@C60 has also been
produced. An equally fascinating advance was made
somewhat earlier by Saunders and co-workers [22]
who have produced 3He@C60. This is also a very
important advance as one can detect the ^He nmr line
and use it to study fullerene derivatives.

These are some of the most exciting advances as not
only are the fulierenes themselves exhibiting unique
properties, it is now clear that fulierenes in which
atoms have been encapsulated possess different
properties. Thus these endohedral fiillerenes promise
to extend the chemistry of the fulierenes much much
further into a wide range of new and fascinating new
fields.

SUMMARY

High energy radiation techniques were involved in the
discovery of the fulierenes as well as in the
subsequent studies [4] which added further albeit
circumstantial support for the radically new and
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totally unexpected structural proposal [1]. Although
the liklihood that the Cgg cage structure would be
stable had been forseen in the remarkably prescient
studies by Osawa [23] and Osawa and Yoshida [24]
the fact that it could self-assemble was a complete
surprise. Futhermore the fact that it would self-
assemble with efficiencies of ca 5-20% [5] was an
even more amazing discovery.

High energy electron irradiation studies have revealed
new information on the fluidity of solid carbon. Thus
the discovery has led to a deeper understanding of the
question of fluidity in carbon in general and perhaps
also its melting in particular. It is clear that fluidity in
graphitic material is subject to a proviso that
extremely strong intra planar interactions occur
within the graphene layers and the inter layer (van
der Waals) forces are very much weaker. Irradiation
studies indicate that the graphene layers can break up
into smaller layer fragments, continually forming and
re-forming under the influence of localised edge
energetics optimisation. Thus the general observation
of moderately well-graphitised domains surrounded
by somewhat amorphous edge-localised domain
interconnections can for the first time be rationalised

Perusal of the carbon materials literature indicates that
round carbon structures are quite well known but the
intrinsic details of the infrastructure were poorly
understood and the drive factors governing the
dynamics of the growth completely misunderstood.
The discovery of CgQ has changed all this. In
particular the relatively efficient self-assembly of a
closed all-carbon cage as a chaotic carbon plasma,
constrained by an inert gas bath, cools was totally
unexpected and causes us to reassess our assumptions
about the factors governing the growth of graphite in
the absence of epitaxial factors. It now appears that at
least when we discuss a 60 atom cluster of carbon in a
graphitic sheet arrangement the most stable
configuration is a closed one in which the energy
associated with the 20 or so dangling bonds that
reside at the edge of a flat sheet have been
accommodated by closure. We still do not completely
understand the details of the self-assembly of C50 but
the edge energy factor appears to be decisive. The
creation of the object shown in Fig 5 indicates that it
may also be important under certain circumstances
when many millions of atoms are involved.
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RESEARCH AND DEVELOPMENT OF ADVANCED MATERIALS
USING ION BEAM
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A wide range of research and development activities of advanced material synthesis using ion beams will be
discussed, including ion beam applications to the state-of-the-art electronics from giant to nano electronics.

1. Introduction
Ion beams have successfully been applied to

wide varieties of materials modification and synthesis,
for example, in semiconductors, metals, and
insulators. In the field of microelectronics, following
techniques are being used for advanced integrated
circuit fabrication: low energy implantation for
shallow junction, plasma doping for large area
implantation for flat panel display, buried insulating
layers using SIMOX for stable and high speed MOS
ICs, Ge implantation in Si for band gap engineering
in high performance ICs, high energy implantation in
Si for well engineering, focused ion beams (FIBs) for
prototyping and repair of circuits, or even for in-situ
device processing by combining FIBs with molecular
beam epitaxy, and negative ion implantation for
charging-free implantation in future CMOSs.

In the field of the new phase material
synthesis, people are working for obtaining cubic
boron nitride, thin film diamond, B-carbon nitride, and
silicon carbide using dual beam deposition,
simultaneous positive and negative ion beams, and
cluster ion beams.

The ion beam parameters for material
processing are summarized as shown in Table 1. The
beam energies can be varied from eV to MeV,
depending on processing, such as deposition, epitaxy,
etching, doping, mixing, and well engineering. The
beam spot size can be varied from half a meter of a
large sheet beam to 5 nano meter of focused ion
beam. The beam current can be controlled with an
accuracy of single ion to ampere ranges. The charge
state of the ion beams can be controlled. Not only
positive ion beams, but also negative ion beams are
used. Quite recently, both charge states are
simultaneously used for material synthesis. Cluster
ion beams are also used for material modification and
synthesis.

2. App l i ca t i ons of ion beams to
microelectronics
2.1 Ultra-shallow boron doping for sub 0.1 \im
CMOS

The proposed beam processes for ultra
shallow junction formation for future CMOS devices
are low energy implant with a commercial implanter,
plasma doping, sputter doping, and low temperature
additional rapid vapor deposition (LTARVD). A
commercial implanter can provide 2 keV boron ion

beam. On the contrary, other techniques can provide
even lower energy ion beams with 500 eV ~ 700 eV.

In comparison to a broad boron profile doped
by a commercial implanter, much shallower profiles
can be obtained by other techniques shown in Fig. 1
[1]. LTARVD realizes a peak concentration above
lO^Vcm^. These results indicate that these three
techniques can be used for a shallow junction
formation used for future sub tenth micrometer
CMOS devices.

Table 1 Ion beam parameters for materials
modification and synthesis

Beam Energy
eV
keV
100 keV
MeV

Beam Spot Size
5 nm
0.5 m

Beam Current
Single Ion

Deposition/Epitaxy
Etching
Doping/Mixing
Well Engineering

Focused Ion Beam
Sheet Ion Beam

Highest current of 2 A
Charge State

Positive, Negative, and Mixed

10 20 30 40 50

Depth (nm)

Fig. 1 B depth profiles measured by SIMS.
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Fig. 2 shows I-V characteristics of the
shallow junctions made by three different methods [1].
The forward characteristics are all the same, but the
reverse characteristics for plasma, sputter, and
LTARVD must be further improved by decrease in
heavy metal contamination.

2.2 Buried insulator layer (SOI: Silicon on insulator)
SOI structures have been investigated by a

MITI project to attain a three dimensional integration
by various methods. Recently its high speed and
radiation hardness characteristics drew much attention.
The SOI structures have been fabricated mostly by
SIMOX (Separation by Implantation of Oxygen) or
wafer bonding. In order to realize gigascale DRAM
with low voltage operation, SOI structures solve
problems such as soft error immunity, delay in sense
amp and peripheral circuits.

Fig. 3 shows a comparison of soft error
immunity between DRAMs with a SOI structure and
bulk Si [2]. Single event upsets will be induced in
DRAMs on a bulk Si by created carriers induced by
incident alpha particles, while the SOI structure
completely suppresses the flow of induced carriers
below the insulating layer.

2.3 Bandgap engineering by Ge implant
Fig. 4 shows the concept of bandgap

engineering by Ge implantation in a source region of
a SOI-MOS transistor, where Ge implant narrows the
bandgap of the source region, and thereby enhances
the hole flow into the source region [3]. This
technique improves the big issue of SOI devices such
as the floating body effects, lowering the drain
breakdown voltage, the kinks in Id - Vd
characteristics, and the threshold voltage shift with an
increase in drain voltage.

Fig. 5 shows Id-Vd characteristics for Ge
implant in SOI Si MOS transistor [3]. Ge
implantation improves the drain breakdown voltage
by 1 V in a low gate bias. Fig. 6 shows the Ge
implant suppresses the threshold voltage shift and
sub-threshold slopes [3].

10*

r 10'6
c
Q)

o
10'9

10

Plasma
:Sputter,

LTARVD
:ion

• \ . \ ,

-10 -5 0 2.5
Bias (V)

Fig. 3 A comparison of excess carrier generation by an
incident alpha particle on to DRAMs fabricated on SOI
and bulk-Si substrates.

o Hole
• Electron

Ec

EV

Fig. 2 Characteristics of diodes fabricated by plasma,
Sputter, LTARVD, and ion implantation

Source Channel Drain

Fig. 4 Basic concept of the bandgap engineering.

2.4 Well engineering
One of the most important application of ion

implantation in CMOS transistors is a well
engineering beneath the active p- and n-channel MOS
devices. Well structures can be used as a barrier
against latch-up and soft error as shown in Fig. 7. In
order to protect dynamic random access memories
from soft errors, three different structures have been
investigated to date. Most American and Japanese
companies employed expensive epitaxial wafers for
preventing generated excess carriers induced by
energetic particles, while one Japanese company
investigates a low-cost well-structure and a SOI
structure with high energy implantation.

Fig. 8 shows the effect of well structures on
the collection of generated excess carriers by 1.3 MeV
protons, corresponding to 5 MeV alpha particles, in
Si [4]. It should be noted that the retrograde well
structure by high energy implantation can suppress
the collection of generated carriers much better than
the conventionally-used well structure in epi-layer.
Thus the ion implantation can provide better quality
devices with lower cost than the conventional epi-
wafer processes in DRAMs.

25 Repair by FIB
One of the most important application of

focused ion beams is repair of mal-circuits and
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prototyping of the new circuits. Fig. 9 shows the
removal of metal residues between the gate and field
emitter tip in field emitter array for vacuum
microelectronics [5]. Simple focused Ga ion beam
irradiation solves the problems of mal-processes and
mal-structures in half a minute.

2.6 In-situ process system
Fig. 10 shows the schematic of in-situ

vacuum process. Crystal growth by MBE, doping,
etching, and deposition by focused ion beams with
various energies. Samples are transferred without
exposing to the air. Thus a full vacuum process is
possible for nano structure device fabrication.
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CONCENTRATION
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Hot carrier
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Fig. 7 Well engineering by high energy ion implantation.
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Fig. 8 Charge collection efficiency for various well
structures

Fig. 9 FIB removal of metal residues on a field emitter
tip.
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MBE
Crystal Growth

0-30 keV FIB
Doping for 2DEG
Etching & Deposition
Contact Formation

floating electrodes

f.«lraction electrodes! I
XSheeI ion beam

Fig. 10 Schematic of in-situ vacuum processing Fig. 11 Schematic view of the sheet ion beam source,
combined with MBE and 100 keV and 30 keV FIBs.

50 100

Discharge Current I. (A)
150

Fig. 12 Total ion saturation current ejected from anode
slit aperture as a function of arc discharge current. (I)
without intermediate electrode (Adjacent 4 cathodes
were used). (II) with intermediate electrodes (Adjacent
4 electrodes were used). (Ill) with intermediate
electrodes (Alternative 4 electrodes were used).
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Fig. 13 Ion saturation current distribution along the
extraction slit with 5 discharge paths. The upper
curve: with the same arc current of 15 A. The lower
curve: with regulated arc current.
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3. Applications of ion beams to new
material syntheses
3.1 Sheet Ion Beams for large area material
modification

Fig. 11 shows a schematic of sheet ion beam
source developed by ULVAC corporation sponsored
by a MITT project [6]. Ten parallel discharge path
scheme realized a wide and high-intensity ion source.

Fig. 12 shows the ion saturation current as a
function of discharge current. This indicates that
more than 2 A of ion current can be produced from
this ion source [6]. Fig. 13 shows the homogeneity
of the sheet ion beam, indicating more than a 50 cm
wide beam with ± 7 % homogeneity [6].

3.2 Negative Ion Implantation
A crucial problem with ion implantation in

future CMOS devices is charge-up during
implantation. It destroys metal-insulator structures in
CMOS through breakdown and it affects implantation
profiles when insulating substrates are used. The
solution of such problems is a conventional
implantation procedure with an electron shower for
charge neutralization. One possible new approach in
Japan is negative ion implantation by using a high
current RF-plasma sputter-type negative ion source.
This negative implantation suppresses the surface
charging voltage down to ± 10 V.

Fig. 14 shows a schematic of RF-Plasma-
Sputter-Type Heavy Negative-Ion Source developed
by Nissin [7]. This ion source realizes high current
negative heavy ion implantation in future devices and
insulating substrates without additional electron
showers.

Fig. 15 shows the carbon profile implanted
by negative carbon ions in insulating substrate [7],
The implanted profile agrees well with that by a
theoretical prediction by LSS. The charging during
implantation seems to be avoided. Fig. 16 shows the
charging voltage as 'a function of ion energy during
negative ion implantation [7]. The charge-up can be
suppressed to below 8 V, and, hence, no electron
showers are necessary for such implantation.

3.3 Ion Beam Deposition
If ion energy decreases down to hundred eV or

less, ions can be deposited on the target substrate
through so-called soft-landing. The advantage of this
technique is that it produces high purity, isotopically
pure and/or metastable films on any substrates.
However this technique cannot provide binary
compound films. Therefore a dual beam technique has
been developed for new-phase binary compound film
formation.

Historically, dual sputter ion sources were
used for binary compound film formation. However
most approaches were a use of a single ion source
together with an evaporation source. This technique
was named in various ways as follows: Dynamic
Recoil Mixing, Ion and Vapor Deposition, Dynamic
Ion Beam Mixing, Ion Beam Enhanced Deposition,

Ceramic Insulator

Sputtering
target

Matching RF power
supply

Pyrax Shielding
plate

Elnzel lens

Co-Sm
magnet

Pyrex
-glass
Insulator

Fig. 14 Schematic of an RF-plasma-sputter type heavy
negative-ion source.
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Fig. 17 Schematic view of PANDA
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Fig. 18 RBS spectrum of a Si wafer deposited by 200 eV Fig. 19 Thickness profile of the deposited

C2" and 100 eV N2 + . The probe was 1.8 MeV He+ nitrogen,
ions.
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and Ion Assisted Deposition, and so on.
Dual beam deposition techniques have been

furthermore enhanced to the simultaneous use of
positive and negative ion beams. This shows the
specification of the new equipment called PANDA
designed and assembled in Japan, Osaka National
Research Institute [8]. By using positive and negative
ion beams at the same time, they are planning to
lower charging-up during implantation and deposition
on insulators and to have high quality binary
compound films on insulators.

Fig. 17 shows a schematic of positive and
negative ion beam deposition apparatus called
PANDA [8]. A symmetric installation of both
positive and negative ion beam lines facilitates a
simultaneous use of positive and negative ion beams
at the target.

Fig. 18 shows the Rutherford backscattering
and thickness profiles of obtained CN film by 200 eV
C2" and 100 eV N 2 + beams at 8 and 12 \iA,
respectively. Although they are trying to get B-
C3N4, the obtained film is amorphous and has a
stoichiometry (N/C) of 0.2 - 0.25 to date as shown in
Fig. 19 [8].

3.4 Cluster Ion Beam
Fig. 20 shows the feature of a cluster ion

beam technique for material synthesis and
modification. Since the energy of the cluster ion
beam splits into small atoms with an energy of one
hundredth, the process feature is quite similar to the
low energy ion beam process. The features of the
cluster ion beam, thus, are suitable for shallow
junction formation, surface cleaning and low damage
sputtering due to low energy. A surface smoothing is
a new finding presented in Fig. 23.

Fig. 21 shows the time dependent molecular
dynamics simulation of Ar cluster ion beam hitting a
gold substrate [9]. After 124 femtoseconds of hitting
the substrate, Ar particles will be steered laterally and
the substrate atoms are also sputtered laterally.

Fig, 22 shows the lateral sputtering of
substrate Au atoms during cluster Ar ion irradiation
[9]. It clearly shows the substrate Au atoms are
laterally sputtered by in-coming cluster ion beams
when the cluster ion beam splits into small ion
particles.

Fig. 23 shows Pt surfaces on Si before and
after cluster beam irradiation [9]. Much smoother
surface could be obtained after cluster beam irradiation
presumably due to lateral sputtering of cluster beam.
Monomer ion beam irradiation could not give such a
smooth surface as cluster beam irradiation.

4. Conclusion
Ion beam techniques have been variously

developed to obtain new devices and materials as I
indicated. Further research and development should be
expected for new phase material synthesis.

Cluster Ion Beam
(hundreds of atoms)

a few 10 keV

a few 100 eV each

Shallow Junction Formation
Surface Cleaning

Low Damage Sputtering

Surface Smoothing by lateral sputter
Fig. 20 Features of cluster ion beam

Au <- Arro, 50eWalom

time - 0(5

• Ar O Au Jgs,

Au <-A/MI50eWaiom

time • 621s

• Ar O Au

Au <- ArM, 50«v/»lom

lima • 124U

• Ar O Au

Au <- AfjOt 50eV/alom
time « 186ts

Fig. 21 Computer simulation of the cluster ions.

X

Fig. 22 Polar plot of the angular distribution of
sputtered Au atoms by Ar201 cluster ions.
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(a) BEFORE IRRADIATION Rs=7i A

n.8

Ra=SiA
fb! AFTER MONOMER ION IRRADIATION

' * 0.2 ^ - 0

(N>500) Ra=28A
(c) AFTER CLUSTER ION IRRADIATION

Fig. 23 AFM images of Pt films on Si (a) immediately
after film preparation, (b) after irradiation with CO2
monomer ions, and (c) with CO2 cluster ions
(N>500), both accelerated with 10 kV and a fluence of
101 6cm-2.
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EFFECTS OF ION BEAM IRRADIATION ON SEMICONDUCTOR DEVICES
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Takasaki Radiation Chemistry Research Establishment, JAERI
1233 Watanuki, Takasaki, Gunma, 370-12 Japan

Energetic heavy-ion irradiation apparatus has been developed for single-event effects (SEE) testing. We have
applied three irradiation methods such as a scattered-ion irradiation method, a recoiled-atom irradiation method,
and a direct-beam irradiation method to perform SEE testing efficiently.
Keywords: SEE, SEU, single-event upset, SRAM, threshold LET, upset cross-section

1. Introduction
Modern artificial satellites are equipped with

sophisticated electronic circuits, in which various
kind of semiconductor devices are used. One of the
most serious problem that these devices experience in
the natural radiation environment of space is single-
event effects (SEE), which are the malfunctions
caused by the impact of a single energetic heavy ion.

Testing of the SEE tolerance of devices is strongly
required for the prediction of SEE probability in space
and for the development of radiation-hardened
semiconductor devices. For these purposes, various
artificial radiation sources and suitable irradiation
techniques have been developed and intense efforts
have been made on simulating space radiation using
accelerated heavy ions [1-3].

Probability of SEE occurrence depends on LET
(Linear Energy Transfer) and is conveniently
represented by the threshold LET and the saturated
SEE cross-section. For the experimenlal evaluation of
these values, appropriate beam intensity and fluence
uniformity are mandatory. Narrow spread in beam
energy and low back-ground contamination are also
required.

Among many other SEE, single-event upset
(SEU) is triggered when the amount of electric
charges induced by energetic ion incidence exceeds,
within a very short time period, a value known as the
critical charge of memory circuits. Therefore,
measurements of SEU current transients and accurate
evaluation of the amount of collected charges are
essential for the understanding of the charge collection
mechanism which includes charge generation,
recombination, and transport along the ion track in
semiconductor [4, 5].

Present paper describes an outline of several
irradiation techniques developed at JAERI Takasaki for
radiation hardness testing of semiconductor devices.

2. Cyclotron Ion Irradiation.
For actual SEE testing of semiconductor devices,

we must experimentally measure an upset cross-
section as a function of LET. A wide range of LET
values from 1 to 100 MeV/(mg/cm2) is usually
required for SEE testing of VLSI devices. Figure 1
shows range-LET relations for various ion species and
energies which can be applicable to SEE testing
using an AVF cyclotron accelerator at JAERI
Takasaki.
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Fig. 1 Range-LET relations for various energetic heavy
ions obtained by AVF cyclotron accelerator at JAERI
Takasaki. Numbers in the figure denote ion energies in
MeV.

3. Scattered-ion Irradiation method
A scattered-ion irradiation method has been widely

used as a convenient technique for energetic ion
irradiation [2, 3]. Advantages of this method are, 1)
beam intensity can be reduced by a several orders of
magnitude to a level convenient for SEU testing, 2)
beam uniformity is improved, 3) several devices can
be irradiated at the same time for more efficient use of
the ion beam.

The most serious disadvantage of the scattered-ion
irradiation method is that heavy atoms in a scatterer
are recoiled into a device under test (DUT). These
recoiled atoms may cause SEE, since their atomic
number and therefore their LET value are higher than
those of the scattered ions. In order to avoid this
problem we have developed a scattered-ion irradiation
apparatus equipped with a recoiled-atom eliminator,
where the recoil atoms are eliminated by applying a
thin polyimide film (12.5 pLm) in front of a DUT as
shown in fig. 2. Energy spread of the scattered ions
increases slightly; however, it is still narrow enough
for SEE testing.

In fig. 2, heavy ions with the energies of a few
hundred MeV are guided from the cyclotron beam-line
into the first vacuum chamber and scattered forward
with a thin scatterer (1 \xm thick Au foil) placed at
the center of the chamber. Scattered ions are irradiated
on a DUT placed in the second irradiation chamber or
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attached to the outlet ports of the first chamber. The
first chamber has three outlet ports at 20° and one for
each angle at 0°, 30°, 40°, and 60°. The second
chamber is equipped with a goniometer for more
sophisticated SEE measurements. Energy spectrum
and fluence of the ion beam at the position of the
DUT are measured by a Si surface barrier detector
(SSD) attached close to the DUT. One can easily
calculate energy, intensity, and uniformity of the
scattered ions using Coulomb scattering formula [6,
7]. Distances from the scatterer to the devices at the
outlet flange and at the center of the second chamber
are 350 mm and 1025 mm, respectively. For longer
distance one can obtain higher uniformity in fluence
but less intensity, and vice versa. For example,
fluence uniformity of 175-MeV Ar ions scattered with
the Au foil are 10% (20°), 6.9% (30°), and 5.2%
(40°) within the area 1 cm x 4 cm at the center of the
second chamber.

50 150 2(M) McV

2-axcs Goniometer

V.Pump

Test Device

Polyimkic Film

X-Y slit

4-axes Goniometer
V.Pump

Fig. 2 Schematic drawing of a scat!crcd-ion irradiation
and a rceoiled-atom irradiation methods for SEE testing.
In the scattered-ion irradiation method, atomic mass
number ol" an incident ion beam (Mj) is lower than lhat of
target material (M->). While, in the recoiled-atom
irradiation method. Mi is higher lhan M->.

Figure 3 shows how the recoiled-atom eliminator
works, where 175-MeV Ar atoms are scattered with a
1 \xm Au foil. Figure 3(a) shows the energy spectra
of Ar ions scattered into 40°. The peak at 473
channel corresponds to scattered 152-MeV Ar ions and
the small peak below 142 channel corresponds to 45-
MeV recoiled Au-atoms. By applying the recoiled-
atom eliminator, the recoiled Au peak disappears as
shown in fig. 3(b). The scattered Ar-ions degrade in
energy by about 42 MeV. Also, the energy spreading
degrades from 5.0 MeV(3.2%) to 7.6 MeV(7%), due
to the straggling and the non-uniform thickness of the
polyimide film. However, LET uncertainty
corresponding to the energy spread is only 0.4
MeV/(mg/cm2), that is about 3.8% of the LET value
since LET is not a strong function of energy [8],

4. Recoiled-Atom Irradiation Method
A wide range of LET values with various ion-

species and energies are needed in order to obtain

0
0 20(1 400 600 800

Channel Number
Fig. 3 Energy spectra of scattered Ar ions (a) without and
(b) with a polyimide absorber. The incident Ar-ion beam
energy is 175 MeV.

complete curves of SEE cross-section versus LET,
which is necessary for determining the threshold LET
and the saturated cross-section. Since it is not easy for
an AVF cyclotron to change ion species and energies,
we have developed a recoiled-atom irradiation method,
where target atoms recoiled into a DUT direction are
used. It is essential in this method that the atomic
mass number of an ion beam (Mi) is higher than lhat
of a target material (M2). We usually use high energy
krypton ions for the incident beam and thin metal
foils for targets. Similar to the scattered-ion
irradiation method, the energy, intensity, and fluence
uniformity of recoiled atoms can be calculated using
Coulomb scattering formulation [6]. Energy purity
and fluence uniformity of the recoiled atoms are about
the same as those of the scattered ions in the
scattered-ion irradiation method. According to (his
formulation in the case of M]>M2, incident ions are
not scattered into the angle larger than the maximum
scattering angle determined by, sin"1 (Mi /Mj) .
Therefore, DUTs are placed at angles greater than this
maximum scattering angle in order to eliminate
scattered Kr ions. The experimental setup is almost
the same as that shown in fig, 2 except that a thin
metal target with medium mass number is used
instead of the Au foil. The polyimide absorber is not
used. The advantage of the recoiled-atom irradiation
method is that we can easily obtain a large variety of
ion species by replacing the target material.

Figure 4 (a) shows typical energy spectra of the
recoiled atoms, where 520-MeV Kr ions hit a 5 Jim
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Ni target and Ni atoms (maximum energy 341 MeV)
are recoiled into an angle of 30°. The energy
spectrum of Kr ions (maximum energy 453 MeV)
scattered with a 1 (iin Au foil into 30° is shown in
fig. 4(b) for comparison. Energy spreading of recoiled
Ni-atoms and scattered Kr-ions is 45 MeV (14 %) and
12 MeV (2.4 %), respectively; whereas, the spreading
of LET is much smaller about 0.96 MeV/(mg/cm2)
(4.3 %) for Ni atoms and 0.42 MeV/(mg/cm2) (1.2%)
for Kr ions.

5. Direct-Beam Irradiation Method
For very high energy heavy-ions of E/M>10

MeV/amu, a strong inelastic nuclear reaction occurs
between incident ions and the Au scatterer, and
various unidentified reaction products hit the DUT.

Therefore, we can not apply the scattered-ion
irradiation method based on Coulomb scattering
formalism. In this case, a direct-beam irradiation
method is applied as shown in fig. 5, where the ion
beam is defocused or scanned magnetically in order to
keep adequate fluence uniformity. Beam intensity is
reduced by a factor of about 10^ using a beam current
attenuator installed between the AVF cyclotron and

600 MeV
KXX)

800

1 6{K)

"3 400

2(X)

n

(b)
Kr

-

-

-

200 400
Channel Number

600 800

Fig. 4 Energy spectra of (a) Kr ions scattered with a 1
|jm thick Au target, and (h) Ni atoms recoiled from a 5 |im
thick Ni target measured at an angle 20°. The incident Kr
ion energy is 520 MeV.

the ion source.

6. Test Results
We applied the scattered-ion irradiation method for

2-axcs
Goniometer

X-Y slit
Test Device

4-axes
Goniometer V.Pump

Fig. 5 Schematic drawing of a direct-beam irradiation
method. Scanned or defocused beam is used for
irradiation.

saturated SEU cross-section measurements, since the
accurate evaluation of fluence is made possible. Three
samples were tested simultaneously at the angle of
30°. For threshold LET measurements, the direct-
beam irradiation method was used in order to obtain
higher energy purity. Switching from the scattered-ion
irradiation method to the direct-beam irradiation
method or vice versa can be made within an hour.

§ -6
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64kSRAM

H32MPU

10 20 30 40 50
LET (MeV/(mg/cm2))

Fig. 6 Dependence of SEU cross-section on LET lor
several VLSI devices. The threshold LETs and the
saturated cross-sections of SEU are derived from these
experimental curves.

Fluence and energy calibration are made in situ
using a SSD placed next to the DUT. Figure 6 shows
the upset cross-section versus LET for a Hitachi 32-
bit MPU (H32 TEG), radiation-hardened 256-kbit
NCMOS and 64-kbit CMOS SRAMs. All of these
devices are specially developed and qualified by
NASDA for space usage. From the curves in fig. 6,
the threshold LETs and the saturated SEU cross-
sections are obtained. The results are listed in Table I,
where SL and DL stand for static latch and delay latch,
respectively. Test results for 1-Mbit and 16-Mbit
SRAMs are also listed in table I. By applying these
value to the CREME error rate code [9], the upset
rates of the devices in the space environment are
predicted. The values are also listed in the table.
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7. Summary
We have developed an apparatus for SEE, which is

connected to a beam-line of the AVF cyclotron
accelerator at JAERI Takasaki. Using this apparatus,
we can apply three types of irradiation method; 1)
scattered-ion irradiation, 2) recoiled-atom irradiation,
and 3) direct-beam irradiation.

In the scattered-ion irradiation method, heavy ions
are scattered with a Au target and hit DUTs placed at
various scattering angles for SEE testing. Recoiled
Au atoms from the target are eliminated by applying a
thin polyimide absorber in front of the DUT.

In the recoiled-atom irradiation method, mass
number of the primary ion beam (Mi) is higher than
that of the target material (M2). Target atoms recoiled
into forward direction are used to irradiate DUTs
placed at angles greater than the maximum scattering
angle, where scattered ions do not exist. An advantage
of the recoiled-atom irradiation method is that we can
easily obtain various ion species by replacing the
target material.

For heavy ions with energies above about 10
MeV/amu, neither scattered ions nor recoiled atoms
can be applied because strong inelastic nuclear
reactions occur. In such cases, we apply direct-beam
irradiation method using defocused or scanning beams.
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Table I. Threshold LET and saturated upset cross-section of VLSIs.
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1. Introduction.
Single Event Effects are, by now, well established as

a hazard to spacecraft and payloads. These can result in
correctable 'soft errors' [1] or destructive latch-up [2] in
digital electronics. In addition to these essentially bulk charge
collection mechanisms, there is now evidence for oxide effects
in a variety of semiconductor technolgies [3], [4].

Single Event Effects are the result of localized
ionization along the path of an heavy ion (cosmic ray) or
ionization from the products of a nuclear reaction between a
proton and the semiconductor material. The charge generated
may be comparable with the charge stored by a bistable
element in a given state ('one' or 'zero'). In the case that the
charge is generated at a sensitive node (see Fig 1) then a
change of state will result. Latch-up is the result of charge
being deposited in the sensitive region of parasitic devices
existing in the bulk of certain integrated crcuit technologies. A
parasitic thyristor is created which forms a low impedance
path from the power supply to ground.

The testing for single event effects requires the use of
accelerator facilities capable of providing a range of ion
species and protons. In the case of cosmic ray testing the
cross-section for upset of a device is plotted as a function of
ion LET and, in the case of proton testing , as a function of
energy. For further details of single event effects see for
example [5] and [6].

In 1992 the European Space Agency decided to develop a
European centre for proton testing (the PIF) and in 1994 a
similar centre for heavy ion testing (the HIF). These two
facilities are described in the following.

2. The Proton Irradiation Facility (PIF).

2. / General Description
The Proton Irradiation Facility (PIF) [7] is based on a

dedicated beam line shared with the Biomedical Facility and
materials irradiation facility PIREX. The beam line is fed
from the main 590 MeV ring accelerator by means of an
electrostatic beam splitter delivering between 1 and 20
micro-amperes into the experiment hall as shown in Fig. 2.

* » v PIREX

^ .
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Soli — ^ '
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1
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Target N

,—i

1

Fig 1. Single event effect mechanism in a CMOS bistable

Fig 2. PIF experiment hall (NA).

After the PIREX target station the beam passes through a set
of exchangeable copper-graphite blocks (PIREX degrader),
reducing its energy and intensity and is guided to the
biomedical and PIF areas. The maximum Current is limited to
3 nA in order not to activate the experimental area. The
PIREX degrader is calibrated for energies into the PIF area of
590, 300, 254, 212, 150, 102 and 60 MeV. The beam line
with a sequence of 3 bending magnets make it possible to
select the energies with a precision of better than 0.2%. There
are two beam stops; the first one, remotely controlled, is
mounted at the entrance to the area, the second one is place
behind the experimental apparatus of the PIF. The beam is
almost parallel and can be focussed to a minimum diameter of
about 5 cm (FWHM) using quadrupoles. Energy resolution of
the beam at the entrance to the PIF is better than 1%.
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Fig 3. Schematic of PFF installation

The PIF area is fully equipped with various types of cable
(coaxial, fibre-optic, RS232, twisted pair, PC extension) to
the PIF control room and experimenter cabin. Typical cable
lengths into the area are about 60 metres. There are also video
cameras in the PIF area for observing experiments during
irradiation.

2.2 Details of PIF
The schematic of the PIF itself is given in Fig 3. The

detailed set-up consists of a system of beam collimators and
beam monitoring devices, a computer controlled energy
degrader and a movable wagon carrying a remotely controlled
X-Y table to hold the test samples. Associated control and user
electronics is mounted in a rack behind a concrete wall.
Additional electronics with PCs for control and data
acquisition are mounted in a PIF control room and
experimenter cabin outside, but adjacent to, the experimental
area.

2.2.1 Beam collimating and monitoring
Beam collimators are used to reduce activation of the

apparatus and obtain the desired irradiated area and beam
uniformity. The first collimator is placed in the 10 x 10 cm2

opening of the iron shield in front of the degrader. Another set
of collimators can be mounted between the degrader and the
sample. The size and arrangement of collimators are matched
to the individual requirements of PIF users and various
configurations have been established with Monte-Carlo
simulations using the GEANT code .

The beam monitoring system consists of the following
elements :

- A split four-fold ionization chamber mounted in front
of the energy degrader is used to centre the incident beam and
monitor its intensity.

- An ionization chamber fixed to the movable wagon
monitors the proton flux after the energy degrader.

- A PIN diode (or small area plastic scintillator) mounted
directly in front of the sample monitors the beam flux within
a small area. The diode essentially does not affect the beam
parameters and can be left in the beam for the on-line
normalization of the beam flux during irradiations.

- A plastic scintillation counter (10 x 10 mm2, 2 mm
thick) measures single protons. This counter serves for the
absolute normalization of the proton flux and, at the beginning
of the measurement, to calibrate the PIN diode (or small area
scintillator).

- 27 -



JAERI-Conf 97-003

- A small X-Y wire chamber is installed permanently on the
beam line, behind the PIF degrader. The chamber contains 128
wires in the vertical and 64 wires in the horizontal directions.
Spacing between wires is 1 and 2 mm respectively. Beam
profiles are monitored on line using an oscilloscope in the PIF
control room.The chamber allows rapid centering and
(de)focussing of the beam..

2.2.3 Pit' energy degrader
The local PIF energy degrader reduces the initial proton

energy (max 300 MeV) to the required value. In order to
continuously cover all energies up to 300 MeV the degrader
consists of 8 aluminium slabs with thicknesses of 2lflmm
(where n = 1.8). This allows selection of any degrader
thickness between 0 and 255 mm in steps of 1 mm and
energy resolution in steps between 3 and 018 MeV for the
range 30 to 300 MeV. The slabs are driven by compressed air
and can be moved in and out of the beam in about half a
second. The required configuration (and corresponding energy
spectrum) is remotely set using the PIF control PC. In addition
to energy lost in the degrader the beam also loses in intensity,
undergoes angular and energy straggling and produces
secondary particles such as gammas and neutrons. Detailed
studies of these problems have been made using the GEANT
code and verified experimentally. Results of the simulations
for a point-like 300 MeV monoenergetic initial beam are given
on Figs 4a and 4b., steps at 127/128 mm correspond to a non-
continuous change in the degrader geometry and are confirmed
experimentally.
2.2.4 Movable wagon with sample holder

The wagon, movable along the beam axis, contains the
remotely controlled X-Y table with the sample holder, the final
beam collimators and monitors. The sample holder fixed to the
X-Y table is fully compatible with the ones used at the
Brookhaven National Laboratory and the HIF, for the purposes
of standardization and interchangeability. The size of the test
board is 25 x 25 cm. and the holder can be rotated in the Z
plane to allow irradiation of the sample at different angles of
incidence. Accuracy of sample positioning is 1 mm in X and
Y directions. For optical monitoring and precision alignment
of the sample a laser and mirror system is observed using a
video camera.

Depending on the distance between the sample (on the
wagon) and the degrader two modes of operation are possible.
In the 'high fluence' mode the wagon is placed directly behind
the energy degrader. This provides maximum intensity
(2.5 x 108 protons/cmVsec for 10 microamp split beam). In the
'low fluence' mode the wagon is moved 'down-stream' to give
maximum distance between the sample and the energy
degrader which, with defocussing, provides an irradiated area
of 10 x 10 cm. For larger samples the table can be scanned in
X and y under PC control.
2.2.5 Irradiation procedure

Irradiations are usually carried out in air. According to
experience and user requirements, the monitor detectors are
selected for each experiment individually (ionization chambers,
PIN diodes, plastic scintillators). The irradiation is controlled

300

50 100 150 200 250
Degrader thickness [m m)

Fig 4a. Energy of protons versus degrader thickness.

3x10

100 200 300

Proton energy after degrader [MaV]

Fig 4b. Proton flux and dose rate at the PIF for
10 microamp beam at the splitter.

through a set of sealers and a PC based data acquisition
system. The system monitors the flux of protons, calculates the
deposited dose and controls the position of the sample and
beam focus parameters. It also allows for setting the beam
energy with the help of the PIF energy degrader. This allows
fully automated irradiations with arbitrary proton spectra.
During data acquisition the most important irradiation
parameters (energy, flux, dose, sample position) are updated
every second on the computer screen and stored into a file.
Alarm signals are provided for occurrences such as low beam
intensity or errors in devices under test.
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2.2.6 pip experimental programme
The PIF is now in its 4th year of operation and, in

addition to the intended purpose of testing for Single Event
effects in electronic components it has found wide use in space
and terrestrial physics investigations. Typical research
activities have included :

- Semiconductor radiation hardness
- Development of monitors and detectors for space

application.
- Studies of SQUIDs and CCDs
- Studies of radiation hard packaging for

semiconductors.
- Investigation of isotope production rates for

atmospheric physics.
- Studies of biological effects for radiation protection

purposes.
- Calibration of detectors for high energy physics and

space application (BgO, BaFj).
In performing these experiments over 20 different
experimenter groups have been accommodated.

In addition to the application programme there is a
process of continuous development in order to improve
flexibility and performance. In particular the low energy
performance is being continuously improved to cope with the
very low thresholds of modern devices.

SUMMARY OF KEY CHARACTERISTICS.

* Standard proton energies (after PIREX degrader):
590, 300, 254, 212, 150, 102 , 60 and 30 MeV.

* Energies available using PIF degrader . quasi-continuous
up to 300 MeV.

* Energy straggling after the PIF degrader for 300 MeV
initial beam typically 7.2 MeV at 200 MeV and 15.4 MeV

at 50 MeV.
* Upper limit of the beam intensity at 300 MeV : 3 nA

(0.5 nA at 50 MeV); the minimum intensity can be set as
low as a few protons/sec.

* Maximum flux/dose-rate at the beam centre for 300 MeV
2.5 x 108 protons/cm2/sec (12 rad/sec) at 10 mictroamps.

* Beam profile at 300 MeV : Gaussian-like with FWHM
2 cm. (will be 1.5 cm FWHM during 1996.

* Irradiated sample area 10 x 10 cm or smaller, depending
on collimators and defocussing.

* Neutron background: less than 10-4 neutrons/proton/cm2.
* Accuracy of flux/dose determination: 5%.

3. The Heavy Ion facility (HIF).

3.1 General Description
The HIF is based on the multi-particle, variable energy,

isochronous cyclotron 'CYCLONE' at the Universite
Catholique de Louvain, Louvain la Neuve, Belgium.
'CYCLONE' is capable of accelerating protons up to
90 MeV, deuterons to 55 MeV, alpha particles to 110 MeV
and heavier ions up to an energy of 110 Q : /M MeV.The
energy range for heavy ions extends from 0.6 to 27.5

MeV/AMU depending, among other things, on the ion's charge
state. Ions with the high charge state required for single event
work are produced in an external ion source of the Electron
Cyclotron Resonance (ECRIS) type, 'CYCLONE' is equipped
with two such sources. The ions produced in the sources are
accelerated to low energy (± 10 x Q keV) analyzed in Q/M,
transported to the cyclotron and injected axially for subsequent
acceleration.

3.2 Details of HIF
Fig 5 shows a schematic of the IDF which has a

dedicated beam-line terminated in a vacuum chamber which
carries the test board for single event experiments. In order to
allow a wide range of fluxes (from a few particles/cm Vsec up
to 106 particles/cm2/sec), under control of the experimenter,
three additional injector grids were installed on the cyclotron.
Two grids are in the injection line close to the ion source and
a third grid is close to the cyclotron. These allow attenuation
factors of 10 , 100 and 1000, plus any combination of these.
For intermediate values the experimenter has access to the RF
power of the ion source by means of a control knob.
3.2.1 Ion species

The 'User Requirements' set by ESA were that two
different ion cocktails should be available. One should cover
a wide range of high LETs (2 - 55 MeV/mg/cm3) for routine
test and characterisation and one covering a range of low
LETs
(0.4 - 11 MeV/mg/cm2)) for research purposes, primarily the
study of modern complex devices with very low upset
thresholds. In all cases a minimum penetration of 40 microns
in Silicon was required. The final 'cocktails' of M7Q = 5 and
M/q = 4 are given in Table 1 and were based on 'CYCLONE'
experience and capabilities. For the lowest LET a special
purpose low LET alpha beam has been developed.
3.2.2 Beam homogeneity

The actual homogeneity is ± 10% over a diameter of 30
mm. This is achieved with a gold foil (1.5 mg/cnr) placed
7 m in front of the test chamber. Detailed simulations have
shown several possibilities for improving homogeneity
depending on number of foils, foil thickness, position and
beam tuning. These will be investigated during final set-up.
The foils are placed on a frame which is activated with a
pneumatic jack and has translation movement by DC motor
with position read-out by optical encoder.
3.2.3 Beam monitoring

This is an extremely important element in single effects
testing as 'drifts' in important beam parameters, not detected by
'before' and 'after' measurements can result in significant error
in assessing device behaviour in space.
The HIF monitoring system consists of a 'dosimetry box'
placed in front of the test chamber. This box contains :

- A faraday cup (for beam tuning)
- 4 Scintillators
- Parallel Plate Avalanche Counter (PPAC).

The PPAC is checked during calibration by means of a solid
state detector (SSD) of 1 cm2. The user interface will provide
warnings in case of uniformity or flux change during
irradiation. When a flux warning occurs, after the irradiation
and providing the flux is below a preset limit, the system will
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DOSIMETRY BOX

-VACUUM CHAMBER

Fig 5. Schematic of IIIF installation

automatically place the calibration SSI) on the beam axis to
verify the flux.
The 4 scintillators are placed at 90" from each other around the
beam for uniformity monitoring. This monitoring is required to
ensure that no diffusion foil tearing or beam drift occurs during
irradiation. Since there is a wide range of flux there is a
collimator for each scinlillator with holes of lmm, 4mm and
8 mm diameter. There is also a shutter to protect the
scintillators from the alignment laser light. The PPAC is used
to measure the total fluence, the count rate is checked using
the SSD. A spare PPAC is provided in the dosimetry box and
both PPACs are controlled by pneumatic jacks.
3.2.4 Test chamber

The test chamber is shown in Fig 6.and is in the shape of
a barrel stretched vertically. One side flange is used to support
the calibration and scan detectors. The second flange is used
to support the test board frame and feed through connectors.
This flange is mounted on a rail system so that it can be
moved up to 1 m from the chamber. This allows convenient
1 all-round' access to the test board. The test board frame is
2? x 25 cm and compatible with Drookhaven National
Laboratory and the PIT. Three mecahnisms are used to
position the frame.

- Translation. Total movement 264 mm. The movement
is performed using a DC motor and the position read using an
optical encoder. Translation speed is 20 mm/sec and
positioning accuracy is ± 0.5 mm.

- Rotation. The board can be rotated through ± 90" with
an accuracy of 1".

- On-axis translation. In order to allow precise alignment
of a component under test on the rotation axis a very slow
translation movement (0.5 mm/sec) is possible along the beam
axis. The total stroke is ± 20 mm with an accuracy of 0.5
mm.
Additional features include an iris with motor control from 4
to 60 mm diameter, a camera port, a view port, internal
lighting and an on-axis laser diode for precise alignment.
The 'pump-down' time for the chamber is 5 minutes.

Coktail * I
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15 N 3*

1OB2*
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88
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78
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64
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LET
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For special purpose, a low LET alpha beam will be developed:

Ion

a

Primary Energy

^ J M e V l ...
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63

LET
(Mev cm2 / me)

0.4

Table 1. Ion cocktails available.
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Fig 6. Details of IIIF vacuum chamber

3.2.5 User Interface
The user interface is based on a Pentium PC which

provides 4 screens and a tool bar. The user has access to 3
screens, the fourth (Operator) being reserved for cyclotron
staff. The three user screens are :

- Board-Position. This includes motor controls, vacuum
control, iris aperture and rotation angle of the test board, board
and device selection. The dialog box allows users to edit
device positions, recall stored positions , store new boards,
verify positions, delete devices from a board or delete a
complete board. Up to 10 device positions can be stored per
board and users can store as many boards as they need.
A 'Verify' option performs an automatic scan of the device
positions from 1 to 10 and pause at each position to await
validation. The 'Edit Position' option allows the use of a
joystick for repositioning devices.

- Data-Beam. This includes beam parameters (ion
species, LET, flux, uniformity), run details (run number,
effective LET, estimated irradiation time, RUN/STOP),
position data (board name, device number and ID, rotation
angle, iris aperture), results (number of errors, calculated cross
section, deposited dose for the run and cumulative dose, plot
of cross-section). The choice of ion species is done with a drop
down list. Once the ion and target material has been selected
the user interface will display LET and range. For tilting there
are two possibilities :

- Prompt for desired angle (automatic calculation of
effective LET).

- Prompt for desired effective LET (automatic
calculation of the angle).

- Beam Line. This includes a beam line bitmap to
show the location of each element to the users, vacuum control
of the test chamber (vent/evacuate), control of injection grids,
beam scan (X, Y, both), laser ON/OFF, calibration SSD
IN/OUT.

- Operator. The access to this screen is restricted to
cyclotron staff and is protected by a password. The screen
includes a beam line bitmap, access to the different detectors

and the laser, detector biasing, access to all line valves,
vacuum control of the test chamber, diffusion air lock and
dosimetry box, diffusion foil changing and PPAC swapping.

- Tool bar. There is permanent access to a 10 icon tool
bar for the most commonly used features of the IIIF. These
include device at 0°, device at 45°, device at 60°, access to
injection grids, scan control, start/stop irradiation, SSD
IN/OUT, laser ON/OFF, chamber light ON/OFF, evacuate/vent
chamber, shut off the HIF.

3.3 HIF Status
The present situation is (Jial the final engineering

development and beam tuning is in progress and the HIF
should be ready for commissioning later this year.
Prior to initiating the HIF development a number of studies
were carried out on the same beam line using a simpler, less
automated facility. One of the main aims of these studies was
to establish correlation with another well recognized facility.
Brookhaven National Laboratory is one such facility used by
many workers in the single event field. Fig 7 gives the results
obtained using a 16 Mbit DRAM and clearly shows excellent
correlation.

Fujitsu 16M1 DRAM - Heavy Ion SEU Results
(UCL9404 & BNL9408).
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Fig 7. Results of correlation tests using 16 Mbit DRAM
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4.. Conclusions.
Single event effects are an important hazard to spacecraft

and payloads. The advances in component technology, with
shrinking dimensions and increasing complexity will give even
more importance to single event effects in the future.

The ground test facilities are complex and expensive and
the complexities of installing a facility are compounded by the
requirement that maximum control is to be exercised by users
largely unfamiliar with accelerator technology. The PIF and the
HIF are the result of experience gained in the field of single
event effects testing and represent a unique collaboration
between space technology and accelerator experts. Both
facilities form an essential part of the European infrastructure
supporting space projects.
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Recent developments in the use of ion implantation to modify the properties of optical materials are
summarized. The use of ion implantation to form nanocrystal and quantum dots is emphasized.
Keywords: optical materials, nanocrystals, ion implantation

1. Introduction
One of the most promising new directions for

ion beam processing of materials involves the use of
this technique to modify the properties of optical
materials.1 Historically, the interest in ion beam
processing arose through the use of this technique to
dope semiconductors. Factors that make this method
essential for processing semiconductors are dopant
purity (controlled by mass analysis of the ion beam)
and profile reproducibiliry (controlled by the dose and
energy). Because of these factors, ion implantation is
essential to semiconductor manufacturing today. Ion
beam modification has been explored to a much lesser
extent as a method to modify the properties of metals
and alloys, but already there are numerous examples2

of the use of this technique to reduce friction, wear,
and corrosion, or to change mechanical properties.
Ion beam modification of the optical properties of
materials by contrast is really in its infancy, and at
present it is very much a research tool. However, the
technique has already demonstrated some unique
features which make it attractive as a method to
modify the optical properties of materials. In this
paper, we will summarize some of the more recent
innovative applications.

2. Changes in refractive index
There are a number of mechanisms by which ion

beams can be used to modify the properties of optical
materials. Damage produced during the implantation
process can create stable defects which will absorb or
emit light at characteristics wavelengths. Nuclear
radiation damage during implantation often leads to a
physical decrease in the density of optical material and
therefore, to a reduced refractive index. This effect can
be used to define optical waveguides. A waveguide is
created by having regions of lower refractive index
surrounding a region which has a higher index of
refraction. The region with higher refractive index
can confine light and therefore acts as a waveguide.
Waveguides have now been produced in more than 40
optical materials using light ion damage to create
regions of lower refractive index.1 It should also be
possible to define buried optical waveguides by this
method.

Ion implantation doping has been used also to
change the chemical composition of optical materials
in order to increase locally the refractive index and
thereby to define optical waveguides in the near
surface.^ This has been demonstrated for the case of

Ti implanted at high concentrations into the near
surface of LiNrX>3. During annealing, the implanted
Ti becomes substitution^ in the lattice and locally
increases the refractive index, thus enabling a
waveguide to be defined by the implanted region.
Figure 1 shows the output intensity pattern of a
single-mode ion implanted channel waveguide formed
by the implantation of Ti (360 keV, 2.5 x 1017/cm2)
through a mask and into LiNbO3, followed by
annealing in wet O2- The resulting profile of optical
intensity measures 1.0 pm deep by -1.7 urn wide.
The width is only about half of the width of the mask
(-3.5 p.m), and this is evidence for a very strong
single mode guide which is close to the theoretical
limit.

(a) OUTPUT MODE PATTERN

(b) OPTICAL INTENSITY MEASUREMENTS
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Fig. 1. Channel waveguides fabricated by Ti (360 keV,
2.5 x 1017/cm2) implantation of LiNbO3. The output
mode pattern is shown at the top. Intensity
measurements in the horizontal and vertical directions
are shown on the bottom. The guide was excited by a
laser diode (K = 0.85 urn wavelength) (from ref. 3).
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Not only can Ti ion implantation be used to
form passive device structures (waveguides) in
LiNbO3, it can also be used to fabricate active devices
such as modulators because LiNbO3 is an electro-
optic material. Implantation is particularly attractive
for this application because it provides a much higher
Ti concentration in a shallower depth than does
thermal diffusion. This means that the light can be
confined to a smaller volume and for active devices
(modulators) this means that less voltage is required
for switching. Figure 2 shows schematically a Mach-
Zehnder waveguide modulator fabricated by Ti
implantation. In this electro-optic device, modulation
results from interference produced between phase-
coherent light waves that have traveled over different
path lengths. The input light splits into two
components that travel through the two guides. The
effective path length in one of the guides can be
varied by the application of a voltage to the
electrodes. This results in a phase difference between
the two guides that gives rise to interference when the
two components are recombined at the output. In
Fig. 2, the length of the electrodes is -4 mm and the
electrode gap is ~5 H-m. The output intensity
(0.85 |im wavelength) of the modulator as a function
of applied voltage is shown. This shows complete
modulation with 2.2 V applied, resulting in a VL
product of 8.8 V mm and an extinction ratio of
-14 dB. This is considerably better than that
achieved by thermal diffusion because the size of the
mode profile is decreased which allows for higher
electric field strengths to be generated by an electrode
structure in the area of the greatest optical field
confinement. These results demonstrate that ion
implantation is potentially a very powerful method
for fabricating electro-optic devices in materials such
asLiNbQ}.

ELECTRO-OPTIC DEVICE FABRICATION BY
ION IMPLANTATION

OUTPUT RESPONSE

z 100 | -

0.73 -

MACH ZEHNOER MODULATOR

APPLIED POTENTIAL

Fig. 2. Mach-Zehnder modulator fabricated by Ti
implantation of LiNbO3. The modulator design is
illustrated schematically on the left. Output intensity
(at 0.85 |im) as a function of applied voltage is shown
on the right (from ref. 3).

3. Doping with optically active dopants
Ion implantation doping has also been used to

introduce optically active ions into waveguide
materials in order to form planar active devices which
can be utilized as optical amplifiers and lasers.
Doping with rare earth ions such as Er is of
tremendous interest because the optical transitions
occur at wavelengths near 1.54 p.m which is one of

the standard wavelengths used for optical
telecommunications. Er has been introduced into a
number of optical materials by ion implantation.4"^
Figure 3 shows the photoluminescence (PL) spectra
from Er implanted AI2O3 excited by 100 mW at
514.5 nm wavelength. PL intensity is increased by a
factor of 40 by annealing at 950°C. The inset shows
the energy level diagram of the free Er3 + ion. Using
ion implantation, AI2O3 can be highly doped with
optically active Er, making these promising
candidates as optical gain media for planar optical
amplifiers and lasers.

Energy (eV)
0.85 0.80 0.75

1.4 1.5 1.6
Wavelength (fJ.m)

Fig. 3. Room temperature PL spectra from Er
(800 keV, 2.3 x 101 5 /cm2) implanted A12O3

following annealing at 95O°C (from ref. 4).

4. Formation of nanocrystals and quantum dots
High-dose ion implantation and thermal

processing have been used recently in a novel way to
form nanocrystals and quantum dots (20-200 A
diameter) in the near-surface region of optical
materials.7 These nanocrystals can produce dramatic
changes in the optical properties. Nanocrystals
possess unique properties because their surface to
volume ratios are enormous, and their energy levels
can be shifted considerably due to quantum
confinement effects which occur when the dimensions
of crystallites are reduced to a size comparable to their
excitonic radius. These unique properties have
stimulated considerable interest in techniques which
can be used to synthesize nanocrystals and control
their size and size distribution. Ion implantation is
ideally suited to create high densities of nanocrystals
in the near-surface region. Implantation is used to
create a supersaturated solution in the near surface,
and thermal annealing (or implantation at elevated
temperatures) leads to precipitation which results in
the formation of nanocrystals.

Using the ion implantation method,-metallic,
elemental semiconductor, and even compound
semiconductor nanocrystals can be synthesized in a
number of matrices. When produced, they are
encapsulated in the matrix, and therefore they do not
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have to be packaged subsequently in order to be
useful. Ion implantation may be the simplest method
to produce some of these nanoctystals due to their
sensitivity to oxidizing conditions or high
temperatures.

Metallic nanocrystals (Au9>12-14 or Cu15-16)
formed in fused silica lead to dramatic changes in the
optical properties and give rise to a refractive index
which depends on optical intensity. These are,
therefore, interesting candidates as nonlinear optical
materials. Elemental semiconductor nanocrystals can
be formed by the implantation of Si or Ge, and these
elemental semiconductor nanocrystals can exhibit
strong PL in the visible and near IR regions.11'17"21

In crystalline (X-AI2O3, nanocrystals of Si or Ge can
be produced by implantation, and these are three
dimensionally oriented with respect to the lattice.22

Finally, compound semiconductor nanocrystals have
been produced in S1O2 and AI2O3 by implanting
various combinations of ions.7'^1^'2^ Compound
semiconductor nanocrystals are expected to exhibit
strong optical nonlinearities and a fast response
time.23

In the work to be described, ions were implanted
into fused silica (Corning 7940), thermally oxidized
silicon wafers, or a-Al2O3(0001) to doses of ~1 x
1017/cm2 at energies chosen to give a projected range
of -100 nm or greater. To form compounds or
alloys, various combinations of ions were implanted
at energies chosen to give an overlap of the profiles.
Implanted samples were annealed in flowing Ar +
4%H2 to induce precipitation and compound
formation. Characterization methods include x-ray
diffraction, Rutherford backscattering ion channeling
(2.3 MeV He ions), cross-section transmission
electron microscopy (TEM), Raman spectroscopy,
and various types of optical measurements
(absorption, PL, and infrared reflectivity).

Figure 4 shows the high density of Au
nanocrystals formed in fused silica by the

"' e at « * »&&&*

' #

*- *oo^r

Fig. 4. Cross-section TEM micrograph showing Au
nanocrystals formed in fused silica by Au (2.75 MeV,
1.5 x 1017/cm2) implantation at 600°C.

implantation of Au at elevated temperatures.9

Individual nanocrystals are spherical and oriented at
random relative to each other. Folowing
implantation, the implanted region is deep red in
color. The presence of these nanocrystals gives rise
to strong optical absorption at the surface plasmon
resonance energy, as shown by the intense optical
absorption band at -2.35 eV in Fig. 5. If
implantation is done at room temperature, the
mobility of the Au is too low for nanocrystals to
form, and the optical absorption does not exhibit the
strong absorption band at the surface plasmon
resonance energy. The size and size distribution of
nanocrystals are strongly dependent on the
implantation/annealing conditions as shown in Fig.
6. The average size can be varied from -25 A to
~ 125 A by changes in the implantation or annealing
conditions.

The presence of these nanocrystals at high
concentrations in the near surface gives rise to a
refractive index which is strongly dependent on the
light intensity:

n = no + n21 (1)
where r^ is the intensity independent index, n2 is the
intensity dependent term and I is the light intensity.
For Au nanocrystals in fused silica, the value for n2
is of the order of 10"9cm2/watt at a wavelength of
570 nm and a volume fraction of ~1O%9-12>14 and
values for n2 scale linearly with ion dose or volume
fraction. These large valves of n2 and a response
time in the picosecond regime24 make these
interesting candidates as nonlinear optical materials.

Si and Ge nanocrystals can be synthesized in
both S iO.2 1 1 ' 1 7 - 2 1 and AI2O3 2 2 by ion
implantation. Figure 7 shows a high resolution

2.5 3.0
ENERGY (»V)

Fig. 5. Optical absorption for fused silica samples
implanted by Au (2.75 MeV, 1.5 x 1017/cm2) at 600°C
and at room temperature.
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Fig. 6. Size distribution for Au nanocrystals in fused
silica. Samples were implanted by Au (2.75 MeV,
1.5 x 1017/cm2). The top distribution was measured
following implantation at 600°C. The other three were
measured after annealing samples implanted at room
temperature.

Fig. 7. High-resolution, cross-section micrograph
showing Si nanocrystals formed by Si (400 keV, 6 x
10 I 7 /cm2 . RT) implantation of SiO2. followed by
thermal annealing (1100°C/l h).
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Wavelength (nm)

Fig. 8. PL arising from SiO2 implanted by Si
(400 keV, 6 x 1017/cm2) in the as-implanted state and
after annealing at 1100°C/1 h.

micrograph for silicon nanocrystals in S1O2 formed
by Si implantation. Under these conditions, the
average nanocrystal diameter is ~4 nm and there are
very few nanocrystals larger than 8 nm in diameter.
The presence of these small Si nanocrystals in the
near-surface region give rise to strong PL in the near
IR region. Figure 8 compares PL spectra from
implanted samples in the as-implanted state and after
annealing. In the as-implanted state, the PL spectra
shows a band peaked at -640 nm which arises from
defects introduced into SiO2 during implantation.
Annealing at HOOT results in the formation of Si
nanocrystals and the PL intensity from Si implanted
S1O2 is comparable to that from porous Si but
shifted in wavelength, as demonstrated by the results
in Fig. 9. The large intensities of PL from Si
implanted SiO2 and its greater stability compared to
radiation from porous Si make the implanted

_ 200

150

100

50

Porous SI

Sllmplaoisa

500 550 600 650 700 750 800 850 BOO
Wavelength (nm)

Fig. 9. PL arising from porous Si and from Si
(400 keV, 6 x 1017/cm2) implanted SiO2 following
annealing at 1100°C/l h.
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nanocomposites interesting candidates as display
materials. The peak in the PL spectra can be shifted
to higher photon energies by reducing the
implantation dose (and therefore reducing the particle
size). This is consistent with the behavior expected if
the radiation arises from quantum confined excitons,
but interface states at the nanocrystal/oxide interface
may be the states giving rise to the PL radiation.

Compound semiconductor nanocrystals have even
been formed by ion implantation.'-8 '10 '25 In all
previous experiments on compound formation during
implantation, the matrix material was one of the
major components of the compound. Recently, it has
been demonstrated that compounds and alloys can be
formed by sequential implantation of both
constituents at energies chosen to give an overlap of
the profiles, followed by annealing. Figure 10 shows
x-ray diffraction results demonstrating that GaAs can
be formed in SiO2 by ion implantation.8'10 Equal
doses (1.5 x 1017/cm2) of Ga and As were implanted
into SiO2. Following annealing (1000°C/1 h), the x-
ray diffraction results show several lines arising from
zincblende GaAs in addition to the expected scattering
from SiO2. TEM measurements show that GaAs
nanocrystals up to several hundred Angstroms in
diameter can be formed, and the size and size
distribution depend strongly on the dose, annealing
conditions, and the order of the implant.25

120

_100

10 60
29(deg)

Fig. 10. X-ray diffraction results showing GaAs
nanocrystals formed by sequential implantation of Ga
and As into SiO2 followed by annealing.

GaAs nanocrystals can even be formed in AI2O3
by sequential ion implantation.10 Figure 11 shows
x-ray diffraction 6-28 scans along the c-axis of AI2O3
after implantation of equal doses (1 x 1017/cm2) of
Ga and As followed by thermal annealing
(1100°C/l h). The intense (0006) reflection from
AI2O3 (at 26 =41.7°) is observed along with a
number of peaks identified as arising from zincblende
GaAs. By far, the strongest of these peaks is that
arising from GaAs (111). This demonstrates that the
GaAs nanoparticles have a tendency to orient with
their (111) planes parallel to the c planes of AI2O3.
Not only are the nanoparticles oriented with respect to

the surface normal, they also exhibit strong in-plane
alignment, and therefore the GaAs nanoparticles
formed by sequential ion implantation are three
dimensionally oriented in AI2O3.

29(deg)

Fig. 11. X-ray diffraction from GaAs nanocrystals in
A12O3.

GaAs nanocrystals have even been synthesized in
crystalline Si by sequential ion implantation.26 This
is demonstrated by the x-ray diffraction results of
Fig. 12 which shows 6-29 scans along the [001]
direction. This shows the expected Si(004) reflection
along with strong peaks identified as arising from
GaAs. Similar to the case of AI2O3, we find that
GaAs nanoparticles in Si are three dimensionally
oriented with the matrix.
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Fig. 12. X-ray diffraction from GaAs nanocrystals
embedded in Si by sequential ion implantation.

The synthesis of compounds by sequential ion
implantation represents a new direction of research for
high-dose ion implantation. It greatly extends the
potential applications of ion beam synthesis because
it presents opportunities to form many more
compounds and alloys than previously demonstrated.
These compounds can be synthesized in a variety of
matrices. Table 1 provides a list of compound
semiconductor nanocrystals which we have produced
in SiC>2, AI2O3, and single-crystal Si. In most
cases, positive identification of the compound was
obtained from diffraction measurements. Results
shown in this table demonstrate the wide range of
compounds and alloys which can be formed. The
synthesis of compounds by sequential implantation
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should find extensive applications in these and other
matrices.

Table 1. Nanocrystal compounds formed by
sequential implantation. An x indicates that the
compound was formed in the given matrix.

Nanocrystal
SiGe
GaAs
InAs
GaP
InP
CdS
CdSe
CdSeo.5So.5
GaN

Substrate
SiO2

X

X

X

X

X

X

X

X

A12O3

X

X

X

X

X

Si

X

X

X
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Microstructural Evolution in Austenitic Stainless Steel
Irradiated with Triple-Beam

ShozoHAMADA, Yichuan ZHANG*, YukioMIWA
and Daiju YAMAKI

Tokai Research Establishment,

Japan Atomic Energy Research Institute, Tokai. Ibaraki 319-11. Japan

• Southwestern Institute of Physics, Chengdu, Sichuan 610041. P.R.China

An austenitic stainless steel was simultaneously irradiated with nickel, helium and hydrogen ions at the temperature
range of 573-673 K. The damage level and injected concentration of He and H ions in the triple-beam irradiated region
are 57dpa, 19000 and 18000 at.ppm, respectively. Following to irradiation, the cross sectional observation normal to
the incident surface of the specimen was carried out with a transmission electron microscope.Two bands parallel to the
incident suriace were observed in the irradiated specimen, which consist of dislocation loops and lines of high number
density. These locate in the range of the depth of 0.4 to 1.3 urn and 1.8 to 2.4 um from the incident surface, respectively.
The region between two bands, which corresponds to the triple beam irradiated region, shows very low number density
of dislocations than that in each band. Observation with higher magnification of this region shows that fine cavities
with high number density uniformly distribute in the matrix.

Keywords: austenitic Stainless steel, triple beam irradiation, dislocation loop, cross-section method, transmission electron
microscope, depth profile

1. Introduction

For austenitic stainless steels as structural materials
for fusion reactors, many neutron irradiation experiments
have been carried out and lots of irradiation data have
been accumulated. In special, spectra-tailored
experiments in ORR (Oak Ridge Research Reactor) and
HFIR (High Flux Isotope Reactor), which can provide
irradiation conditions approximate to a fusion reactor
environment, for austenitic stainless steels have been
performed in US-Japan collaboration program [1], the
enginneering design of ITER (International
Thermonuclear Experiment Reactor) is in progress on the
basis of irradiation data obtained from them. Further, to
put fusion reactor environments into practice and perform
irradiation experiments under them, a conceptional design
of IFMIF(International Fusion Material Irradiation
Facility) as a heavy neutron source of 14-MeV neutrons
is in progress also for development and evaluation of
materials for fusion reactors after ITER. It is, however,
particularly difficult to evaluate irradiation damage that
will occur in a fusion environment as no prototype reactors
currently exist. Therefore, in order to simulate fusion
environments and study microstructural changes under
them until IFMIF will be realized, ion irradiation
experiments using triple beams described below will be
available. So that "triple-beam" irradiation facilities have
been developed2,3and irradiation experiments using them
have been actually carried outuntil now [4-8]. Data

obtained from "triple-beam" irradiation experiments
would be available to analyze those obtained from HFIR
irradiation experiments and to explicate mechanisms of
neutron irradiation damage as basic studies.

The irradiation environments for structural materials
of fusion reactors would be characterized by heavy
displacement damage, a large amount of hydrogen and
helium atoms produced by nuclear transmutations. It
have been reported that helium atoms affect various
mechanical properties. And in order to clarify the role of
helium on correlation between microstructural evolution
and mechanical properties in austenitic stainless steels,
dual ions irradiation experiments using both heavy and
helium ions have been carried out [9-11]. On the other
hand, it has been considered the small effects of hydrogen
on them due to fast diffusion and so far, it is hard to find
data on hydrogen irradiation experiments for austenitic
stainless steels. Certainly, the existance of only hydrogen
atoms in austenitic stainless steels might provide small
effects on their mechanical properties. The coexistance,
however, of both hydrogen and helium atoms would give
unpredictable and complex effects on them, in special,
microstructural evolution different from in the case of only
hydrogen atoms.

The objective of this study is to show the coincident
effects of hydrogen and helium atoms on the
microstructural evolution in an austenitic stainless steel
irradiated by triple-beam of nickel, hydrogen and helium

- 3 9 -



JAERI-Conf 97-003

ions.
2. Experimental

The material used in this study is a utanium-modified
austenitic stainless steel (JPCA). The main chemical
composition is Fe-16Ni-14Cr-0.25Ti-2.5Mo wt%. Disks
of 3 mm in diameter with 0.25 mm in thickness of this
material were solution-annealed for 1 hour at 1323K. The
irradiation were carried out without degraders by the triple
beam irradiation facility in TIARA (Takasaki Ion
Accelerators for Advanced Radiation Application) of
JAERI. Samples were simultaneously irradiated with 12
MeV nickel and 1 MeV helium and 350 keV hydrogen
ions at the temperature range of 573 - 673 K. The energies
of helium and hydrogen ions were selected so as to be
injected at same depth. The damage level and injected
concentration of helium and hydrogen ions at the depth
of about 1.62|im are 57 dpa, 19000 and 18000 appm,
respectively.

Following to irradiation, the irradiated specimen was
prepared to carry out a cross sectional view normal to the
incident surface with a TEM. Nickel was electroplated
on both sides of an irradiated sample to a thickness greater
than 3 mm. The electroplated sample was sliced into 0.2
mm thick sheet using a low speed diamond saw, and cut
into 3 mm disc. One side of the nickel-plated disc was
mechanically polished and chemical-etched by an aqua-
rigia saturated with CuCh[l2], Observation of the
chemical-etched surface was carried out through an optical
microscope. Then it was electropolished to perforation.
Detail of it is described in reference [13]. The cross
sectional microstructures were observed with a 2000-FX
TEM operated at 200 kV.

The theoretical depth profiles of damage produced by
nickel ions and the concentration of slopped ions of both
helium and proton were calculated using the TRIM code
85 [14] with threshold energy of 40 eV.

3. Results and discussion

The depth distributions of displacement damage and

injected ions of helium and hydrogen ions by calculation

are shown in fig. 1. This indicates that injected helium

and hydrogen atoms accumulate in the depth of about 1.6m

from the incident surface.

An optical micrograph of the chemical-etched, cross

sectional surface of JPCA simultaneously irradiated with

triple beam at 573-673 K is shown in fig. 2. The incident

ions traveled from right to left in the micro-graph. Two

lines parallel to the incident

'•a

Fig. 1 Depth profiles of displacement damage by 12MeV Ni

ions and concentration of IMeV He and 350keV H ions in

stainless steel using TRIM computer code under irradiation

condition of ifM-hr /cm?.

Fig. 2 Optical micrograph of two lines parallel to the incident

surface appeared after chemical etching in the cross sectional

view of triple-beam irradiated JPCA. Ions fly from left toward

right normal to the incident surface.

surface appeared in the irradiated sample. The distance
of each line from the incident surface is about 1.34 and
2.3 m, respectively. In these values, the former agrees to
the projected ranges of both helium and hydrogen ions,
the latter does to that of nickel ions. The line parallel to
the. incident surface that appears by chemical-etching
corresponds to the damage region consisted of as
dislocation structures[I2] It indicates that two lines
observed in this study may predict existence of two
damage regions in the depth direction. A typical cross
sectional microstructure by TEM observation is shown in
fig. 3. In order to compare with microstructural evolution
in an austenitic stailess steel irradiated with various modes,
it includes depth profiles of damage structures in it
irradiated with single ions of 1.0 MeV helium at 673K
and dual ions of 12 MeV nickel and 1.0 MeV helium ions
at 873K, also. There seems to be qualitative
characteristics in dislocation density in the region where
helium and/or hydrogen ions injected in the material
irradiated with various irradiation modes. Small
dislocation loops of high number density are observed
in the region adjacent to the projected range of 1.0 MeV
heliun single ions (fig. 3 a). And in the case of dual ions
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Fig. 3 The depth profiles of dislocation structures in an austenitic stainless steel (JPCA) irradiated with various irradiation

modes, (a) single ion irradiation of 1 MeV helium ions at 673K (b) dual ions irradiation of 12 MeV nickel and lMeV helium ions

at 873K (c) triple ions irradiation of 12MeV nickel and lMeV helium and 350keVbydrogen ions at 573-673K.

irradiation also, disocaiion loops and lines of high number

density distribute in the entire region of the projected

range of 12MeV nickel ions and there is no big difference

of dislocation density (fig. 3b). Triple beam irradiation,

however, provides much lower density of dislocation

loops than that of in the other nickel-ion irradiated regions

(fig. 3c). Fine dislocation loops in the adjacent region to

the projected range of nickel ions are given in fig. 4.

Further, two bands

Fig. 4 Dislocation loops observed in the region adjacent to the

projected range of nickel ions, which locates around the right

edge of the deeper one of two bands,

shown in fig. 2 consist of dislocation loops of high number

density and locate in the range of the depth of 0.4 to 1.3

|im and 1.8 to 2.4 nm from the incident surface. The

number density of dislocation in each band, which is not

measured yet, seems to increase as the depth increases.

It seems, that is, to become a maximum at the deeper edge

(the right edge of each band in fig. 3c). The depth of

deeper edge of each band is about 1.3 and 2.4 m,

respectively. Each depth agrees to the distance from the

incident surface to each etched-line as shown in fig. 2.

This supports that dislocation density becomes lower in

the region between two bands in compared with other

irradiated area.

Observation, further, with high magnification of this

region shows that small cavities of high number density

uniformly distribute in the matrix as given in fig. 5. Small

cavities with high number density are found in the depth

range of 1.25 to 1.73 nm from the incident surface and no

cavities elsewhere. The depth distribution of cavities

observed agrees to that of stopped helium and hydrogen

atoms by calculation. The average diameter and number

density of cavities are 1.37 DID and 1.5 x 1 0 " nv3,
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Fig. 4 Dislocation loops observed in the region adjacent to the

projected range of nickel ions, which locales around the right

edge of the deeper one of two bands.

respectively Unfortunately, the dislocation number
densities are not measured yet. Anyway, it is in the
dislocation structures of lower number density in
comparison with other regions irradiated with nickel-
single ions that the characteristics of damage structures
observed in this study.

Fig. 5 Small cavities with high number density observed in the

region with white contrast between two bands as shown in fig.

3c. They look like small, black rounds.

There are a few reports on damage structures in
materiais irradiated with triple beams [4-8]. In special,
the depth distribution of damage structures in a material
irradiated with triple beams has been reported by only
Horton et al. [8]. They have observed it of in pure iron
with triple-beam of iron, helium and deuterium ions.
Comparison of results between the present work, and them
provides difference in dislocation density in the region
irradiated with triple-beam. In case of pure iron,
dislocation density increased continuously with depth
through the peak damage of nickel ions. This distribution
is similar to one obtained by calculation. On the other
hand, in the present study the number density of
dislocation does not increase with the depth from the
incident surface, but it decreases notably in the region
irradiated with triple-beam as given in fig. 5. A main
cause to make big difference of dislocation density in the
region irradiated with triple beams may consist in the
difference of materials, that is, one is a bcc metal, the
other is fee one. This would make it predict that the
difference of mobility of hydrogen and helium atoms in
each material may make different interaction between
hydrogen atoms and helium / interstitial atoms, as a result
produce lower density of dislocation structures. Further,
the some effects of different irradiation conditions such
as irradiation temperature, implanted gas levels and (He
and H) / dpa ratio might be considered as other causes.
In order to reveal these possibilities, more irradiation

Fig. 5 Small cavities with high number density observed in the

region with white contrast between two bands as shown in fig.

3C. They look like smail and black rounds.

experiments will be carried out under various tripie beams
irradiation in the future.

4. Summary

Data of microstructural evolution in an austeuitic
stainless steel simaltaneously irradiated by triple-beam of
nickel, helium and hydrogen ions at 573 - 673K are
summarized as follows:

(1) The depth profile of irradiation damage structures
shows good agreement to that obtained by calculation of
TRIM code.

(2) Dislocation loops and lines of high number density
were observed in the entire region to the projected range
of nickel ion.

(3) Simultaneous irradiation of nickel, helium and
hydrogen ions may make the number density of
dislocation structures lower than in the region irradiated
with only nickel ions.

(4) Simultaneous irradiation of helium and hydrogen ions
may enhance formation of small cavities.
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Polymer films were irradiated by heavy ion beams and etched by a concentrated alkali solution to
produce particle track membranes (PTMs). Then the PTMs were chemically modified by grafting such
monomers as amino acid group containing methacryloyl and N-isopropylacrylamide the polymers of which are
known as environmentally responsive hydrogels. The size of pores of the modified PTMs under different
temperatures in water was followed by electron microscopy. The pore was controlled from an open state to a
completely closed state by changing temperature. The conductivity through the membrane was measured by
changing the temperature of the cell.
Keywords: particle track membrane, environmental response, pore size change

1. Introduction
When heavy ion beams are irradiated onto

polymer films, highly damaged areas are produced
along the ion track. The etching of the areas with a
concentrated alkali or acid produces holes of
cylindrical shape. The produced particle track
membrane (PTM) has a narrow distribution of pore
size. This characteristic enables PTM to differentiate
materials of similar sizes precisely. PTM has been
applied to separating biological cells, filtering
polluted air streams, stabilizing beverages, etc.

The pore size of PTM is, however,
unequivocally decided by the irradiation condition of
heavy ion beams and the following chemical etching.
The application of PTM would be expanded if it is
possible to control pore size by changing such factors
as temperature, pH, electric field, etc. It might be
possible to produce a micro flow of liquid through the
membrane, which is realized in living organisms.
One of the possible approaches to develop such
sophisticated membranes is to modify the pore
structure of the PTM with the aid of a polymer which
changes its physical and/or chemical properties
responding to these environmental conditions.

Hydrogels are known to change their volume
when environmental stimuli such as temperature, pH,
electric fields are imposed. This phenomenon is based
on such characteristics of the hydrogel as absorption
and desorption of water by changing these conditions.
In the case of temperature effect, for example, there is
a phase transition temperature at which an abrupt
change in volume of the gel occurs. The theoretical
treatment of the changes has been studied [1], Even
these changes have been applied to realize artificial

muscles, biosensors, etc. [2].
The present study intends to synthesize

PTM with the ability of changing the pore size
according to the temperature change by combining
PTM with environmentally responsive hydrogels as
schematically shown in Fig. 1.

graft layer

Fig. 1 Design of graft layer of PTM responding to
environmental stimuli. The arrows indicate the direction
of pore size change. The central small circle indicates
the minimum size of the pore which is ultimately zero
when a proper grafting condition is chosen.

2. Experimental
For the fundamental study on ion track

formation in polymer and on the microscopic
observation of pore structure, poly(diethyleneglycol-
bis-allylcarbonate), CR-39, film of 100 |im thick
which was catalytically polymerized from its
monomer was used. For the purpose of water
transportation and conductivity measurement, a
commercially available polyethylene terephthalate
(PET, Hostaphan RN19, HOchst Diafoil GmbH) film
of 19 urn thick was used.
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Heavy ion beams such as Au and Pb from
UNILAC and Ar from TIARA were used to produce
ion tracks in polymer films. The energy and fluence
were 11.6 MeV/n and 106 ions/cm2, respectively. The
irradiated films were etched with 5-6 N NaOH
aqueous solution at 40-60 °C for 1-5 h.

For grafting hydrogel on track membranes
two types of monomer were used. One monomer is
N-isopropylacrylamide (NIPAAm) and the other is
methacryloyl-L-alanine methyl ester (MA-AlaOMe).
The films thus obtained were irradiated with y-rays
under N2 atmosphere. Then the films were immersed
in an aqueous solution of the monomer for grafting
the hydrogel to the PTM. The yield of grafting was
estimated from the weight increase of films after the
reaction.

The pore size of the grafted films was
estimated from the observation by electron
micrography after the freeze-drying of the films.

The membrane was inserted as a separating
diaphragm in a dialysis cell filled with a standard
buffer solution to which the chosen neutral or
charged molecules were added.

3. Results and Discussion
In order to select heavy ion beams for

producing PTM, CR-39 was irradiated with "Ar and
^ P b of 11.6 MeV/n and was etched with 6 N NaOH
solution at 60 °C for 1 h. Fig. 2 shows the
comparison of the track pores made by these
irradiations. While Pb irradiation produced cylindrical
pores a conical shape was obtained in the case of Ar
irradiation. This difference is due to the ratio Q of
etching rate v, in the direction along the track to that
in the perpendicular direction vb. Because the angle of
the cone as shown in Fig. 2 (b) is provided by

6 = sin"'(v/vb)
the pore is thought virtually cylindrical when Q is
above 100.

•WTWl>-"-"l»r

Fig. 2 Cross-sectional view of CR-39 films after
etching in an aqueous 6 N NaOH solution at 60 °C for 1
h: (a) irradiated by 11.6 MeV/n 2°°Pb, (b) 11.5 MeV/n
<0Ar.

1O3
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I
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101 102 103 10* , 105 106
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Fig. 3 Relation between Q (=v/vb) and REL. The
polymer film is CR-39.

Fig. 3 shows the relation between Q and the
energy transfer from ions to polymer films. The
energy loss to produce pores is provided by the
restricted energy loss, REL, as shown by the
following equation [3]:

(dE/dx)o><cOo=
2jrnZV/mc2p2{ ln(2mc2p Y«o/12)
-P2-2(c/Z)-5}

where n is electron density of the polymer, Z is
effective charge, P is relative velocity of ion, y is
l/(l-P2)x/\ I is average excitation energy of the
polymer, c/Z and 8 are correction factors. It is
assumed that the secondary electron the energy of
which is above (00 does not participate in the track
formation. In the case of CR-39, the cylindrical pore
is obtained when REL is above 104 MeV cm2 g"1 as
shown in this figure. The possible ion species to
provide cylindrical pores under the present condition
were 6.19 MeV/n "Kr, 11.56 MeV/n 136Xe, 13.4
MeV/n I97Au, 11.4 MeV/n 197Au, 11.6 MeV/n ^ P b ,
11.4 MeV/n ^ B i , 5.92 MeV/n 197Au and 11.6
MeV/n ^ U .

The grafting of MA-AlaOMe was carried
out with CR-39 after the irradiation of 11.4 MeV/n
197Au and etching. The electron micrograph in(Fig. 4
shows the pore at 40 °C and at 0 °C. Because the
phase transition temperature of poly(MA-AlaOMe) is
16 °C, the hydrogel layer attached to the pore wall
expels water and shrinks above this temperature
while the layer absorbs water below this temperature
and swells. The figure on the right indicates the pore
is occupied by the swollen hydrogel layer.
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40°C

1 urn

Fig. 4 Observation of modified PTM by electron
micrography: film-CR-39 grafted with MA-AlaOMe.

According to this change in pore size, it is
possible to control the flow of KC1 solution. Fig. 5
is the change in current through the membrane by
changing the temperature of the 0.1 M Kcl solution
between 24 °C and 34 °C. The conductivity at
different temperature was compensated by the next
equation:

K = KM {l+a(T-20)+b(T-20)2}
where KM is electric conductivity at 20 °C, a and b
are constants, respectively [4]. The membrane in this
case was PET of 19 ^m thick grafted with NIPAAm
at the yield of 8 %. The phase transition temperature
of this hydrogel is 31 °C. Although the change in
current or pore size is rather slow, a good
reproducibility is shown in this figure. It is noted,
however, the complete closure of pore to the
transportation of potassium ion was not obtained.
Probably, this result is based on the fact that the
hydrogel layer swollen with water permits the
transportation of such small ionic species as
potassium. It is expected that a complete on and off
of the pore is possible when the molecular size is
larger.

20

S 10

o

f ! n n » n i i n n i i n n n A n
- i i l i i i ii II ii i l i i II ii i i i i i i II

60

so e
ff

4 0 <•>
Q.

E

30 IS

20
1000 2000 3000 4000
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Fig. 5 Cyclic change in current through pores by
changing temperature: PTM - PET grafted with NIPAAm
(8 %), solution - 0.1 M KC1.
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The basic processes of track formation are described as well as various methods for track
observation. Selected examples of applications recently developed at GSI are presented.
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1. Introduction
Tracks of energetic ions in solids have been studied

for more than three decades. Promoted by scientific
and technological interest, basic processes of track
formation and the kind of damage induced by the ions
have been investigated in detail [1, 2]. The field has
continuously developed both in basic understanding
and in technological applications. Since the
availability of new accelerators for energetic heavy
ions, systematic track studies have been performed
using well defined beams. Irradiations with heavy ions
of extremely high energy loss made it possible to
create tracks in new classes of materials. In this paper,
we will give a short review of the present
understanding of the mechanisms related to the
electronic energy loss. Recent results of track
observation in various materials using microscopic
and etching techniques will be discussed. Selected
examples for new technological applications of etched
tracks in polymers will be given.

2. Basic Processes
The main parameter governing the stopping

process of ions in matter is the ion velocity. It
determines the charge state of the projectile and the
type of interaction between the ion and the target
atoms. If the velocity of the ion is lower than the
Bohr velocity of the outer target electrons, elastic
collision processes with the target atoms dominate the
energy transfer (nuclear energy loss). For higher
energies, i.e. for energies above a few hundred keV/u,
inelastic interactions of the ion with the target
electrons prevail (electronic energy loss). In this
velocity range, the energy of the fast ion is transferred
into excitation, ionisation and kinetic energy of
ejected target electrons. The qualitative shape of both
modes of energy loss is shown in Fig. 1. The
electronic energy loss is characterized by a maximum
around 1 MeV/u, the so-called Bragg peak. For higher
ion energies, the interaction time of the projectile and
the target electrons becomes shorter resulting in a
lower energy transfer. About one third of the energy
transferred from the ion to the electrons is used to
overcome the binding energy or to excite the target

atoms. About two thirds is converted into kinetic
energy of the target electrons [3]. The ejected electrons
(5-electrons) can produce further excitation and
ionization as long as they carry sufficient energy.

1
X

•o

00

-2

nuclear energy

~1 keV/u
loss

electronic energy

-1 MeV/u

s* ^

loss

log (specific energy) *•

Fig. 1. Qualitative relation of nuclear and electronic
energy loss as a function of the ion energy.

Their energy spectrum consists of a broad continuum
superimposed by Auger lines from the projectile and
from the target atoms. Furthermore, the spectrum
shows a pronounced angular dependence [4].

eV/nm3

10"1 10° 101 102 I03

radius (nm)

Fig. 2. Radial distribution of the dose deposited by Kr
ions (60 MeV/u) in polyethylene: (a) direct ionization,
(b) elastic collisions between ejected electrons and
target nuclei, (c) total dose [5].
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The angular and the energy distributions of the
electron cascade can be modelled in the binary-
encounter approximation using Monte-Carlo transport
calculations [6]. The deposited dose decreases roughly
inversely proportional to the square of the radial
distance (Fig. 2). Most of the primary ionization and
excitation occur close to the ion trajectory in a
cylinder of a radius of a few nanometers (track core).
At larger distances, in the so-called track halo, the
ionizations are caused by energetic 8-electrons. The
maximum range of the electron cascade depends on the
projectile velocity and may reach, e.g. in polymers,
up to about 1 \xm [7]. In materials which are sensitive
to radiolysis, such as alkali halides, polymers, or
biological objects, the track halo plays an important
role [4, 8]. The damage induced in the halo is similar
to effects induced by conventional radiation such as
gammas, X-rays or electrons.

3. Track Models
For ion energies in the nuclear energy loss regime,
elastic collisions of the target atoms directly lead to
displacement cascades. Target atoms are knocked off
their lattice position as long as the transferred energy
is larger than the critical displacement energy of about
25 eV. Such processes are well understood and can be
described by kinematic calculations. For swift ions (>
1 MeV/u), the cross-section for elastic collisions is
too small to produce a continuous trail of
displacements. However, the energy transfer from the
projectile to the target electrons is extremely large and
can reach several keV per Angstrom.

| electronic energy loss | time scale

electrons

electron cascades

coupling to lattice

-17 -16

10 - 10 s

-15 -14
1 0 - 1 0 s

±
I Coulomb explosion |

-15 -13
1 0 - 1 0 S

-14 -12[ thermal spike [ io -10

defects, amorphization |

[ track I

Fig. 3. Basic processes and time scale of track
formation.

The physical processes and the time scale of the track
formation are illustrated in Fig. 3. The energy transfer
to the electrons takes place within an extremely short
time around 10-17 - 10 1 6 s. The following electron
cascades last about 10-15 - 10-14 s. Up to now, it is
not completely understood how the energy of the
target electrons couples to the lattice and by which
mechanism the damage is created in the lattice. At
present, mainly two phenomenological models are
used: the Coulomb-explosion and the thermal-spike
model.

3.1 Coulomb-Explosion Model

This model is based on the assumption that a burst
of ionization is created along the ion path. The ejected
electrons are spread over a large radial distance from
the track core into the halo region leaving behind an
electrostatically unstable cylinder of positive space
charge. Due to Coulomb-repulsion, the ionized target
atoms are ejected into the non-excited part of the solid
creating vacancies and interstitials. The crucial
parameter for the Coulomb-explosion is the lifetime
of the ionized state. In the case of insulators, this time
is sufficiently long to transfer the potential energy
into kinetic energy since the density of free electrons
is not high enough to neutralize the target atoms
within 10-15. 1 0 1 3 s. This model has been
successfully applied to describe track formation in
insulators [9]. In metals, however, the high density
and mobility of electrons screen and neutralize the
ionized target atoms too rapidly. The resulting space
charge is not sufficient to overcome the bonding force
of the lattice. Therefore, it is supposed that collective
effects play an important role [10].

3.2 Thermal-Spike Model

The classical thermal-spike model assumes that
within a small cylinder around the ion trajectory, the
temperature increases and is rapidly quenched by
thermal conduction into the surrounding matrix. The
development of the temperature distribution can be
calculated with the heat flow equation [11]. In a
modified model, the heat transfer is described as a two-
step process [12]. First, the 8-electrons thermalize by
electron-electron interaction. Second, the energy of the
resulting hot electron gas is transferred to the lattice
atoms. The radial and the time evolution of the
electron and lattice temperatures is determined using
separate heat flow equations for the electron and for
the lattice subsystem. Both equations are coupled by
the electron-phonon coupling constant.

Dependent on the material properties, in particular
specific heat and thermal conductivity, and on the
energy deposited by the projectile, the melting
temperature of a specific material can be surpassed
within a time scale of 10-14 - 10"'2 s. If the melting is
followed by a fast cooling process (1014 K/s), a phase
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transition can occur. The diameter of the molten and
rapidly quenched cylinder defines the latent track. The
thermal-spike model is able to describe experimental
track observations not only in metallic systems but
also in various insulators [13, 14].

4. Track Observation Methods
The confirmation of track models depends on the

quality of information we can acquire from ion tracks.
In the following, various methods to observe
individual tracks or to deduce track properties from the
signals of many tracks will be described.

4.1 Observation of Single Ion Tracks
The first direct observation of ion tracks in mica

was made by transmission electron microscopy (TEM)
[15]. Later it was discovered that tracks can be
chemically etched to micron sized pores, which can be
viewed with an optical or scanning electron micro-
scope [16]. New techniques allow us to reveal tracks
in crystalline solids with atomic resolution [17-19].
Fig. 4 shows the track of an energetic U ion in
germanium sulfide imaged by high resolution electron
microscopy [20] For this semiconductor, the cross-
sections of the tracks are ellipses oriented with their

Fig. 4. Tracks of U ions (11.4 MeV/u) in GeS [21].

long axis along the crystal direction with the smaller
lattice constant. The amorphized track core is
surrounded by four regions of oriented strain
manifested by the darker contrast in the crystalline
material [21]. Also the cross-section along the
trajectory of an Au ion in the high Tc superconductor
Bi2Sr2CaCu20g illustrates a sharp transition between
the layered crystal lattice and the amorphous track
observed by TEM (Fig. 5) [22]. Up to now, single
ion tracks in crystalline metals have been observed by
TEM only in Ti and NiZr2 [23-24].

Tig *? Cross section of amorphiied /one along the
trajectory ot an Au ion \\\A MeV.u) in the high T t

superconductor I ^ S r i C a C ^ O s [22].

Fig. 6. Impacts of Au ions (13 MeV/u) on the surface of
graphite (HOPG) imaged by STM (15 nm x 15 nm) [26].

Since several years, the technique of scanning
tunnelling (STM) and scanning force microscopy
(SFM) is applied to investigate ion tracks on the
surface of various solids. Fig. 6 displays the
amorphous zone of the impact of two Au ions
surrounded by the atomically resoluted lattice of
highly oriented pyrolytic graphite. A special feature of
this technique is that changes of different material
properties of the track region can be characterized on a
nanometer scale. Imaging of the loss of the crystal
structure, of the topology, of increased friction and
modified elasticity has been reported [25-28].

4.2 Etching
Another possibility to reveal the existence of ion
tracks is the technique of selective chemical etching.
Using a suitable etchant, the modified or damaged
material along the ion track is dissolved at a faster rate
than the bulk material. Although the material along
the ion track itself is dissolved, this technique still
allows us to obtain specific information such as
irradiation density, orientation and geometry of the
etched pore, and radiation sensitivity of the studied
solid [1]. Originally investigated with fission
fragments, nowadays, this technique can be performed
with well defined beams of all ion masses in a large
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energy range, available at big accelerators. Very
favourable conditions can be created for the controlled
generation of precise microstructures. In addition,
irradiations with heavy ions of highest energy loss are
possible leading to tracks of increased damage. In
recent years, this opened the possibility to
microstructure new materials in which tracks could
not be etched up to now. It was demonstrated that
tracks even in metals can be selectively etched [29].
In order to demonstrate the diversity of chemical track
etching, resulting pores in various materials are
shown in Figs. 7-9.

Fig. 7. Cylindrical pores m poiyimide [301.

Fig. 8. Pyramidal shaped etch pits in LiF [31].

Fig. 9. Conical surface pores of etched Bi tracks in
amorphous metal (FegiBi3 5SJ3 5C2) [32].

Due to the sensitivity of polymers, an extremely high
track etching rate leads to almost cylindrical pores
with a narrow pore size distribution (Fig. 7). Etching
of tracks in a LiF crystal results in pyramidal shaped
etch pits illustrating that the chemical attack depends
on the crystal orientation (Fig. 8). Tracks in metals
can only be etched if an extremely high energy loss is
surpassed. This low sensitivity is indicated by the
wide opening angle of etched Bi tracks in the
amorphous FegiB^ 5Si3 5C2 alloy (Fig. 9).

4.3 Signatures from many ion tracks

Besides the observation of individual ion tracks, it
is also possible to use techniques where specific
information about many tracks is obtained. Especially
diffraction techniques such as small angle scattering of
X-rays and neutrons are well established. The average
density change and radial extension of a large number
of ion tracks (>1010) can be deduced from the
scattering intensity distribution. Tracks in mica and in
semi-crystalline polymers were described as
continuous cylinders of reduced density [33]. Various
other methods have been applied to investigate in
particular ion-induced chemical modifications in
polymers. Details of this technique will be presented
in a separate report by E. Balanzat [34].

5. Applications

Ion-induced material modifications, have been
exploited and applied in many scientific and industrial
applications [1,2]. Here we will present a few selected
examples, studied at the GSI, partially in cooperation
with other laboratories.

5.1 Special Membranes

There has been a long tradition of using etched
tracks in polymers as high precision membranes. At
the linear accelerator Unilac of the GSI, a special
technique was developed in order to create a single ion
track in polymer foils. In cooperation with JAERI,
Takasaki, the technique of ion track membranes was
combined with the field of hydrogels. A responsive
gei was grafted onto the surface of a single-pore
membrane. It was demonstrated that the flow through
the modified pore can be controlled by varying the
temperature or pH-value of the environment. Fig. 10
shows the continuous cycling of the effective pore
size as a function of the applied temperature,
monitored by the flow of an electrolyte through the
membrane [35]. Details of this project are given in the
contribution of H. Omichi [36].

The single ion irradiation and etching technique
was also used to investigate the formation of-selective
surface gels in extremely small pores, which can be
considered as model systems for biological
membranes.
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Fig. 10. Temperature controlled opening and closing of
a single responsive pore measured in a conductivity cell.

The inner wall of etched pores in
polyethyleneterephthalate (PET) contains carboxylic
end groups (-COOH). Above a characteristic pH-value,
they dissociate into COO" and H+. If the pore diameter
is very small (30 - 150 nm), a mobile layer of
positive ions can be studied by conductometry [37]. A
surface conductivity is observed superposed to the
volume conductivity of the pore cylinder. The surface
current strongly depends on the mobility of the surface
cations and on the pH-value of the solution. With a
0.1 M KC1 solution the current through the pore
increases between pH 4 and 7 reflecting the increasing
dissociation of the -COOH end groups. For divalent
cation solutions containing 0.1 M CaCl2 the surface
current was completely suppressed indicating that the
Ca** cations are immobilised at the pore surface. The
same effect was measured with Ba""" and Mg++ cations.

5.2 Micrestructures
Etched pores in polymers can also be used as

templates for microgalvanic replication. The principle
of this technique is shown in Fig. 11. In a galvanic
process, the pores are filled with metallic material.
Then the plastic material is removed in an organic
solvent. Microstructures with specific features can be
produced: oriented needles of a length of up to several
100 |im and with a diameter between one and several
micrometers. Such structures have an extremely large
aspect ratio. Using suitable galvanic conditions, it is
possible to obtain parallel or funnel shaped columns,
hollow tubes, or tips from different metals [38]. The
galvanic process can also be controlled in such a way
that, when growing through the cylindrical pore, the
metal is deposited as a single crystal [39]. In
combination with an ion microprobe [40], it was
demonstrated that not only stochastically distributed
but also ordered structures can be created (Fig. 12)
[41].

a) etched ion tracks in polymer

i -

b) deposition of metal

c) dissolution of polymer

Fig. 11. Replica technique to produce metallic needles.

Fig. 12. Microneedles replicated from a polycarbonate
membrane with a regular ion track pattern.

5.5 Adhesion
The collective action of many ion tracks can be used
to improve the adhesion of metal coatings on
polymers. In the past, various chemical and physical
techniques such as pre-etching or ion beam mixing

Fig. 13. Relative peel strength for samples of different
treatments: (A) non-irradiated, (B) non-irradiated and
annealed at 250"C, (C) irradiated with 1010 Bi ions/cm2,
(D) irradiated and subsequently annealed at 250*C [42].
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have been applied to enhance the adhesion of copper
on a Teflon substrate. More recently, the same system
was irradiated with energetic Bi ions of 1.1 GeV/u
[42]. At a fluence of about 1010 ions/cm2, the peel
strength of the Cu-film on pre-etched Teflon was
increased by a factor of 10 compared with pre-etched
non-irradiated samples. The interface was analysed by
X-ray photo-electron spectroscopy and gave evidence
for long-range transport of Cu atoms into the Teflon
substrate. Although direct ion beam mixing is not
possible at such high ion energies, obviously the
energy transferred along the ion tracks enhances the
movement of atoms across the interface. Moreover, it
was found that further enhancement in adhesion can be
obtained by a combination of irradiation and heat
treatment. Fig. 13 compares the peel strength of
samples after annealing (lh, 250*C), after ion
irradiation and after combining the two treatments.
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Biological effect of radiation is different by a kind of it greatly. Heavy ions were generally more effective in cell

inactivation, chromosome aberration induction, mutation induction and neoplastic cell transformation induction

than Y -rays in SHE cells.
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1. INTRODUCTION

The initial physical features of ionizing radiations

are a major determinant of their final biological

consequences. They set the starting conditions of

atomic and molecular disturbance from which the

subsequent chemical, biochemical and cellular

modifications follow to either prevent, mitigate or

establish permanent cellular damage. Therefore, it is

reasonable to look to this initial physical information

to throw light on critical features of the early

biochemical damage and subsequent cellular

mechanisms in mammalian cells. Amongst the

generalities for many biological effects of interest is

that cellular responses (such as inactivation,

mutation, chromosome rearrangement, oncogenic

transformation) tend to be stochastic, implying that

they result from some rare minority of the bulk of

radiation-induced molecular damage (in DNA or

otherwise).

To understand the biological effects of high LET

radiation, we have to do a series of studies included

biophysical characterization of initial damage relating

to different cellular effects, analysis of damage repair

and molecular description of radiation-induced change.

Several studies have focused on the molecular

structure of radiation-induced mutations and have

found that the most common lesion is a large

deletion of genetic information (1,2). However, only

few studies have been reported in the literature

determining how the molecular structure of radiation-

induced mutations is affected by heavy ions. We

previously reported that heavy ions were generally

more effective in cell killing, chromosome aberration

induction, mutation induction and neoplastic cell

transformation induction than gamma-rays in SHE

cells (3-6). It is clear from track structure studies that

heavy ions can deposit large clusters of ionizations in

DNA which may produce qualitatively different types

of initial damage from those produced by the

sparsely-ionizing X- or y -rays (7). It is considerable

interest, therefore, to examine the nature of mutations

induced by heavy ions in comparison to those induced

by y -rays.

In this study, we detected mutation induction at

hprt locus in human cells irradiated with carbon ions

with several LET ( 22, 39, 68, 75, 110,124,
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148, and 230 keV/|J.m) and examined the molecular

characterization of mutations.

2. MATERIALS AND METHODS

2.1. Cells

Primary human embryo (HE) cells were isolated

from embryonic tissue by mincing with scissors,

which was then followed by a mild trypsinization at

37°C for 20 min in order to make a single cell

suspension. The medium (Eagle's minimum

essential) supplemented with 0.2 mM serine, 0.2

mM aspartate, 1 mM pyruvate and 10% fetal calf

serum, was previously described (8). Their cloning

efficiency on plastic was over 80% for the passage 2

cells.

2.2. Irradiations

Cells were irradiated at confluence (about 90 % of

cells were in Gx or Ga phase) at room temperature

(20°C). The carbon ions were generated by RIKEN

ring cyclotron (RRC) at the Institute of Physical and

Chemical Research (RIKEN) and the cyclotron at

National Institute of Radiological Science (NIRS).

The details of the irradiation procedures and dosimetry

have been described elsewhere (4, 6). Briefly, the

fluence of carbon ion beams was measured with a

plastic scintillator and the value of LET was

measured with a proportional counter filled with

tissue equivalent gas. The energy of heavy ion beam

were 135 MeV/n (RRC) and 12 MeV/n (NIRS) for

carbon ions and 135 MeV/n (RRC) for neon ions.

We changed LETs of beams by changing the Lucite

absorber thickness. LET values at the sample

position were estimated to be varied from 22 to 230

keV/|xm. The dose rate was about 1 Gy/min in all

beams. For comparison, we irradiated HE cells with
l37Cs Y -rays at dose rate of 1.2Gy/min.

2.3. Mutant colony isolation (9, 10)

After irradiation, cells were grown in non-selective

medium for 7 days, with subculturing as required and

then placed into medium containing 40mM 6-

thioguanine (Sigma) at 7.8x102 cells/cm2. The cells

were incubated in a CO2 incubator for 16-20 days and

a mutant colony was randomly isolated from each set

of dishes using a micropipette tip and small volume

of complete medium. One mutant only was isolated

from each culture to ensure independence of

mutations. The isolated cells were cultured and stored

in liquid nitrogen using the DMSO-freezing method.

2.4. DNA preparation and PCR reaction

The mutant cells were placed in a microfuge tube

to which 5 ml of 10% Nonidet P 40 and 5 mg of 2

mg/ml protease K were added, and the volume made

up to 100 ml with distilled water. After mixing, the

tubes were then heated at 95°C for 5 min and

centrifuged at 12,000 rpm for 5 min. The

supernatant of each tube was removed and used in the

PCR reaction. Eight sets primers were used in a

multiplex reaction to amplify exons 2-9 on the hprt

gene. 250 mg DNA was mixed with 7 primer pairs

in a total volume of 50 ml containing 6.7mM

MgCl2, 16.6mM (NH^SO^ 6.8 mM EDTA, 5mM

P-mel-captethanol and 67 mM Tris HC1, pH8.8 and 5

mM each deoxyribonucleotide triphosphate. The

mixture was heated at 95°C for 5 min to denature

DNA and annealed at 60°C for 15 min. Two units of

Tag DNA polymerase (Promega Corporation) and 30

ml of mineral oil was added to the mixture. After

preheating at 60°C for 15 min, the PCR reaction was

performed 30 cycles of 94°C for 30 sec/60°C for 48

sec/70°C for 2min, followed by final extension at

70°C for 7 min with Perkin-Elmer Thennocycler.

The PCR products were analyzed on 4% agarose gel

electrophoresis in TBE buffer (89mM Tris HC1,
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89mM boric acid, 2mM EDTA, pH 8.0) at 8.3 V/cm

for 1 h at room temperature. The gel was stained

with ethidium bromide.

3 . RESULTS AND DISCUSSION

3.1. LET dependence for hprt mutation induction

Carbon beams were more effective for the

induction of mutations at hprt locus in HE cells than

Y -rays and the RBE relative to y -rays increases with

LET up to about 100-120 kev/nm and decreases at

higher LETs. On the basis of our data, the RBEs,

compared to 137Cs y-ray, were between 2.7-7.2 for

carbon ions when it was compared at the same

absorbed dose level and the highest value was 7.2

for 124 keV/nm carbon ions. It is worth noting

that the RBE for mutation appears to peak at about

100-200 keV/M-m. This LET dependency shown in

figure 1 is coincident with those for induction of

chromosome damage measured as premature

chromosome condensation (PCC) breaks and degree

of lethal effects (5, 6), and morphological

transformation (5).

10 100

LET (keV/^m)

1000

Fig.l Relationship between LET and RBE for several
biological effects following irradiation with high LET
radiations. RBE were basecally caluclated on doses
which induced 100 mutants per 10 6 survivors.
Symbols: l;mutation, 2;morphological transformation,
3; mution with large gene deletion ,4; lethal effect and
unrejoined PCC beraks at 12 hours after irradiation,5;
initial PCC beraks ,6;chromosome aberration. % ;y-
rays. Data were taken from Refs (3), (4), (5), and (6).

3.2. PCR analysis of spontaneous, y -ray and carbon-

ion mutants

A total of 129 independently-derived mutants were

analyzed. Table 1 summarizes the data collected on

all the 6TG resistant cell lines. About 86% of

spontaneous mutants showed no change in the band

migration pattern. However, spectrum of DNA

isolated from mutants induced by y -rays changed

greatly. Spontaneous mutants had no 'total' gene

deletions, while almost 40% of the y-ray induced

mutants did.

Table 1 Structural alterations of HPRT locus in
high LET radiations-indeuced mutants

Radiation

Spontaneus

frays

C-ions
39keV/(jm
68keV/nm

124keV/nm
230keV/nm

N-ions
63keV/nm

104keV/nm
190keV/(ira
230keV/|im
288keV/|jm
335keV/nm

Chemicals
ADM
BLM
CDDP
MMC

Number of
mutants
assayed

36

42

16
14
41
32

38
42
50
44
29
36

18
27
54
44

Mutation types
all exon
present

8(22%)

13(31%)

8(50%)
0 (0%)
3(7%)

32(100%)

1(3%)
1(2%)
7(14%)

10(23%)
3(10%)
5(14%)

8(44%)
11(41%)
37(68%)
21(48%)

partial
delated

25(69%)

11(26%)

4 (25%)
0 (0%)
0 (0%)
0 (0%)

13(34%)
16(38%)
6(12%)

20(45%)
10(35%)
21(58%)

8(44%)
10(38%)
12(20%)
19(43%)

all exon
delated

0(0%)

18(43%)

4(25%)
14(100%)
38(93%)
0(0%)

24(63%)
25(59%)
37(74%)
14(32%)
16(55%)
10(28%)

2(11%)
4(15%)
5(19%)
4(9%)

In the case of mutants induced by carbon ions,

however, the proportion of 'total' gene deletion was

dependent on the LET of carbon ions. Almost all

mutants induced by 68 and 124 keV/M.m carbon ions

lacked any detectable hprt specific sequences and

therefore were caused by deletions of the entire locus,

while all mutants induced by 230 keV/n-m carbon
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ions had no deletion. Also there was a larger

proportion of partial gene deletions in the

spontaneous and y -ray mutant set than among carbon

ions mutants.

It is perhaps surprising that the 230 keV/|xm

carbon ions set have no deletions, given the biggest

track structure among all of carbon ions used in this

study. In addition the 68 and 124 keV/nm carbon

ions are inducing deletions of all 8 exons. This

result is inconsistent with the previous report (11).

They found that at equilethal doses, little difference in

mutant spectrum was found for the X-ray induced

mutants compared to the a-particle (121 kev/nm)

induced mutants. However, it is not clear which

component of energy deposition pattern from heavy

ion tracks is responsible for mutation induction.

It may be that for mutation endpoint, which

requires cell viability for recovery, only moderate

clusters of energy deposition in DNA from carbon

ions are responsible; these damage events may

overlap in severity with damage from y-ray track

ends, and so yield a similar mutations for mutational

effectiveness of heavy ions than primary large

clusters of energy deposition in DNA. Since large

clusters of energy deposition from higher LET

radiations may be dominantly lethal, it is likely that

only low clusters of energy deposition from

secondary electrons may be responsible for mutants

induced by 230 keV/nm carbon ions.

We have also reported on the induction and repair

of chromosome breakage produced by high LET

radiations (6) revealed by the PCC technique. About

96% of PCC fragments induced by y-rays rejoin

within 8 h of post-irradiation incubation, while only

30-40 % of PCC breaks produced by high LET

radiations rejoin. This indicate that non-rejoining

PCC breaks are produced by high LET radiations

more than by low LET radiations and that there is a

qualitative difference in the initial chromosome

lesions induced by low- and high-LET radiations.

After a dose of 4 Gy of y-rays there is an initial

rejoining component of PCC breaks (a half-time is

about lhr), accompanied by a slower component (a

half-time is about 6hrs) and a non-rejoining

component. This time scale is similar to those of

repair of gaps and breaks in G2 PCC (12) and of DNA

double strand breaks reported (13). PCC breaks were

not observed after H2O2 treatment, which mainly

produced a large number of DNA single strand breaks

(14). Taken together our findings and these results,

we speculate that PCC breaks reflect DNA double-

strand breaks.

Our comparisons of radiation track structure with

observed biological effectiveness in mammalian cells

led to a working hypothesis of initial damage (Table

2). Some of these concepts may be expressed in a

more general way as radaition producing a spectrum

of DNA-related damage of varying severity.

Table 2 Relative biological effectiveness of high
LET radiations and suggested initial subcellular
damage

initial phyacal
damage

Possible target

Typical energy and
target dimensions

PCC break

unrejoining
PCC breakes

chromosome
aberration

inactivation

transformation

mutation

Y-rays

spase

DNA

Few tensof eV
within 2rm

(1 ioiizatton)

1

1

1

1

1

1

hjghLET radiations

80-160 keV/Um

wry large
cluster

Nucleosome

• 800 eV within
5-10nm

(15 ionizations)

1.2-14 '

3-4

05-06

3 4

8-10

7-10

* Relative biological effectiveness against y-rays.
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The severity depends on its molecular complexity and

this follows from the clustering of a track's

ionizations in or very near to the DNA. Therefore,

track structure analyses make it clear that ionizing

radiation can produce a diversity and local complexity

of DNA damage totally unlike that from any other

agent, and that some of this is almost bound to be

totally unrepairable. The spectrum of damage, after

repair (at least 12 hours after irradiation), that is

actually responsible for permanent cellular effects is

likely to be showed heavily towards the more severe

components of the initial damage. Although we

could not find any difference in the number of initial

PCC breaks induced by low- and high-LET

radiations, but there are 2-3 times diffrences in the

number of remaining PCC breaks 12 hours after

irradiation. Relative biological effectiveness for

number of remaining PCC breaks is similar to that

for cell inactivation (Fig.l and Table 2). These

results suggest that some additional factors may

influence the severity and repairability. These are

likely to include modifications of the complexity of

the initial damage by early chemical processes,

availability and access of repair enzymes and

association with higher order DNA and protein

structures. Because RBE for the mutation- and

transformation-induction are more larger than that for

the cell inactivation (Table 2), it is likely that

mutation and morphological transformation

frequencies might be enhanced by modification

process of the initial damages. Anyway, assays for

initial yields of broad classes of molecular damage

may be necessary to understand the biological effects

of high LET radiations.

So far in molecular studies, mutation spectra of

different radiations have been examined mostly at

single doses of X-rays may have different mutation

spectra (15,16). In the present study we reported that

different LETs of heavy ions have different mutation

spectra. Such phenomena require critical examination

using large numbers of independently-isolated

mutants; it is clear that the methods introduced in

this report may be used to examine such aspects of

comparative mutagenesis, also to examine biological

meaning of track structure of heavy ions, where ma)'

mutants need to be assessed rapidly at the molecular

level.
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In order to overcome sexual incompatibility between distantly related species in
Nicotiana, the crosses with 4He2+ beam-irradiated pollen were carried out, and survival
hybrids were obtained. They were resistant to tobacco mosaic virus and green peach aphid.
Keywords: hybrid inviability, 4He2+ beam, pollen irradiation, interspecific hybrid,
N.gossei, N.tabacum .

1. Introduction
The introduction of a desirable gene(s)

from wild plants to cultivar is important in
plant breeding, particularly, in relation to
disease and insect resistance.Many attempts
to get interspecific and intergeneric hybrid
have been made. However, it is very
difficult or impossible to obtain a viable
hybrid in the case of wide cross, because of
cross incompatibility and/or hybrid
inviability. For overcoming these barriers,
irradiation to pollen [3,6] and ovule [12],
ovule culture [6,8] and treatment with
growth regulator and temparature [11]
were reported.
Nicotiana gossei Domin has been known
to be resistant to more diseases and insects
than other Nicotiana species [10] , and is
distantly related to N. tabacum L.(cultivar).
In the cross of N. gossei xN. tabacum ,
many hybrid seeds can be obtained, but
hybrid seedlings can not survive over about
one month after germination. On the other
hand, in N. tabacum xN. gossei , few seeds
with viability can be produced. Several
works to hybridize N. gossei with
N.tabacum have been made. A very few
interspecific hybrids were obtained by the
cross using susquidiploid and tetraploid

[4,5,7] , but they did not show resistance
similar to that of N. gossei .
We have been searching for an effective

procedure of interspecific hybridization
between distantly related species, using
Nicotiana as a model plant,and have already
obtained a viable hybrid between N. gossei

and N. tabacum by the cross with gamma-
ray-irradiated pollen. The purpose of the
present study was to investigate the effect
of ion beam on the possibility of producing
interspecific hybrid in wide cross, compared
with that of gamma-ray.

2. Materials and Methods
N. gossei (2n=36) and N.tabacum (2n=48),
cv Bright Yellow 4, were used in the
experiments.
2.1 Pollen irradiation and cross
Mature pollen of N.tabacum was collected

immediately after anthesis and kept in a
desicator for one day. The collected pollen
was held between kapton fiJms(8.5^;m
thickness, Toray-Dupon Co.LTD) on the
one layer, and irradiated with 4He2+ beam
of 800Gy from 3MV Tandem Electrostatic
Accelerator (6MeV) and AVF Cyclotron
(50MeV) (Takasaki Establishment, JAERI).
The flowers of N. gossei were emasculated
before anthesis, and pollinated with the
irradiated pollen. Then, each flower was
sealed, and cultivated at the temperature of
about 30°C in a glass house. The cross
with the non-irradiated pollen was carried
out, by means of identical procedures to
those in the irradiated pollen. Hybrid seeds
were allowed to germinate in the growth
chamber controlled at 25°C under light
condition, and survival plants were
cultivated in the glass house with the
temperature of 25~30°C under natural day
light and length.
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2.2 Chromosome analysis
Number of chromosomes in root tip cells

and chromosome pairing in pollen mother
cells (PMC) were analyzed by aceto-carmine
staining and squash method.

2.3 RAPD analysis
According to the method of Dellaporta et
al. [9^ , whole DNA was extracted from
very young leaves of N. gossei ,N. tabacum
and hybrid plants. RAPD markers were
developed using 15 random 10 mer primers
(KitA, Operon Technologies). The reaction
of 45 cycles was carried out, following the
procedures of Williams et al. [2] , at the
annealing temperature of 43°C. After
reaction, the products were analyzed by
agarose gel electrophoresis.

2.4 Disease and insect resistance test
Resistance to tobacco mosaic virus (TMV)

was tested. After carborundum application
on the leaf surface of 2 ~ 3 young leaves of
tested plants, TMV suspended in 0.01M
phosphoric acid buffer solution was
inoculated. The plants were kept in the
glass house (25~30°C) for 3 to 4 weeks,
and the symptoms of TMV, e.g. mosaic,
curled leaf, and mottled flower, were
recorded to determine the degree of
resistance.

Resistance to green peach aphid, Myzus
persicae Sulzer, was also tested. Young
leaves were collected, held in the water
solution and kept in the incubator
controlled at 25°C. Five to ten apterous
aphids were transferred on the leaf surface.
During the period of 10 days, number of
surviving aphids was recorded daily.

3 . R e s u l t s and D i s c u s s i o n
When the irradiated pollen was immersed

in aqueous solution, "leaky pollen" , in
which internal substance leaked through an
opening in outer membrane of the pollen
grain, was observed. After leakage, outer
membrane remained open or closed. The
frequency of leaky pollen significantly
increased as the irradiation dose increased.
Such phenomenon was not observed in
gamma-ray-irradiated pollen. This "leaky
pollen" seems to result from physical

lesion induced in outer membrane of pollen
grain by ion beam irradiation.
In the crosses using the irradiated pollen,
only 2.3% of them produced capsules with
fertile seeds. Most (92.5%) of the seeds
germinated, and, finally, two (5.4%) of
them could survive and grew up to
flowering. Consequently, mature plants
were obtained at the rate of l . l x l O 3 . On
the other hand, in the crosses using the
non-irradiated pollen, many seeds were
produced, and they germinated at the rate of
76.7%. However, no seedling could survive
over the period of about one month after
germination.

Number of chromosomes in root tip cells
of two survival plants was analyzed. N.
tabacum has 48 chromosomes (2n) and TS
genome. N. gossei has 36 chromosomes
(2n), but its genome has not been
identified. Each survival plant had 42
chromosomes.
The results on chromosome pairing in

PMC of survival plants were shown in
Table 1. The relative ratio of PMCs with
only 42 univalent chromosomes (42 I ),
PMCs with 40 univalent and 1 bivalent (40
I + 1 n ) chromosomes, PMCs with 38 1 -r

2 n , and PMCs with 36 I + 3 n , were 24.2,
23.0, 18.7 and 13.0%, respectively. It was
ascertained that there were mostly PMCs
with only univalent chromosomes or a few
bivalent chromosomes.

Tabla 1 Ralatlva r a t io of pollan rotter OB1X»,RK», with chroaoscea pairings

HUnfcer of univalenCU) are!
blvalent(IX) ctiraaosceox
p«r PMC

42 1
401+1 n
38I+2D
36I+3U
34 I +4 tt
32 I+5 II
30 I +6 II
28 I+7 II
26 I +8 H
2 4 I + 9 B
22I+10H
>11D

tolatlva ratio

Mybrld-G*

U.5±2.7
23.2±7.O
20.4±4.1
19.3±2.7
U.2±4.l
S.8±2.4
4.7±3.3
1.8±1.8
1.0±1.9
0.1±0.3
0.5±1.3
O.5±1.3

Hybrid-I**

24.2*13-9
23.0± 9.6
187± 6,8
13.0± 7.4
7.9± 6.2
S.l± 43
2S± 2.0
2.2± 2.9
1.8± l.S
0.4± 0.5
0.7± 1.3
1.1± 1.7

•obtained by tha cross with tjKnw-E*Y-«*p03od ooll»».

••obtained by tha crotu with

The band pattern in RAPD analysis showed
the hybridity of survival plants, clealy. As
shown in F i g . l , N. gossei and N. tabacum
had a remarkable band around 702bp and
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OPA-01 OPA-07

I - „ i 11 v -11
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(bp)

702 —

Fig. 1 RAPD profile of hybrids and parents.

between 702 and 1264bp in OPA-07,
respectively. Survival plants had a
combination of these two bands.
Furthermore, in OPA-01, both of survival
plants (ion-1,2) had one additional band,
which was not detected in the hybrid
obtained with gamma-ray-irradiated pollen
(gamma-1).
From these results, it is concluded that

two survival plants obtained here, are
interspecific hybrids between N. gossei
and Ar. tabacum. In the previous report [1],

ion-1 ion-2 gamma-1

N.gossei Hybrid N.tabacum

Fig.2 Flower of N.gogsei,N.tabacum

and hybrid plant.

it was shown that, in the cross with
gamma-ray-irradiated pollen, interspecific
hybrid between N. gossei and A7, tabacum
was obtained at the rate of 3.7x 10 5 . It is,
therefore, conceivable that ion beam is
more efficient than gamma-ray, on the
production of interspecific hybrid in wide
cross.
Morphological characters of interspecific

hybrids were generally intermediate between
those of parents (Table 2, Fig. 2).
Particularly, some characters, e.g. flower
petal and leaf shape, were different between
hybrid plants.

Table

character

2 Characters in

N.qossei

N.gossei

#1

, N.tabacum

Hybrid*
#2

and interspecific

- Hybrid**

hybrids

N.tabacum

[FlowerJ
color white

petal star-type
petal tip dull
swelling flower —
calyx(twist) —
trichome + +

pink

star-type
sharp

pink

star-type
sharp

white and pink
pink stripe
star-type star-type

sharp sharp

[leaf]
ellipse shape
tip
•argin
plait
petiole

dull
smooth

sharp
saooth

sharp
saooth

sharp
notched

sharp
smooth

Interspecific hybrid with < He*1 beaa.
Interspecific hybrid with gaama-ray.

+ , + and - represent the degree in each character.

- 61 -



JAERI-Conf 97-003

In the test for TMV resistance, it was
recognized that both of hybrids were much
more resistant than N. tabacum, but the
degree of resistance was slightly lower than
N. gossei . Furthermore, aphid resistance
appeared to be introduced to both of
hybrids; the mean value of survival period
after transfer of aphid on leaf surface was
1, 2.5 and 2.4 days in M. gossei , ion-1 and
ion-2, respectively. In the leaves of N.
tabacum, aphid continued to survive and
grew up.

In addition, we have already obtained a
chromosome-doubled hybrid plant (2n=84)
and are analyzing cytological and genetical
traits in that plant.

4. C o n c l u s i o n
Ion beam irradiation to pollen is effective

for producing interspecific hybrid in wide
cross, and its efficiency is higher than that
of gamma-ray.
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RADIATION DAMAGE TO DNA: THE EFFECT OF LET

J.F. WARD and JR. MILLIGAN

Department of Radiology, 0610, School of Medicine,
University of California San Diego, La Jolla, CA 92093. USA.

Mechanisms whereby ionizing radiation induced damage are introduced into cellular DNA are discussed. The types
of lesions induced are summarized and the rationale is presented which supports the statement that radiation induced
singly damaged sites are biologically unimportant. The conclusion that multiply damaged sites are critical is
discussed and the mechanisms whereby such lesions are formed are presented. Structures of multiply damaged sites
are summarized and problems which they present to cellular repair systems are discussed. Lastly the effects of
linear energy transfer on the complexity of multiply damaged sites are surveyed and the consequences of this
increased complexity are considered in terms of cell survival and mutation.
Keywords: DNA damage, singly damaged sites, multiply damaged sites, enzymatic repair of radiation damage.

1. Introduction
In its interaction with biological material ionizing

radiation causes damage in all molecules. However,
there is good evidence that it is the damage introduced
into the cellular DNA which is the cause of the
consequent biological responses [ 1 ] which include cell
death, mutagenesis, and transformation. Therefore in
attempts to relate the consequences of radiation to the
energy which has been deposited it is necessary to
consider the chemical alterations which are induced in
the DNA molecule. This is made all the more important
because it is the molecular damage induced with which
cellular repair systems interact. The damage to
cellular DNA is caused by the interactions of highly
reactive species produced by the initial ionization of the
radiation. The routes to damage production include
reactions of 'OH free radicals from water radiolysis and
by the ionization of the DNA molecule and its hydration
water. These routes have been classified as indirect
effect (*OH radicals ) direct effect (ionization of DNA)
and pseudo direct effect (ionization of the DNA
hydration water) [2]. The latter effect is thought to
cause the same kinds of damage as the direct effect by
transference of the cation radical formed in the water
directly to the DNA. It is uncertain at the present time
which of these types of damage are scavengable by
molecules which react with 'OH radicals. Although it
seems reasonable that to a first approximation that all of
the indirect effects are susceptible to this scavenging.

Early studies of radiation damage to DNA
concentrated on individually damaged sites [3]. More
recently it has been shown that such sites are not the
cause of radiation induced cell killing [4] or
mutagenesis [5]. It had been concluded that DNA
double strand breaks (DSB) are the major cause of cell

death [1,6]. It remained to establish the molecular
process whereby these DSBs are induced. In 1981 it
was pointed out that ionizing radiation on interacting
with matter does not deposit its energy uniformly and
that a consequence of this non-uniform energy
deposition is the production of clusters of reactive
species [7]. Further the physical size of these energy
deposition events was of the same order as that of the
diameter of the DNA molecule. Thus these clusters of
reactive species (including 'OIJ radicals and sites of
direct ionization of DNA) had the potential to damage
both strands of the DNA in a local region - such
damage was described as locally multiply damaged sites
(LMDS). When the clusters of reactions caused a strand
break in each of the DNA strands then a DNA DSB
results.

It is important that the chemical structures of the
biologically significant lesions be described. Only then
can the reasons for their biological activity be
understood, and the possible mechanisms whereby the
cell can handle these types of damage, e.g., by repair
enzyme systems, be considered.

2. Production of damage in DNA by "direct" and
"indirect" effects.

Since the multiply damaged sites in DNA are
produced by both direct ionization of DNA and "OH free
radical attack the types of damage produced by both
mechanisms must be considered. It is well established
[8,9] that "OH radicals react with both the base and the
deoxyribose moieties of the DNA in a ratio of -4-5.
This ratio is in good agreement with the relative rates of
reaction of this radical with the base and sugar moieties.

In some quarters it is agreed that only the reactions
with the sugars lead to strand breaks, others consider
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that 'OH radical attack on the bases can also lead to
strand breaks [10]. However it is sure that the yield of
strand breaks produced in dilute oxygenated solution,
where only 'OH radicals are the only species causing
damage, can be equated with the amount of reaction
with the sugar - on a quantitative basis it is not
necessary to invoke base origins of strand breaks. A
wide variety of altered bases is produced, all four bases
being damaged [11].

Studies of strand breaks by the direct, pseudo-direct
effect are more scarce. However, a recent publication
provides some insight on this subject [12]. To measure
direct + pseudo-direct effects the authors controlled the
amount of water associated with the DNA (e.g., limiting
the contributions from the indirect effect). The relative
yields of base damage and strand breaks have not so far
been determined from irradiation carried out in the
presence of oxygen, but the yield of SSB has been
measured under oxygenated conditions. The authors
found it necessary to correct for the fact that in the
almost dry state DNA assumes a different configuration
so that the yields that they determine are extrapolated to
the B-form of DNA. The yield of strand breaks
calculated is 0.77 umole/Joule measured in terms of
release intact bases: Others [9] have confirmed that this
yield is equivalent to the yield of strand breaks - at least
for those induced by 'OH radicals. The equivalence of
base release to strand break yield may also be true for
direct ionization since it is expected that ultimately the
same hydrogen atom loss radicals are intermediaries in
the production of strand breaks [3]. One caveat is that
the ratio of hydrogen atom abstraction from the various
sites in the sugar molecule may differ between the direct
and the indirect reaction mechanisms.

3. Simulation of infoacellular DNA environment
In order to gain useful information about the types

of damage produced in mammalian cells by ionizing
radiation we have attempted to simulate the intracellular
environment of the DNA. We rationalize this approach
since it is not expedient to study such damage in DNA
which has been irradiated lntracellularly for a variety of
reasons. Those who study ionizing radiation damage in
cells are limited by the low yields of damage which are
present at lethal doses of radiation. About 3 x 103

damaged sites (altered bases plus strand breaks) are
produced at such doses [13], this compares to the
number present for UV-irradiation - 106 and similar
large numbers for other noxious agents [13].

A corollary to this low yield is the problem of
accumulating sufficient damage in cellular DNA to
analyze at radiation doses deemed biologically
significant. If we require 10'12 moles of DSBs for

analysis, then it can be calculated that after a dose of
three times the mean lethal dose the DNA from 50 x 106

cells must be harvested. This must be accomplished
without causing additional breaks by shearing (after this
dose the DNA fragments are still - lcm long).

Thus, a more appropriate method of study DNA
damage is by use of a model system. For this we have
chosen plasmid DNA molecules which being circular
have the advantage of having no preexisting DSBs.
Then we irradiate these plasmids [14] and
minichromsomes [15] in a simulated cellular
environment. Others [16] have shown that the DNA
within a cellular environment suffers attack by 'OH
radicals which is commensurate with these radicals
traveling only - lnm which indicates a cellular
scavenging capacity for 'OH radicals of 1010 s"1.

Very recently we have shown that the scavenging
within a cell nucleus is not controlled by the presence
of high concentrations of other molecules reacting with
'OH radicals but is achieved by the packaging of the
DNA [17]. This packaging (which is not controlled
solely by the presence of histones [18]) compacts the
DNA so that the macromolecule becomes in effect its
own scavenger, and the DNA is not available for
reaction with "OH radicals produced in the bulk solution.
However, it is possible that the outcomes of the
experiments are independent of the means by which this
scavenging is achieved, such that it is the distance
which the 'OH radicals travel and the volume of water
from which they migrate to react with the DNA which
is important.

4. Composition of Multiply Damaged Sites
MDS are composed of combinations of all the

individual lesions which are produced by direct and
indirect effects. There are several levels of variability:

1. The numbers of individual lesions within a MDS.
2. The distances apart of the individual lesions on
opposite strands
3. The numbers of base damages and strand breaks
per site.

Using a competition kinetics method [19] we have
shown [20] that for the majority of sites the number of
SSB present in a DSB is two for low LET radiation. In
further studies using a-particle radiation we found that
this number is greater than two [21].

We have attempted to measure the distances apart of
the two strand breaks of a DSB. To do this we
irradiated circular plasmid DNA (with no preexisting
ends) under conditions designed to simulate the
intracellular scavenging environment. After irradiation
the macromolecular DNA was ethanol precipitated and
the soluble fraction was treated to end-label
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oligodeoxynucleotides with "P. These labeled oligos
were then run on a sequencing gel and their sizes
estimated. On the assumption that two strand breaks on
the same strand are separated by the same distance as
two strand breaks on opposite strands this size
distribution represents the distances of separation of
damages within DSBs. We found a relatively uniform
size distribution up to about 15 deoxynucleotides long.
This agrees with predictions which take into account the
size of the energy deposition events and the distance an
"OH radical migrates under these scavenging conditions.

The determination of the ratio of base damage to
strand breaks is not simple. From experiments in dilute
solution the ratio can be determined for "indirect" effect
as mentioned above. Also, as stated, the ratio has not
been measured for "direct" effect damage - an earlier
estimate [22] calculated a ratio of base damage to strand
breaks of the proportion of the masses of the two
entities, i.e., 1.2:1. To apply these ratios to
multiply damaged sites in DNA irradiated under
simulated cellular 'OH radical scavenging conditions it
is necessary to know the contribution of direct and
indirect damages to these sites. While at a first glance
this ratio might be expected to be the same as for SSB,
it turns out that this is not so: The relative contributions
of "indirect effect" to "direct effect" (D) are in a ratio of
2:1 for SSB. However, DSB can arise from
contributions of both effects, e.g., from two indirect
effect breaks, or from an indirect effect break plus a
direct effect break or from two indirect effect breaks. If
we take the independent yields of indirect breaks as i
and the yield of direct breaks as d within a DSB, then
the composition of the DSB will be (d+i)2, i.e., d2 + 2di
+ i2. If all the indirect effect induced breaks are
scavenged then both the di and the i2 DSB will be
removed. Thus in the presence of'OH radical scavenger
the yield of DSB should be reduced by i2/ (d+i)2. When
we apply the ratio of indirect: direct effects established
for SSB we find that 'OH radical scavenger should
reduce the DSB yield by a factor of (2+1)2/ I2 = 9.
However, cellular studies [23,24] show that the yield of
DSB is reduced by a factor of -3 . To explain this
apparent anomaly we must conclude that the
contribution of indirect effect to DSB is less that their
contribution to SSB, in fact the ratio of indirect to direct
effect must be 3* -1 = 0.7. Thus when 'OH radicals
are involved in producing a DSB (MDS) their average
migration distance must be less than that for 'OH
radicals which produce SSBs - an estimate of this
reduced migration distance can be achieved from these
relative contributions by assuming that the latter reflect
the volume of water from which 'OH radicals diffuse to
cause the damage. If the contributions (DSB.SSB)

relative to direct effect are 0.7:2, then the migration
distances of the 'OH radicals are in the ratio of 0.35*
= 0.7. A corollary to this conclusion is that the
concentration of 'OH radical scavenger necessary to
reduce the yield of scavengable DSB by a factor of 2
should be higher for DSB than for SSB. This
proposition is confirmed by data in the literature [23].

We have attempted to measure the ratio of base
damages to strand breaks in multiply damaged sites
[25]. The methodology which was used, exposure of
irradiated DNA to enzymes which specifically cleave the
DNA at base damaged sites, gave data whose
interpretation was difficult. One of the major problems
which we discovered was our use of dimethyl sulfoxide
(DMSO) as an 'OH radical scavenger [25]. The product
radical of the reaction of an 'OH radical with DMSO,
the methyl radical CH3' , reacts with oxygen forming the
methylperoxy radical CH3O2', which in turn is capable of
causing base damage in DNA. Thus in attempting to
achieve the radical scavenging capacity of a cell, the
use of DMSO is proscribed if base alterations are to be
assessed. We have initiated studies using other 'OH
radical scavengers whose subsequent radicals do not
lead to base damage.

4. Challenges to repair systems of MDS.
DNA repair systems are designed to preserve the

integrity of the molecule: Two aspects of this integrity
are significant for ionizing radiation damage:

a. Continuity of the DNA strand.
b. Maintenance of Base sequence.
There are many studies in the literature of the repair

of SSB and DSB in mammalian cells. Resealing of SSB
is efficient and rapid and indeed so is the rejoining of
DSB ends. However, such studies do not provide
information on whether the ends of the strand breaks are
correctly rejoined - all that is measured is an increase in
the DNA size. In addition these studies in general
neglect any contribution which base damage may play
in the observations. The accepted manner whereby base
damage sites are repaired is by excision repair [26] - to
accomplish this the enzymes necessarily induce a single
strand cut. Since again all that is monitored in strand
break repair is the size of the DNA pieces, the cutting
of the DNA by attempted base damage excision repair
would be detected as an increase in strand break yield -
this would probably not be distinguishable above the

actual resealing of strand breaks. Preliminary work has
been carried out [27] using the base damage specific
E.Coli enzyme endoIII [28] to reveal base damage sites
in irradiated Chinese hamster V79 cells. The yield of
sites containing a single strand break closely opposed to
a base damaged site was determined from the difference
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in DSB yields before and after enzyme treatment. In
non-optimized conditions the enzyme increased the yield
of DSB by a factor of 1.6. The presence of these MDS
containing base damages was monitored as a function of
post-irradiation repair incubation. The sites disappeared
totally within 20 mins while the yield of overt DSBs
was reduced by 50% over the same time period. Our
interpretation of this result is that the cellular repair
systems act to preserve the continuity of the DNA
repairing the SSB constituents of MDS prior to
attempting to excise a base damaged site. This
conclusion takes into account finding of Chaudrhy and
Weinfeld [29] who showed that the same E.coli base
damage specific enzyme would not cut the DNA when
there was a damaged site closely opposed.

It is clear that the introduction of a DSB in DNA
would make it possible for the two ends of the break to
separate - such separation may depend on whether the
DSB occurs within the DNA wrapped around the
nucleosome or within the linker region. If the former
then it is possible that the ends could be kept in register
so that rejoining can take place. However, it must be
remembered that the formation of a strand break by
radiation necessarily involves the loss of a base residue
[30]. Therefore if the constituent SSBs are close
together, accurate repair may be problematic since the
resynthesis requires the integrity of the opposite strand -
which may be compromised by the other SSB. By the

same token, the multiply damaged site can contain base
damage - again if the constituent lesions are close
together accurate repair would be difficult to
accomplish.

We have pointed out [31] that it may not be
necessary for the repair to be accurate if the MDS
occurs in a portion of the genome which is not
significant, e.g., in the intron regions of a gene.
However, it is important that rejoining of the ends is
accomplished, preventing the separation of the exons of
the gene.

5. Consequences of increasing Linear Energy Transfer
It is well known that as the LET of the radiation

increases, its relative biological effectiveness increases
[32]. This relationship should be explainable by any
postulated molecular mechanisms. We have previously
concluded [33] that the number of DSB type lesions
does not oncrease with LET. Therefore the increased
RBE must be caused by an increase in the lethal
potential of the lesions which are produced. Two
postulates have been presented to explain the
phenomenon in molecular terms:

a] A consequence of the increase in the rate of
energy deposition is that the LMDS are

produced in closer proximity. This effect has
been shown by Rydberg who coined the phrase
regionally multiply damaged sites (RMDS) to
distinguish them from LMDS [34].

b] The increased concentration of radical
consequent on the higher LET has a probability
of producing more individual lesion within a
LMDS than at low LET [35].

The former effect gives rise to the probability that the
lesions being close together may interact during their
attempted repair [36]. However, proximity of lesions
can not be the sole explanation of the increased RBE.
There is still the matter of the reduction of the oxygen
effect with increasing LET [32] to be explained. The
absence of an oxygen effect can be explained via b]: If
the number of damaged sites per LMDS is sufficinetly
high then chemical repair of lesions in the absence of
oxygen would not decrease the number of lesions
sufficiently to divert the lesions biological effectiveness.

The challenge which more complex lesions,
produced at higher LET, have for the cell's enzymatic
repair mechanisms is illustrated by studies of the
attempted repair of DSB induced by high LET. Both
Blocher [37] and deLara et al. [23] show that high LET
induced DSBs are repaired more slowly and to a lesser
extent than DSBs produced by low LET radiation.

In another study we have shown that the precursors
of DNA DSBs produced by high LET radiation contain
a greater number of radical sites than the precursors of
low LET induced DSBs [21].

Thus we conclude that the major reason for the high
RBE of high LET radiation is the nature of the multiply
damaged sites induced. This increased complexity of
the lesions leads to the lesser effectiveness of the cells
repair mechanisms in repairing the damage induced.
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Inactivation caused by heavy ions was studied in dry cells of radioresistant bacterium Deinococcus radiodurans.
All survival curves were characterized by a large shoulder of the curves. No final slopes of the exponential part
of survival curves for heavy ion irradiation were steeper than that for 2.0 MeV electron irradiation. The plots of
RBE versus LET showed no obvious peaks, suggesting that this bacterium can repair not only DNA double
strand breaks (DSBs) but also clustered damage in DNA which may be induced by heavy ions. The genomic
DNA of D. radiodurans was cleaved into large fragments with restriction enzyme Not I after post-irradiation
incubation and the fragments were separated using pulsed-field gel electrophoresis (PFGE). DSBs induction and
rejoining process were analyzed by detection of the reappearance of ladder pattern of DNA fragments. The
required repair time after heavy ions irradiation was longer than the repair time for electrons at the same dose of
irradiation, however, the rate of repair enzyme induction was almost similar to each other between electrons and
heavy ions, suggesting that the same repair system is likely to be used after both low and high LET
irradiations.
Keywords: heavy ion, LET, RBE, Deinococcus radiodurans, DNA double strand breaks, DNA repair, PFGE

1. Introduction
The induction and processing of DNA

lesions, especially DNA double strand breaks
(DSBs), have been considered to be the predominant
determinants of radiotoxicity because the patterns of
DSBs/LET response are comparable to the shape of
LET responses for cell lethality [1]. However, current
informations obtained from precise analysis of DSBs
in cells demonstrate the absence of LET dependence
of DSBs. "High-LET-specific-damages" such as
clusters of damage are considered as the dominant
damage of DNA for cell lethality [2].

The extraordinary radiation resistance of
Deinococcus radiodurans has been ascribed to the
ability to repair all DNA lesions including DSBs
induced with doses up to 5 kGy [3,4). It was reported
that this bacterium was also resistant to heavy ion
irradiation and the survival curve had a large shoulder
[5,6], suggesting that this bacterium can also repair
DSBs induced by heavy ions. Therfore we expected
no LET dependence of relative biological
effectiveness (RBE) for inactivation of D.
radiodurans. However, RBE peak will be observed in
LET response if this bacterium can not repair the
putative dominant damage for cell lethality: clustered
damage in DNA.

In this study, we examined the survival
responses of D. radiodurans after heavy ion irradiation
with particles of various energies. We also analyzed
radiation-induced DSBs in DNA and the repair

process during post-irradiation incubation, by
detection of the reappearance of ladder pattern of
genomic DNA digested with a restriction enzyme
Not I using pulsed-field gel electrophoresis (PFGE).

2. Materials and Methods
2.1 Cell material

D. radiodurans Rj strain was cultivated in

TGY liquid medium (0.5% Bacto-Tryptone, 0.3%
Bacto-Yeast extract, Difco Laboratories; 0.1%
glucose, pH 7.0) with shaking at 30°C for 24 hrs.
Stationary phase cells were harvested, washed and
resuspended with 0.1 M PB (sodium phosphate
buffer, pH 7.0). To examine the survival responses

lxlO^-lxlO4 cells were lyophilized on a membrane
filter (pore size 22 jJ.m, diameter 47 mm, Millipore
Corporation). For pulsed-field gel electrophoresis
(PFGE) analysis of DSBs induction and rejoining of

DNA, 3x10^ cells were settled on a membrane filter
as a monolayer and the filters were placed on PB agar
plates (10 mM sodium phosphate buffer, pH 7.0,
containing 2% Bacto-Agar, Difco Laboratories).

2.2 Irradiation method
The cells on membranefilters were irradiated

in the atmosphere with following heavy ion species:
4He (0.96, 4.1, 11.7 and 25 MeV/u), 12C (12.1 and
17.3 MeV/u), 20Ne (6.5, 11.9 and 15.9 MeV/u),
4 0Ar (2.8, 5.5 and 7.5 MeV/u), 58Ni (5.9 and 13.8

Co
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MeV/u), ' 29Xe (4.4 and 9.1 MeV/u) and ' 97Au (5.4
and 8.9 MeV/u). Exposure to He, C, and Ne ions
were carried out at Takasaki Ion Accelerators for
Advanced Radiation Application (TIARA) in JAERI-
Takasaki; one irradiation with 0.96 MeV/u He ions
was performued using the 3 MV tandem electrostatic
accelerator, the other higher energetic ions were
provided from the AVF cyclotron. The UNILAC
facility at the Gesellschaft fur Schwerionenforschung
in Darmstadt (GSI) was used for irradiation with Ar,
Ni, Xe and Au ions. With respect to 12C (12.1
MeV/u), 2 0Ne (11.9 and 6.5 MeV/u), 4 0Ar (2.8
MeV/u), 58Ni (5.9 MeV/u), 1 2 9Xe (4.4 MeV/u) and
'9^Au (5.4 MeV/u) ions irradiation, the particle
energies were degraded with absorbers to obtain
various LET values on the target.

Particle fluences were determined using track
detector (CR39 film and glass) by counting the
number of ion tracks with scanning electron
microscope after chemical etching. Dose uniformity
of scanned ion beams was checked with radiochromic
dosimeter (RCD). LET values were calculated with
ELOSS code developed in JAERI. In order to convert
particle fluence to dose in Gy the following

relationship was used: Dose [Gy]=1.6xl0~9 X LET
[keV/|J.m] X Fluence [particles/cm2]. The cells were
also irradiated with 2.0 MeV electron beams from a
Cockcroft-Walton accelerator and with 6 0Co y-rays at
JAERI-Takasaki.

2.3 Analysis of surviving fractions
Following irradiation, the dry cells and

membrane filters were transferred onto TGY agar
plate containing 2% Bacto-Agar ( Difco Laboratories)
and surviving colonies were counted after 3 days
incubation at 30°C. Dose response curves for
inactivation of the dry cells of D. radiodurans Rj

were obtained by plotting the fraction of surviving
colonies versus particle fluence or radiation dose.
From the final slope of the curves cross sections
(CT=1/F37) were determined for inactivation. Values of

RBE were calculated from the ratio of inactivation
constants (DQ) obtained for heavy ions and electrons,

taking into account the correponding LET and cross
sections.

2.4 Post-irradiation incubation
Following irradiation, the membrane filters

were transferred onto TGY agar plates and incubated
at 30°C to induce DNA repair enzymes [3,4]. Then
the filters were transferred onto TGY agar plates
containing 100 fig/ml of chloramphenicol (CP) to
inhibit protein synthesis and incubated at 30°C to

continue DNA repair process without allowing the
cells to restart their growth. This incubation time
after being transferred onto CP-containing TGY agar
plate was changed to determine the total needed time
to complete the repair process following a constant
CP-free window sufficient to induce repair enzymes.
On the other hand, the length of CP-free window was
changed to estimate the incubation period necessary
to the induction of DNA repair enzymes, followed by
a long enough incubation on TGY-CP agar plate to
complete the DNA rejoining process after irradiation
of coressponding dose.

2.5 Embedding in agarose and cell lysis
Agarose plugs were obtained by washing

cells down from membrane filters with 1 ml of n-
butanol-saturated 10 mM PB which sensitize D.
radiodurans cells to lysozyme. After centrifugation,
the pellets were washed twice with 500 fi.1 of
Multibuffer (50 mM sucrose, 40 mM EDTA-2Na, 10
mM Tris-HCl, 0.1% Triton X-100, pH 8.0). The
cells were spun down and resuspended in 80 (il of ET
buffer (40 mM EDTA-2Na, 10 mM Tris-HCl, pH

8.0) to a final cell concentration of 4xlO9 cells/ml.
Then an equal volume of prewarmed low melting
point agarose (2% Agarose GB, Nippon Gene Co.
Ltd.) in ET buffer was added to the cell suspension.
This final mixture was put into a plug mold (1.8 x
2.2 X 25 mm) after vortexing shortly and chilled on
ice.

Each solidified agarose plug was transferred
into 1 ml of Multibuffer containing 1 mg/ml of
lysozyme and incubated at 37°C for more than 12
hrs, followed by incubation in 1 ml of Multibuffer
containing 1 mg/ml of protease-K and 0.5% of
sodium dodecyl sulfate at 50°C for 2 days. To
inactivate the protease after protein digestion, agarose
plugs were washed in 1 ml of TE buffer (10 mM
Tris-HCl, 1 mM EDTA-2Na, pH 8.0) containing 1
mM of phenylmethylsulfonyl fluoride (PMSF) for 2
hrs at room temperature, then washed three times
with 1 mM of TE buffer.

2.6 Digestion of genomic DNA with restriction
enzyme

The agarose plugs were cut into 4.5 mm
length. Each plug piece was equilibrated in 100 |il of
Not buffer (100 mM NaCl, 50 mM Tris, 10 mM
MgCl2, 1 mM dithiothreitol, 1% Triton X-100,
0.01% bovine serum albumin) for 1 hr, genomic
DNA in a plug piece was digested with 30 units of
Not I restriction endonuclease at 37°C for more than
10 hrs. The plug pieces were washed twice with TE
buffer bofore electrophoresis.
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2.7 Pulsed-FieldGelElectrophoresis (PFGE)
Gels containing 1.0% agarose (Agarose HS,

Nippon Gene Co. Ltd.) in lXTAFE buffer (Tris 1.21
gfl, EDTA-ftee acid 0.145 g/1, glacial acetic acid 0.5
ml/1) were prepared in gel casting mold. The plug

pieces containing about 4x107 cells each were loaded
into the wells and sealed with addition of Agarose
HS. Gel size was 10 cm long x 7.5 cm wide X 0.6
cm thick containing 9 wells. The gel was placed
vertically into the electrophoretic chamber

(GeneLine , Beckman, 20 cm between electrodes
and a 115° angle between fields) with circulating
lxTAFE buffer chilled at 8°C. PFGE was performed
with a transverse alternative field electrophoresis
system at 150 mA for 16 hrs with a 20 sec pulse
time. The agarose gels were stained with 0.5 (ig/ml
of ethidium bromide (EtBr) for 1 hr and destained
twice in distilled water. The ladder pattern of DNA
fragments were photographed on the ultraviolet
transilluminator.

3. Results and Discussion
Fig. 1 shows the dose response curves of the

dry cells of D. radiodurans Rj irradiated with

electrons and heavy ions. All survival curves are
characterized by a large shoulder of the curves. In case
of heavy ions no final slopes of the exponential part
of the curves were steeper than that of 2.0 MeV
electrons.

The inactivation cross sections determined
from the final slope of the survival curves are plotted
in Fig.2 as a function of LET. The plot does not
show the saturation of cross sections at LET values
up to 10^ keV/io.m, however the cross sections at
104 keV/jim comes near the target size (about 1

|0.m2) of cells. Characteristic hooks seem to begin in
the data point for Ne and Ar ions.

Fig.3 is a plot of the RBE values
determined from the ratios of inactivation constants
(DQ) obtained for heavy ions and 2 MeV electrons as

a function of LET. Reflecting the final slopes of the
exponential part of the dose-effect curves shown in
Fig.l, no obvious RBE peaks are found in LET
response.

To confirm the changes in shoulder of the
curves, the dose required to reduce survival to 10%
was plotted as a function of LET as shown in Fig.4.
The dose keeps similar value at LET values up to
2000 keV/(Xm and then increases steeply to high
doses at very high LET. It is also clear from this plot
that the RBE at 10% survival shows no obvious
peaks in LET response.

It has been widely accepted that the critical
radiation-induced DNA lesion finally causing cell
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inactivation is the non-repaired DNA DSBs.
Therefore, the RBE/LET pattern shown in Fig.3 and
4 seems to reflect the ability of this bacterium to
repair DSBs induced at various LET. We have already
obtained a evidence of its ability to repair DSBs
induced at high LET by detection of DSBs rejoining
using PFGE analysis [6].

The genomic DNA of D. radiodurans cells
was cleaved into large fragments with the restriction
enzyme Not I after post-irradiation incubation, and
the fragments were separated and detected using
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F i g . 4 Plot of the dose at 10% survival of D.
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Fig .5 PFGE analysis of the time course of DSBs
rejoining during post-irradiation incubation:
reappearance of D. radiodurans genomic DNA banding
pattern digested with Not I. (A) Time course of post-
irradiation incubation on CP-free TGY agar plate,
followed by a sufficient incubation on CP-containing
plate. Control: not irradiated, 0-70 min: incubation
time on CP-free plate to induce DNA repair enzymes after
irradiation with 1 kGy of 60Co y-rays. (B) Time course
of total post-irradiation incubation with sufficient CP-
free window to induce repair enzymes to rejoin DSBs
induced by irradiation with 1 kGy of ^Co y-rays.
Control: not irradiated, 0-160 min: total post-
irradiation oncubation time.

PFGE. Fig.5A and 5B show the reappearance of
ladder pattern of DNA fragments during post-
irradiaton incubation accompanied with rejoining
process of DNA DSBs induced by irradiation with 1

kGy of 6 0Co Y-rays.
Fig.5A shows a time course of post-

irradiation incubation on CP-free TGY agar plate,
followed by a long enough incubation on CP-
containing TGY agar plate. Without incubation on
CP-free plate, the DNA repair enzymes could not be
synthesized during post-irradiation incubation at all,
thus radiation induced DNA lesions including DSBs
were not repaired and the ladder pattern of Not I-
digested genomic DNA did not reappear even after 7
hrs incubation on CP-containing plate. The CP-free
window was extended from 10 min to 70 min, and
the required incubation time to induce DNA repair
enzymes was estimated at 50 min because the DNA
banding pattern reappeared completely the same as
non-irradiation control with 50 min of CP-free
window.

The time course of total post-irradiation
incubation is shown in Fig.5B. As long as the CP-
free window is sufficient to induce DNA repair
enzymes, the DNA DSBs are rejoined completely
during post-irradiation incubation on CP-containing
TGY agar plate after irradiation with 1 kGy of 6 0 Co
y-rays. Incubation time was prolonged from 60 min
to 160 min, and the total needed incubation time to
complete the repair process was estimated at 100 min
according to the reappearence of DNA banding pattern
shown in Fig.5B.

Fig.6 shows total repair time necessary to
rejoining DNA DSBs after irradiation with 6 0Co y-
rays, 2 MeV electrons and 25 MeV/u 4He ions with
doses of 1, 2, 3, 4 and 5 kGy. For each ionizing
radiation, post-irradiation incubation time to
complete the repair process increased with the
irradiation dose. The repair time for 4He ions
irradiation was longer than that for ^ C o y-rays and
electrons irradiation at the same dose in Gy,
indicating that it takes longer time to repair DNA
lesions induced by high LET heavy ions compared
with low LET y-rays and electrons although the
values of RBE for cell inactivation are equal to each
other (Fig.3, 4).

The incubation time necessary to the
induction of DNA repair enzymes also increased
proportionally with dose as shown in Fig.7, however
the rate was almost similar to each other between 2
MeV electrons and 25 MeV/u 4He ions, suggesting
that the same repair system is likely to be used after
both low and high LET irradiations. The dose rate of
irradiation of "^Co y-rays (1~5 kGy/hr) was much
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Fig.6 Total repair time necessary to rejoining DSBs
induced in D. radiodurans genomic DNA after irradiation
with 60Co 7-rays, 2 MeV electrons and 4He ions with
doses of 1,2, 3, 4 and 5 kGy.

lower than that of electrons (about 10 kGy/sec),

therefore irradiation with 6 0Co y-rays took much
longer time in contrast with irradiation of electrons.
Longer exposure time of the cells without nutrient
was likely to be disadvantageous for the induction of
DNA repair enzymes afterwards. This might be the
reason why the induction time required during post-
irradiation incubation after y-rays irradiation was a
little longer than that after electrons irradiation.

From these facts there would be no
differences in radiation induced DSBs at LET values
of 0.2-2000 keV/(Am at least from the view point of
repair ability of D. radiodurans. If the clustered
damage is the critical DNA lesion for cell lethality,
LET independence of RBE for inactivation of D.
radiodurans suggests that this bacterium can repair
not only DSBs but also clustered damage in DNA
which may be induced by heavy ions. However,
following questions will be asked immediately: How
can D. radiodurans repair putative "high-LET-specific-
damages" irreparable for other organisms? Is the same
repair system used in D. radiodurans for clusterd
damage as for damages caused by low LET
irradiations, or "high-LET-specific-damages-specific"
repair process exists? Are the "high-LET-specific-
irreparable-damages" really induced in D. radiodurans,
or actually no induction of such kind of specific
damages in D. radiodurans in contrast with other
organisms? The investigation of DNA lesions
concerning their repairability both for D. radiodurans
and other organisms should be focused in future
research.

4. Conclusions
(1) Radioresistant bacterium D. radiodurans does not
show RBE peak in their inactivation after high LET
heavy ions irradiation. Putative "High-LET-specific-
damages" are not irreparable for D. radiodurans.

""Co gamma-rays

2 MeV electron beams
4He2* 25 MeV/u

240

j= 180

I
H 120
O

-3 60

° 1 2 3 4 5
Dose (kGy)

Fig.7 The incubation time necessary to the induction
of DNA repair enzymes of D. radiodurans after irradiation
with ^Co y-rays, 2 MeV electrons and 4He ions with
doses of 1, 2, 3, 4 and 5 kGy.

(2) The required repair time after heavy ions
irradiation was longer than the repair time for
electrons at the same dose, however the rate of repair
enzyme induction was almost similar to each other
between electrons and heavy ions. The same repair
system is likely to be used after both low and high
LET irradiations.
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Synopsis
Heavy ions, He,C, Ar and Ne were irradiated to the seeds of Arabidopsis thaliana for inducing the new

mutants. In the irradiated generation (Mi), germination and survival rate were observed to estimate the relative
biological effectiveness in relation to the LET including the inactivation cross section. Mutation frequencies
were compared by using three kinds of genetic loci after irradiation with C ions and electrons. Several
interesting new mutants were selected in the selfed progenies of heavy ion irradiated seeds.

Introduction
Various kinds of radiations and chemicals were used

to induce mutations in plants after discovery of
induced mutations in Drosophila by Muller and in
maize by Stadler. Most frequently used radiations
were gamma- and X-rays with low LET (Linear
Energy Transfer). Many useful mutants have been
induced and used directly or indirectly for commercial
use in the world until now.

Recently, accelerated ion beams became available
to the therapy and biological studies including plants.
In this study, several ion beams were used to compare
the relative biological effectiveness in relation to the
LET, the efficiency of mutation induction and the
characteristics of induced mutations in plant. Plant
seeds is one of the best model material to study the
effects of heavy ions on multicellular systems.
However, the studies on the cell inactivation of heavy
ion beams have not fully been studied comparing to
the unicellular systems (Blakely, 1992). Arabidopsis
thaliana (L.) Heynh. was used as a model plant,
because this species has several convenient
characteristics, such as short life cycle (about 4-6
weeks), small genome size with less repeating base
sequences (100,000 kbp/haploid), chromosome and
RFLP maps, plant regeneration from protoplasts,
gene and seed banks, etc. (Bork et al. 1989, Kranz et
al. 1990).

Materials and Methods
Dry seeds of two ecotypes of Arabidopsis thaliana,

Columbia (Col) and Landsberg erecta (Ler) were
sandwiched with kapton films and irradiated by four
kinds of heavy ions under atmospheric conditions by
using AVF cyclotron of TIARA at Takasaki, and Ar
ions by Ring Cyclotron at RIKEN. Two MeV
electron beams (JAERI, Takasaki) were used for the
control as a low LET ionizing radiation. Physical
properties of electrons and heavy ions were listed in
Table 1. LETs and ranges of heavy ions were
calculated by ELOSS code which was one of the
modified OSCAR code (Hata and Baba 1988). The
size of Arabidopsis seeds is about 0.25mm in width,
therefore, all ions and electrons can pass through the

Table 1 Physical parameters of electrons and heavy ions

Radiation

e

He
He
C
Ar
Ne

Incident
Energy

MeV/u

—

12.1
4.1

17.4
95.0
11.0

LET*

keV/nm

0.2

17
66

110
250
550

Range"

mm

9.0

1.5
0.3

1.0
7.0
0.3

* mean J_ET in seed (0.25 mm thickness), estimated as water
equivalent

* * estimated as water equivalent

seeds. Particle fluences of heavy ions were determined
by CR-39 film detector. After irradiation, 100 seeds
in each lot were sown on the wet filter paper in petri
dishes and kept at 4°C for 3 days. The germination
rates were measured after 3 days incubation at 23°C
under continuous light (2,500 lux). In order to
measure the survival rates, the irradiated seeds were
sown in pots and kept at 4°C for 3-4 days and the
germinated seedlings were grown at 23°C under
continuous light. Lethal plants which had no true
leaves in rosette stage were clearly discriminated
under these conditions.

In order to compare the difference of the induced
mutation frequencies by C ions and electrons, three
kinds of known gene loci, such as transparent testa
(ft), glabra (gl), and long hypocotyl Qiy) were used as
the marker. M2 plants raised by selfing of irradiated
Mi were used to check the induced mutants which
showed each marker phenotype. To select the new
characteristic mutants, about 1000 seeds were
irradiated with 150-200Gy of C ions (220 MeV) and
raised the M2 generation by selfing of Mi plants.
Phenotypic characters were checked in M2 plants.

For selection of UV-B resistant mutant, 10-
13kJ/m2/10h/day of UV-B was irradiated for 10 to 20
days from the 10th day after germination of M2 seeds.
About 30 plants which showed fairly good growth
were selected as the first candidates. From M3 to M5
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generation, these selected plants were grown without
UV-B and selfed progenies were obtained to avoid the
adaptive response. At M4 generation, a part of the
seeds was subjected to the 2nd selection and 6 lines
were established as UV-B resistant lines. To compare
the repair mechanisms among the resistant lines, root
growth test was performed on the agar plates.

For analysis of structural changes in DNA of gl
mutant induced by C ions, 4 kinds of sense primer
and 3 kinds of antisense primers were constructed
according to the reported base sequences of this locus.
Then, PCR was performed by using DNA of induced
gl mutants and analyzed the amplified region of DNA
was detected by gel electrophoresis.

Results
Germination and survival
The inhibition of survival in Col and Ler by heavy

ions and electrons is shown in Fig. 1. Each dose
response curve is characterized with a clear shoulder
and the following exponential slope. Clear differences

O He f 12)
A

•
•

He (4)
C
A i

Nc

2000

500 1000 1500 2000

Dose (Gy)

Fig. 1 Survival curves of Col and Ler as a function
of dose by the irradiation of electrons and heavy ions.
He(12), 12.1 MeV/n He ; He(4), 4.1 MeV/n He.

of the sensitivity to each radiation were not observed
between Col and Ler. 12.1 MeV/n He was not so
effective compared with electrons, but other heavy
ions were more effective. The effect of heavy ions on
the survival increased according to the increase of
LET in the order of 12.1MeV/n He, 4.1MeV/n He, C
and Ar. Ne ions seemed to be less effective than Ar
ions. Relationship between survival inhibition as a
function of particle fluence and LET, survival
inhibition showed dependence on LET and survival
decreased with smaller number of particles as LET
increased from electrons to Ne ions.

A large difference of sensitivity was observed
between Col and Ler in case of inhibition of
germination . Germination rate in Col was decreased
by Ar and Ne ions with the dose up to about
2,000Gy, but the inhibition was not observed to
about 2,500 Gy in case of the other ions. On the
other hand, exponential decrease of germination was
observed in all kinds of heavy ions up to about
l,000Gy in case of Ler.

Relationship between RBE (Relative Biological
Effectiveness) end LET

RBE was estimated from each D37 value by
comparing with that of electrons as a standard (Fig.
2). Clear peaks of RBE were observed in survivals of
both ecotypes at around 250keV/|xm. The RBE of Ar
ions with LET of 250keV/|xm was 2.6-2.7 times
higher than that of C ions with LET of 110keV/|im.
On the other hand, different RBEs were observed in
case of germination between Col and Ler. RBE peak
was not found and increased up to 18 with the LET
of 550keV/fA,m in Ler. However, small peak was
observed at around 250keV/M.m in Col although the
values could not be determined in case of 4. lMeV/n
He and C ions.

I l l
CO
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15
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Oermjnation, Col
Germination, Ler
Survival, Col
Survival, Ler

0 I ' ' ' ' w ' I • 1 1 1 M HI 1 1 1 11111

10u 10 10z

LET (keV/(j.m;

it? iff

Fig. 2 The relative biological effectiveness (RBE)
for causing germination and survival inhibition as a
function of linear energy transfer (LET).
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Cross section of survival inhibition
The inactivation cross section was estimated based

on the final slope of survival curves (Fig. 3). Similar
cross sections were observed in Col and Ler.
The cross section of survival increased almost
linearly with LET in the range of 0.2-66keV/nm as
about 2.6 times power of LET in the range of 66-
250keV/M-m, and reached to the plateau with the value
of 4-5(im2 at around 104keV/nm. The cross section
of Ar and Ne ions with LET of 250 and 550keV/(im
were between about four and twelve thousand times
as greater as that of electrons with LET of
0.2keV/|xm.

Induced mutation frequency
Total number of the tested plants was 50,427 in C

ions and 23,667 in electrons. The induced mutation
frequency /locus/diploid cell/dose (Gy) was 3.4x10'
6,1.8xl0-5and 2.3xlO"5for tt, gl and hy, respectively,
in case of C ions. On the other hand, frequencies
were 0.21X106, 0.39x10*, and 0.26x10-6 for u, gl,
and hy, respectively .

Seed coat color mutant
New mutant which tentatively called seed coat

pigmented (scp) was selected from the M2 generation
of C ion irradiated seeds. This mutant accumulates
the anthocyanin pigment in seed coat cells as spots
from the early stage of development after fertilization
(Fig. 4). No similar kind of mutant was reported and
listed in the stock list of Arabidopsis thaliana.

UV-B resistant mutant
Six lines of UV-B resistant mutants were

established at M4 generation of C-ion irradiated seeds.
Out of 6 lines, 4 lines which showed about 2 times
better growth than wild type were subjected to the
root growth test (Britt et al, 1993) under light and
dark conditions after short test UV-B irradiation.
Results of root growth under both conditions were
presented in Fig. 5a and b. These mutant lines
seemed to have different genetic changes, because
they showed some morphological differences each
other.

Analysis of structural changes in DNA of mutants.
By using the different primer designed from the

base sequences of GL1 locus (Fig. 6). DNA of two
gl mutants were amplified by PCR. In one mutant,
fragments extending across exon 3 could not be
amplified (Fig. 7a). In case of the other mutant, no
amplified fragment was observed (Fig. 7b).

Discussion
Different sensitivities to heavy ion beams were

clearly observed between germination and survival.
The higher doses were necessary for inhibition of
germination than for survival in both ecotypes, and
the germination of Ler showed extremely high
sensitivity compared to Col in all kinds of heavy
ions and electrons. Reinholz (1967) reported that
gibbereUic acid (GA) was able to reduce the
germination inhibition induced by X rays. A study
on the inhibition of germination by heavy ions on
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GL1 lOCUS

0 EXON1 EXON2 EXON3 3614

Sense Sense Sense
primer i primer 2 primer 3

Antisense Sense Anhsense Antlsense
primer 1 Primer 4 primer 2 piimer 3

Sense primer 1: 1J0- 171 TAGGGTGAACTCTGTGGTACTT
Sense primer 2: 512- 533 GTAGGGTAACMAGGATAACGC
Sense primer 3. 737 - 762 GAATGAGMTAAGGAGAAGA.GATGAA
Sense primer 4.2276-2295 ATTTTGAGTACTGCCTTTAG

Anlisense primer 1. 2037-2014 GGCAGTGATGAACAATGACGGTGG
Anlisense primer 2: 2794-2775 ATAGTCTCTTCGGATCATGG
Anlisense primer 3: 3294-3271 AATTAACTACGACGCAACAATATG

Fig. 6 Structure of the GL1 locus.
indicated by black boxes.

(a)
GL1 locus

EXON1 EXON2 EXON3

Exons are

3614

(b)
GL1 locus

EXON1 EXON2 EXON3 3614

, ™=

^ ^ ^ Amplified DNA
« — ^ Unamplified DNA

Fig. 7 Schematic diagrams of the results of PCR
analysis at GL1 locus, (a) and (b) are the results
from independently induced mutants.

the supplemented GA medium revealed that the
germination rate increased by the treatment of GA and
non-DNA-cellular target existed in the germination
inhibition by heavy ions (Zimmermann and Kranz
1991). Therefore, unknown factor(s) in addition to
DNA damage is necessary to understand the different
response of Ler and Col for the inhibition of
germination. RBE peak against LET was not
observed in the germination of Ler, but small peak
was observed at around 250keV/nm in case of Col.

Maximum RBE for tumor formation, growth
inhibition and mutation induction by heavy ions
existed at 72-174keV/M.m when the Bragg peak was
adjusted to fall within the stem meristematic region
of the seeds (Hirono et al. 1970). However, our

results under penetrating condition indicated that the
RBE peak for survival existed at LET of 250keV/n.m.
Therefore, the different LET at RBE peak may reflect
that heavy ions in Bragg peaks are more effective in
lethality of cells than in penetrating conditions.

Steep increase of cross section of the survival was
observed in the range of LET at 66-250keV/|im
compared to the RBE constant and this increase was
rather common in plants as previously reported for
Arabidopsis (Hirano et al. 1970) and maize (Mei et
al. 1994). Bork et al. (1989) and Gartenback et al.
(1991) reported that cross section reached to 4-5 \im2

at very high LET of -104 keV/nm. The reported
geometrical size of nucleus of Arabidopsis dry seed
was about 8.8nm2 (Pickert el al. 1992) or 12nm2

(Bork et al. 1989). The target size estimated from the
cross section is about a half of the geometrical size,
therefore one hit per genome will be sufficient for
inhibition of survival when heavy ions are used.

Induced mutation frequencies by C ions and
electrons were compared by using three kinds of
phenotypic characters («, gl, hy). From the results
obtained, C ions were 5-10 times effective than
electrons to induce mutations. This difference may
attributable to the different energy deposition of
heavy ions to the organisms including genetic
materials.

Concerning on the new interesting mutants, one of
\hem(scp) accumulates anthocyanin pigment in the
seed coat as spots, especially from very early stage
of seed development after fertilization as mentioned
before. This pigment was not found in embryo cells.
This character was controlled by a single recessive
gene but not yet located on the linkage map. This
mutant is a completely new one and not listed in the
stock list of gene bank of Arabidopsis. This new
mutant is very interesting for the study of tissue and
time specific regulation of gene expression in plants.

Another one is UV-B resistant mutant induced by
C ions. UV-B (260-320nm) is harmful for living
organisms. Four UV-B resistant mutants were finally
obtained and established as the inbred lines (UV2-19,
UV7-9, UV12-13 and UV22-15). In order to know
the mechanisms involved in this resistance, UV-B
absorbing substances, light repair and dark repair were
compared with wild type. No differences were found
in the amount of UV-B absorbing substances in 4
resistant lines compared with wild type. From the
results of root growth test on agar plate to compare
the dark and light repair, two lines (UV2-19 and
UV12-13) had the light repair system and one (UV7-
9) showed dark repair. One of 4 lines (UV22-15)
showed strong light and dark repair capability and it
seemed to have multiple repair systems of induced
DNA damage. These established mutant lines will
give us the important information in future studies.

In order to analyze the structural changes of DNA
induced by heavy ions, sense and antisense primers
were constructed according to the known base
sequences of GL1 locus and used for amplification of
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DNA of the new gl mutants by PCR. From the gel
electrophoretic analysis, whole region of the DNA of
one gl mutant was not amplified, and no region was
amplified in case of another gl mutant. Those results
suggest that both gl mutants may have
rearrangements of DNA. Further studies are in
progress and the results will give us more
information on the structural changes of DNA
produced by heavy ions.

Summary
Effects of heavy ions on multicellular organisms

were investigated by using Arabidopsis thaliana.
Dose response curves were not the same between two
ecotypes in case of germination. However, the
survival rate did not show such a difference in
ecolypes.
LET dependence of RBE based on survival was clear
and RBE peak existed at around 250keV/nm.
Estimated inactivation cross section was 4-5 urn2

which less than the reported size of nucleus in
Arabidopsis seeds.

Induced mutation frequencies by C ion beams were
5-10 times higher than those of low LET radiations.
Two kinds of completely new mutants were obtained
by C ions. One of them showed stage specific
accumulation of anthocyanin only in the seed coat
cells and another type was UV-B resistant which
seemed to have different repair mechanisms.
These mutants are very useful materials to understand
the specific gene regulation and repair of damaged
DNA. Furthermore, it was suggested that the
different structural changes may involved in DNA
damage by heavy ions compared with low LET
radiations and this will give us more information on
the nature of heavy ions with high LET.
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SEMIQUANTITATIVE DIAGNOSIS OF CANCER USING SHORT-LIVED
RADIONUCLIDES

Tomio INOUE, Noboru ORIUCHI, Keigo ENDO

Department of Nuclear Medicine, Gunma University School of Medicine, Maebashi, Gunma 371, Japan

The accuracy and usefulness of semiquantitative diagnoses of SPECT using radiolabeled monoclonal
antibodies in patients with colorectal cancer and PET using FDG in patients with recurrent lung cancer
were investigated. The tumor to normal tissue count ratio (T/N ratio) was determined with SPECT and
compared with the same index (T/N ratio) obtained by measuring radioactivity in tumor and normal
tissue of the resected specimens. Significant correlation between SPECT T/N ratios and tissue T/N
ratio was observed (r=0.92, p<0.001, n=8). In PET study, standardized uptake value (SUV) was
obtained with PET images and assessed the difference in SUV between recurrent tumors and
noncancerous lesions. The relationship between the SUV threshold and diagnostic accuracy in
differentiating recurrent tumors from post-treatment changes was also assessed. The maximum SUV in
recurrent tumor ranged from 3.0 to 25.8 with a mean ± s.d. of 11.2 ± 5.7 (n=l6) and in the
noncancerous lesion ranged from 2.0 to 7.5 with a mean ± s.d. of 33 ± 1.8 (n=9). The SUV was
significantly higher in the recurrent cancer (P<0.0001). A threshold SUV of 5.0 provided optimal
diagnostic accuracy (sensitivity 93.8%, specificity 88.9%, accuracy 92.0%). It was superior to visual
interpretation of FDG PET (sensitivity 100%, specificity 55.6%, accuracy 84%). In conclusion,
semiquantitative diagnoses with SPECT using radiolabeled monoclonal antibody and PET using FOG
were accurate and useful in detecting malignant tumors.

1. Introduction
The most commonly used radionuclides for

cancer patients in Japan have been still 67Ga
citrate and 201X1 chloride produced by the
cyclotron, and new radiopharmaceuticals are
expected to be developed for the diagnosis and/or
treatment of cancer. Recently radiolabeled
monoclonal antibodies and 18F
fluorodeoxyglucose (FDG) are the most
promising drugs used for the detection of
malignant tumors, such as lung cancer and
colorectal cancer (1,2). Both drugs are mainly
used as the tomographic studies, named single
photon emission tomography (SPECT) and
positron emission tomography (PET),
respectively.

In this study, we investigated the
semiquantitative diagnoses of SPECT using
radiolabeled monoclonal antibodies in patients
with colorectal cancer and PET using FDG in
patients with recurrent lung cancer.

2. Subjects and method
2.1 Patients
In the study with SPECT, eight patients, five
males and three females (age range 30 to 80yr),

with untreated primary colorectal tumors were
studied (Table ). Each patient was diagnosed on
the basis of barium enema, endoscopy and
histological findings. Seven patients were
diagnosed as having adenocarcinoma and one
patient (patient 8 in Table) was diagnosed as
having benign tumor.

In the study with FDG-PET, twenty five
lesions in twenty five patients (37 to 75yr) were
subjected to analysis. Sixteen lesions were
diagnosed as recurrent lung cancer and the other
nine lesions as non-cancerous lesions based on
the pathological and/or clinical follow-up with
chest x-rays, CT and MRI.

2.2 SPECT
BW431/26 was labeled with " ^ T c by a

direct labeling method after reduction (3). After
labeling, lmg of intact IgG 1 with 1110 MBq of
99mXc was mixed with 100 ml physiological
saline. This solution was injected intravenously
for 10 min. All patients received an enema
before SPECT imaging. The SPECT images
were acquired in a 64 X 64 matrix over 360
degrees, 64 steps, 30 sec/step at 24 hr
postinjection with a gamma camera (Siemens
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ZLC75OO, Erlagen, Germany) fitted with a low
energy, all-purpose col lima tor and interfaced to a
computer (Scintipac 700, Shiniadzu, Kyoto,
Japan). The slice thickness was 6.5 mm.

2.3 PET
FDG was produced in the cyclotron facility

by proton irradiation of enriched 180-water in a
small-volume titanium target. Under sterile
conditions, 2-deoxyD-glucose was labeled with
18F to produce FDG by the Hamacher method
(4) using an automated system. PET was
performed with a Posicam 6.5 (Positron
Corporation, Houston, TX) that provides a 42
cm field of view (FOV), I lcm axial FOV. The
reconstructed transaxial and axial resolutions are
5.8 and 11.9 mm FWHM, respectively. Image
data obtained with Positron Camera were fed
into the independent Posicam data acquisition
system. Transmission data were obtained with
185 MBq of 68Ga for attenuation correction.
Patients fasted for at least 4hr prior to the PET
study. Transaxial PET images of the chest,
centered on the suspected lesion, were obtained
40-60 min after intravenous injection of 375
MBq FDG.

2. 4. Analysis
In the SPECT study, semiquantitative

analysis of radiolabeled monoclonal antibody
uptake in the tumor was made by visually
placing a 4 x 4 pixel region of interest (ROI) on
the tumor site of the SPECT image. The same
region of interest was placed in the contralateral
normal region. The SPECT tumor/non-tumor
tissue ratio (SPECT T/N ratio) was calculated as
the average counts/pixel in the tumor over the
average counts/pixel in the normal area. After
SPECT imaging, ail patients underwent surgical
resection of the colon tumor. The resected
specimen was then put on the gamma camera to
obtain an autoradiogram. And also small pieces
of tumor and normal colon tissue were weighed
and the radioactivity was measured by the auto
well gamma counter to obtain the
radioconcentration (cpm/g). The tissue T/N ratio
was calculated as the radioconcentration in the
tumor over the normal colon tissue. We
evaluated the relationship of tumor-to-non-
tumor tissue ratios obtained by SPECT and
surgically resected specimen using linear
regression analysis.

In the PET study, we evaluated the
standardized uptake value (SUV) in the suspected
recurrent lung cancer. The SUV, a
semiquantitative index of FDG tissue uptake, was
computed as follows:

S U V=PET acti vity/(injected dose/body
weight),

where PET activity is a calibrated dose measured
in miUicurie per milliliter (5). The color-coded
superimposed images of SUVs and transmission
data were produced with IBM RS/6000
workstation under the UNIX operating system.
The SUVs of the peak activity in the lesion were
obtained from the SUV color-coded images.
S UVs of less than 2.0 were estimated as 2.0 for
convenient statistical analysis. We evaluated the
usefulness of semiquantitative PET diagnoses
using SUVs in differentiating the recurrent lung
cancer from benign post-treatment changes. The
difference of the mean SUVs between the
recurrent tumors and noncancerous lesions was
estimated for statistical significance using Mann-
Whitney U-test. A p value of less than 0.01 was
considered significant. The relationship of
threshold SUV in the lesion and diagnostic
accuracy in differentiating recurrent tumor from
non-cancerous lesions was investigated in 25
lesions retrospectively. PET images were
visually inspected, and abnormally increased FDG
uptake in the lesion compared with FDG uptake
in surrounding normal tissue and by the
corresponding area in the contralateral lung was
interpreted as tumor recurrence. The sensitivity,
specificity and accuracy in detecting recurrent
lung cancer by visual interpretation of FDG PET
were assessed and compared with those by
semiquantitative diagnoses.

3. Results
3.1.1 SPECT with radiolabeled monoclonal
antibody

Colorectal cancer was confirmed
histologically in seven of eight patients. There
was a benign tumor in one patient (Patient 8);
histologically proven as nonspecific chronic
inflammatory tumor (Table ). The size of
lesions ranged from 35 x 35 mm to 90 x 80 mm
in diameter. The SPECT images demonstrated
intense tumor uptake in all patients with
colorectal cancer (patient 1 to 7). The tumor of
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35mm in diameter was the smallest one detected
by SPECT imaging. In Patient 2, there were
two separate lesions in 40 nun x 55 mm and the
other small one in less than 10 mm in diameter.
The smaller lesion could not be detected by
SPECT imaging. All resected tumor specimens
showed the definitive tracer uptake on the
autoradiographs of resected tumor specimens. A
small, 10-mm tumor in Patient 2 was clearly
visible on the autoradiogram of the resected
specimens, even though it could not be
visualized on the SPECT images before surgery.

The SPECT T/N ratios in seven patients
with colorectal cancer ranged from 2.7 to 12.8
and these were almost equal to the tissue T/N
ratios of resected specimens. Significant
correlation between SPECT T/N ratios and
tissue T/N ratio was revealed by linear
regression analysis (r=0.92, p<0.001, n=8) as
shown in Figure 1.

3.1.2 Illustrative case of SPECT with
radiolabeled monoclonal antibody.

Patient 2,38-yr-old male, was an
illustrative case. He suffered from left abdominal
pains and diarrhea. Barium enema and
colonoscopy showed a large tumor of 35 mm in
diameter and a small tumor of 10 mm in
diameter at the transverse colon. This patient
was diagnosed as having familial adenomatous
polyposis based on his family history. SPECT
images revealed the large lesion but could not
visualize the smaller one (Fig 2).
SPECT and autoradiographic T/N were 8.2 and
10.5, respectively. The smaller one showed a
tissue ratio of 4.8.

Patient 8,57-yr-old male, was hospitalized
for cecal tumor examination. Barium enema, X
ray CT and angiography were conducted and
revealed a mass lesion at the caecum, but it was
difficult to differentiate it from malignant
tumor. SPECT images with radiolabeled
monoclonal antibody revealed faint uptake and
its T/N ratio was relatively low (2.4).
Pathological examination confirmed a chronic
inflammatory lesion without any malignant
components.

•g.
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T/N ratio (SPECT)

12.5 IS

Fig.l. Correlation of the tumor-to normal tissue
uptake ratio obtained by SPECT and surgically
resected specimens. There was a significant
correlation (r=0.92, P<0.001, n=8)

Fig. 2. A 38-yr-old male with familial adenomatous
polyposis (Patient 2). SPECT images showed an
intense radioactivity at the region anlerioi to the
upper pole of left kidney (arrow). The SPECT T/N
ratio was 8.2.

3.2.1 FDG PET in patients with suspected
recurrent lung cancer

The size of suspicious lesions ranged from 2
x 2 x 2 cm to 9 x 6 x 8 cm on CT or MRI
images. There were sixteen recurrent tumors and
nine non-cancerous lesions in this study. The
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maximum SUV inrecurrent tumor ranged from
3.0 to 25.8 with a mean ± s.d. of 11.2 ± 5.7
(n=16) and in the non-cancerous lesion ranged
from 2.0 to 7.5 with a mean ± s.d. of 3.5 ± 1.8
(n=9) (Fig. 3). The SUV was significantly
higher in the recurrent cancer (P<0.0001). The
relationship of the threshold SUV and diagnostic
accuracy in differentiating recurrent tumor and
non-cancerous lesion is shown in Fig. 3. A
threshold SUV of 5.0 provided optimal
diagnostic accuracy (sensitivity 93.8%,
specificity 88.9%, accuracy 92.0%). It was
superior to visual interpretation of FDG PET
(sensitivity 100%, specificity 55.6%, accuracy
84%) (Fig 4). An illustrative case of FDG PET
in patient with suspected recurrent lung cancer is
shown in Fig 5.
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Fig. 3. SUV distribution of FDG. There is a
significant difference of mean SUV between
recurrent tumors and non-cancerous lesions.
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Fig.4. Relationship of the threshold SUV and
diagnostic accuracy of FDG PET studies for
differentiation of recurrent lung tumor from post-
treatment changes.

Fig. 5. A 62-yr-old male with an adenocarcinoma
showed two separate lesions located in the posterior
base of the right lung and the hilar area of the left
lung. FDG PET revealed both lesions as intense
radioactivity areas. Left hilar lesion appeared to be
focal FDG uptake (open arrow) and the recurrent
tumor was confirmed by bronchoscopy suggesting
submucosal tumor invasion. The right basal lesion
showed curvilinear FDG uptake along with pleura
(closed arrow) and the pleural effusion with negative
results of cytology increased over the next few
weeks.
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4. Discussion
Semiquantitative analysis showed that the

SPECT T/N ratios were almost equal to the T/N
count ratio determined with the resected
specimens. Significant correlation was observed
between SPECT T/N ratios and tissue T/N
ratios. Although we used " T o labeled
monoclonal antibody, the count rate of the 24-hr
SPECT images was sufficient (106 to 516
counts per pixel) for semiquantitative analysis.
Because of limitations in spatial resolution,
small tumor (< 10mm in diameter) could not be
visualized on SPECT images. Although
inflammatory lesion showed faint tumor uptake,
its SPECT T/N ratio was lower than that in the
other seven patients with colorectal cancer.
These results may indicate that SPECT T/N
ratio is a reliable semiquantitative index to
assess tumor characteristics relating to
antitumor monoclonal antibody. The SPECT
has the inherent limitations of quantitative
analysis for tumor uptake of radiolabeled anti-
tumor monoclonal antibody because of the
difficulty in correcting scatter, X ray attenuation
and partial averaging effect. Recent development
of gamma camera equipment such as attenuation
correction with simultaneous transmission-
emission acquisition technique may improve the
quantitative accuracy of SPECT with
radiolabeled monoclonal antibody.

In comparison with SPECT, PET in
general is able to provide more accurate
quantitative data because of its higher spatial
resolution to reduce the partial volume
averaging effect and the easiness of correcting X
ray attenuation. From the view point of
pharmacokinetics of FDG and radiolabeled
monoclonal antibody, FDG has less specificity
for differentiating malignant tumors from
benign lesions. In FDG PET study, we
confirmed the significant difference of SUV in
the recurrent tumors and that in the non-
cancerous lesions. Using the 5.0 SUV
threshold, the optimal diagnostic accuracy in
differentiating recurrent lung cancer from post-
treatment changes was obtained. So far,
semiquantitative analysis using SUV is a
simple and the most realistic way to differentiate
malignant disease from benign lesions but it is
not perfect since many factors such as serum
glucose level may affect the FDG accumulation
in the tumor. A clinically practical method of

quantitative analysis of FDG metabolic rate is
needed (6).

5. Conclusion
Although SPECT has limitations in

detecting small lesions because of its limited
spatial resolution, T/N ratios of the tumor with a
certain volume could be measured exactly by
SPECT. On the other hand, the recurrent cancer
could be differentiated from the post-treatment
changes using a certain SUV threshold of FDG
uptake. Semiquantitative diagnoses with SPECT
using radiolabeled monoclonal antibody and
FDG-PET may provide us useful information for
detection and treatment of malignant tumors.
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TABLE
Patient characteristics, Lesion size, Tumor-to-normal tissue ratio

Patient Age/Sex Tumor Tumor-to-normal tissue ratio
no. Histology Size (mm) SPECT Resected specimen

1
2*
3
4
5
6
7
8

54/F
38/M
80/M
72/F
57/M
73M
30/F
57/M

Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Adenocarcinoma
Benign#

35x35
40x55
40x35
90x80
35x35
56x42
70x40
70x90

12.8
8.2
8.1
7.4
5.0
4.7
2.7
2.4

14.7
10.5
7.4
4.1
6.3
3.9
2.0
2.0

* = Lesion smaller than 10 mm could not be detected
# = nonspecific chronic inflammatory tumor
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VISUALIZING THE SITE OF DRUG ACTION IN LIVING HUMAN BRAIN
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1. Introduction
Brain research involving the identification of

neurotransmission is largely based on compounds
developed in psychopharmacology. Some of these
compounds have been radolabelled and are used as
radioligands for quantitative examination of
neuroreceptors and other aspects of neurotransmission.
Using positron emission tomography (PET),
localization and characterization of drug binding sites
can now be analyzed in the human brain in vivo. PET
techniques also allow evaluation of an unlabelleddrug
by examination of its interaction with a radioligand.

2. Serotonin Transporter
Serotonin transporter has been believed to be one of

the important sites of action of antidepressants. We
have examined the effect of the tricyclic antidepressant,
clomipramine, on serotonin transporter. Using the
newly developed serotonin transporter ligand
[uC]McN5652-X (Fig. 1.), the effect of acute
administration of a therapeutic dose (50 mg) of
clomipramine has measured by PET. The uptake of
["C]McN5652-X in the thalamus was blocked
significantly after pretretament with clomipramine.

1.2

1

o.a

0.6

0.4

0.2

0

I"

Thalamus

• • • • " *

C]McN56552-

• *

cortex

. . . . •

cerebellum

X

* *

4 ft

• •

0 10 20 30 40 50 60 70 B0 90

Time (mini

Fig.l. Time activity curve of ["C]McN5652-X

3. Dopamine Dl Receptor
The neurotransmitter receptors are also important for

the investigation of the pathophysiology of brain
disease and normal brain function. Although the effect
of age on neural transmission has not fully
investigated, age related changes of drug effects have
been reported The brain dopamine system plays an
important role in several neuropsychiatric disorders.
Dopamine receptors are classified into five different
classes; currently Dl and D2 receptors can be
visualized with PET. We have mesured the dopamine
Dl receptor using ["C]SCH2339O. Age related
decrease in Dl receptors were observed by PET
(Fig.2.). In patients with bipolar mood disorders, we
have found decreased dopamine Dl receptor binding in
the frontal cortex.

Another important illness in psychiatry is
schizophrenia. We have studied both dopamine D1 and
D2 receptors in schizophrenic patients by PET.
However, no significant change was observed in
striatal dopamine receptors.
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Fig.2. Time activity curve of ["C]SCH2339O (old and
young subjects)
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4.Conclusion
PET is the only technique available to date to

measure molecular interactions in vivo, but the basic
mechanism of molecular interaction in vivo is not yet
fully understood However, PET can allow
visualization of various phenomena which we cannot
observe with in vitro techniques. Progress in PET
study will provide a new viewpoint for drug
development and the study of molecular mechanism in
the brain.
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Studies of Radioisotope Production with an AVF Cyclotron in TIARA

Toshiaki SEKINE

Department of Radioisotopes, Japan Atomic Energy Research Institute
1233 Watanuki, Takasaki, Gunma 370-12, Japan

The production of radioisotopes to be used mainly for nuclear medicine and biology is studied with an AVF
cyclotron in TIARA. A production method of no-carrier-added 186Re with the 186W(p,n)186Re reaction has
been developed; this product may be used as a therapeutic agent in radioimmunotherapy due to the adequate
nuclear and chemical properties. For the study of the function of plants using a positron-emitter two-dimen-
sional imaging system, a simple method of producing the positron emitter F in water was developed by
taking advantage of a highly-energetic tt beam from the AVF cyclotron.

1. Introduction
JAERI has produced various radioisotopes from

neutron-induced reactions using nuclear reactors at
the Tokai site and the Oarai site. Products are
supplied to users across Japan in medical,
industrial and scientific fields. As to charged-
particle reactions, a tandem accelerator was used to
produce radiotracers such as 95mTc [1] and 237Pu [2]
with proton and deuteron beams having energies up
to 25 MeV.

With increasing demands on radioisotopes
produced with accelerators, a facility for radioisotope
production was constructed as a part of the TIARA
facilities.3^ With this facility, radioisotopes are
developed in collaboration with users mainly in
fields of nuclear medicine and biology.

2. Radioisotope-production facility in TIARA
The AVF cyclotron with a AT-number of 110 in

TIARA delivers energetic light-ion beams such as
protons with energies up to 90 MeV as well as
particles of 2H, 3He and ^ e . With these beams, a
broad range of radioisotopes can be produced. For
example, we can produce a substantial amount of
28Mg with a 108-MeV 4He beam; this radioisotope
is a useful tracer in life science, but its production
with a small-size cyclotron is difficult.

For the production of radioisotopes needed in
nuclear medicine and biology, including n C , 1 N,
18F and metallic radioisotopes, various targets in
solid, gas and liquid must be irradiated. Since only
one beam line was available for this purpose,
irradiation apparatuses for those physically different
targets were integrated on a movable plated With
this system, solid, gas and liquid targets can be
irradiated sequentially at short intervals. Targets are
transferred semi-automatically between the irradia-

tion port and the hot-laboratory. A solid target fixed
in an aluminum holder is carried by a truck running
on a monorail line. Gas and liquid targets can be
transferred through pipes as usual.

The hot laboratory has two sets of shielded cells,
each of which consists of three cells. In one set,
solid targets are processed chemically. In the other,
labelled compounds are synthesized from gas and
liquid targets, CH3I labelled with n C can be
produced at present. A glove box was also installed
for processing a emitters; the development of At
is planned.

For possible production of high purity radioiso-
topes and radioisotope-implanted sources, an isotope
separator is introduced. At present, it is connected
on-line to the AVF cyclotron and is used for the
separation of short-lived isotopes far from the
stability line, followed by nuclear spectroscopic

,4,5)measurements.

186Re for3. Development of no-carrier-added

radioimmuno therapy
In radioimmunotherapy, monoclonal antibodies

labelled with a radioisotope locate certain cancer
cells and the radiations accompanying the decay of

Table 1 Radioisotopes considered to be candidates for
radioimmunotherapy 6^

Decay mode

a decay

EC decay

p ' decay

Nuclides (half-life)

2 n At (7.2 h), 212B< (1.0 h)

125I (60.1 d)

32P (14.3 d), 67Cu (2.58 d), ^Y (2.67 h),
105Rh (1.48 d), 109Pd (13.4 h), m I (8.0 d)
18<5Re (3.8 d), 188Re (16.9 h), 199Au (3.1 d)
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Fig. 1 Experimental excitation function of the
186W(p,n)186Re reaction

the radioisotope kill the cancer cells. This purpose
requires high LET radiations. Accordingly, radioiso-
topes to be used for radioimmunotherapy are a-iay,
Auger electron (EC-decay nuclides) and p'-ray
emitters, as listed in Table 1. Among them, we
firstly have developed a production method of Re.
186Re is a p'-ray emitter with a maximum # '-energy
of 1.07 MeV. It has a 9% abundant y -ray of 137
keV which is suitable for imaging; this means that
diagnosis by radioimmunoscintigraphy can be carried
out in parallel with radioimmunotherapy. The
relatively-long physical half-life of 3.8 d makes the
nuclide a candidate for use as a therapeutic agent. In
addition, 186Re has a possibility of labelling a
variety of compounds as 99mTc, since rhenium and
technetium are members of the same 7A group in
the periodic table.

In previous works, 186Re was produced from the
(n, y) reaction in a nuclear reactor, being accompa-
nied by the carrier 185Re. As therapeutic agents in
radioimmunotherapy, carrier-free or no-carrier-added
(N.C.A.) products are favorable. We intended to
produce N.C.A. 186Re from the 186W(p,n)186Re
reaction, since production of carrier-free Re is
practically impossible; the excitation functions of
the 186W(p,n)186Re and 186W(p,2n)185Re reactions
overlap each other with a small energy difference.

3.1 Excitation function of the 186W(p,n) 186Re

reaction '

In order to estimate the yield of ' Re, the
excitation function of the 186W(p,n)186Re reaction
was measured up to 20 MeV using the stacked-foil
technique. The stacked-foil targets were irradiated

;t 10*

| ,0»

_ • - • - • - • - •

• 18f'W mcUl

O I W i wo,

10 20
Proton Energy (MeV)

Fig. 2 Thick target yield of 186Re from the
186W(p,n)-reaction, estimated on the basis of the
experimental excitation function in Fig. 1.

with proton beams of 0.1-0.5 uA for 10-30 minutes.
The radioactivities produced in the foils were
assayed by Y-ray spectrometry using a calibrated Ge
detector. Figure 1 show the experimental excitation
function of the 186W(p,n) 186Re reaction in
comparison with that calculated with the ALICE
code.8) It was found that the excitation function
peaks at 10 MeV with a pronounced tailing on the
high energy side. The tailing is well reproduced by
the theoretical model, including a contribution of the
pre-compound emission.

From the excitation function, the thick target yield
can be estimated as shown in Fig. 2. In the produc-
tion of 186Re, described in the following section, we
chose a proton energy of 13.6 MeV, avoiding
production of 184Re in higher proton energies (see

3.2 Production of Re from an enriched

[l86W] WO3 target1^
A 99.79%-enriched [186W]WO3 powder was used

as a target. It was pressed at 680 kg/cm2 into a disk-
shaped pellet with a diameter of 10 mm or 13 mm
and a thickness of 550 to 735 mg/cm , and then
was baked at 9 0 0 ^ for 24 h.

The target was irradiated with 13.6 MeV protons
at a beam current of approximately 3 uA. The
irradiation continued for a period of 5 h. After
irradiation the target was recovered from the
irradiation port and transported on a truck to the
shielded cell in the hot laboratory.

The chemical separation method used in this work
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is as follows: The WO3 disk was dissolved in 30 mt
of 1M NaOH, after being heated to 9 8 t . The 186Re
separation was accomplished by an anion exchange
method with the resin DIAION SA#100 (100-200
mesh). The resin was contained in a 10 mm-diameter
and 5 cm-long column. The solution was loaded on
the column which was then washed with 70 mi of
0.5M NaOH: 0.5M NaCl solution and then 25 m« of
1.5M HC1 at a typical flow rate of 1.5 mj/min. This
served to remove 187W and 183Ta as well as the
stable tungsten. The 186Re was eluted from the
column with 80 m{ of 4M HNO3 and was recovered
in approximately 90% yield. The 186Re solution was
evaporated on a hot plate near to dryness and
dissolved in 5 m<! of water. The evaporation of the
solution near to dryness was repeated once more.
Finally, the rhenium activity was dissolved in 5 m(
of saline for subsequent experiments, and an aliquot
of the solution was taken for y-ray analysis with a
Ge detector. The radiochemical purity was found to
be more than 99%.

3.3 Properties of HEDP labelled with 186Re[9]
^ .e can be complexed with hydroxy ethylidene

diphosphonate (HEDP). This complex is used for the
palliation of pains due to bone metastases, localizing
in bone by binding the hydroxyapatite. The method
of preparation of 186Re-HEDP was a modification of
that reported by de Klerk et a/.,10) in which
186Re-HEDP was formed by reduction of SnCl2 in
the presence of perrhenate. The yield of 186Re-HEDP
was determined by thin layer chromatography. The
yield was found to depend on pH of the reaction
mixture, and a yield of more than 95% was

100

Q
ux
"X,

k

80

60

£ 40

20

Rcnclor-
produccd
We

Cyclolron-
produccd
1R6Re

pH

Fig. 3 pH dependence on the yield of 186Re-
HEDP prepared from N.C.A. (cyclotron-
produced) 186Re and reactor-produced 186Re.

obtained at pH 1.2.

We studied the effect of pH on the 186Re-HEDP
yield for N.C.A. 186Re and reactor-produced 186Re.
The pH of the solutions, prepared at pH 1.2, was
adjusted by addition of 0.1M sodium acetate
solution. The results indicated a difference between
N.C.A. 186Re and reactor-produced 186Re, as shown
in Fig.3. The mechanism causing this difference
should be investigated in relation to radiochemical
properties of the elements of the 7A group in the
periodic table.

3.4 Ta as a by-product: production of a biomedi-
cal tracer '

There is potential interest in using a carrier-free
radiotracer of Ta in order to do ecotoxicity studies,
or pharmacokinetic studies of Ta. The 178W (TV2 =
21.6 d)/178Ta (TV2 = 9.3 min) generator was
proposed for heart blood flow studies. The longer-
lived 183Ta radionuclide offers considerable
advantages as a biomedical tracer. 183Ta has suitable
nuclear decay properties with a half-life of 5.1 d;
and decay by P-radiation (£max = 0.61 MeV, > 95%)
with accompanying y-radiation at 108 keV, 246 keV
and 353 keV.

As described in 3.1, 183Ta was produced with
186Re in the reaction 186W(p,oc)183Ta, and eluted
with W in anion exchange chroma tography. The
183Ta could be separated from W using the highly
selective chromatographic separation utilized for the
178w/178Ta g e n e r a t o r

The thick target production yields were deter-
mined at 13.6±0.15 MeV using the 186WO3 targets
to give resultant yields of 183Ta of 516 ±342
Bq/uAh. The larger scale production of 183Ta
together with Re on a compact cyclotron using a
300-3000 uA proton beam seems feasible due to the
high melting point of the tungsten oxide and
tungsten metal targets. As recent advances in the
ion sources for the IBA compact cyclotron indicate
that beam currents of up to 3 mA are attainable,
larger quantities of 183Ta as well as 186Re may be
produced in the future.

4. Production of positron-emitters for the study of
the function of plants
Positron emitters give us a possibility of studying

the physiological function of plants in vivo by
applying the technique of positron emission
tomography (PET) used in nuclear medicine. Kume
and his co-workers12^ have constructed a positron-
emitter two-dimensional imaging system in TIARA
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Rubber cap

Ti windowJj _ \
\j (0.1 mm)

Fig.4 Target system for the production of F in

and started to study the function of plants. In their
first study, the positron emitter of F was used as a
water tracer.

F was produced by the O(et,n)-reaction in a 6
m( of ultra-pure water. The water target was put in a
Ti vial, shown in Fig.4, and was irradiated with a
46-MeV a beam of a current of 1 uA for 40 min.

The irradiated target was transferred on a truck to
the hot laboratory. The water target was taken out by
the syringe and purified by a cation-exchange
method for subsequent experiments on plants. The
yield of F was found to be 88 MBq at the end of
bombardment. No other radioactivity was detected in
the final solution. No damage ascribable to the o-
beam irradiation was found on the window of the
target holder.

We may claim that the irradiation system is not
difficult to operate and the product can be treated in
safety at subsequent experiments; from this F in
water, synthesis of 2-18FDG (2-[18F]fluoro-2-deoxy-
D-glucose), which is the most frequently used
organic radiopharmaceutical in studies with PET, is
also possible. Another merit of this method is that
there is no loss of the radioactivity through the
transfer from the irradiation port to the hot laborato-
ry-

5. Conclusion
With the construction of an AVF cyclotron in

TIARA, the development of radioisotopes mainly for
nuclear medicine and biology has started. So far, a
production method of N.C.A. Tie has been
established with the 186W(p,n)-reaction. In the same
projectile and target, Ta was produced, being as a
useful Ta tracer. A practical application of these
isotopes will be possible by larger-scale production
with a high-current compact cyclotron.
In labelling HEDP, N.C.A. 186Re showed a pH

dependence different from that of reactor-produced

Re. This behavior should be studied further.

A production method of F in water has been

established for the study of functions of plants
using a positron-emitter imaging system. This study
will be extended by using other positron-emitters
such as C, N and metallic radioisotopes.

REFERENCES
1) M. Izumo, H. Matsuoka, T. Sorita, Y. Nagame,

T. Sekine, K. Hata and S. Baba, Appl. Radiat.
Isot. 42 (1991) 297.

2) S. Baba, K. Hata, M. Izumo, R. Motoki, and T.
Sekine, Int. J. Appl. Radiat. Isot. 36 (1985) 564.

3) T. Sekine, M. Izumo, H. Matsuoka, K.
Kobayashi, N. Shigeta, A. Osa, M. Koizumi, S.
Motoishi, K. Hashimoto, Y. Hatsukawa, F.
Miura, T. Sorita, T. Moriya, H. Kudo, H.
Umezawa and H. Watanabe, Proc. 5th Int.
Workshop on Targetry and Target Chemistry,
BNL, Upton, New York, Sep. 19-23, 1995,
p.347.

4) T. Sekine, A. Osa, M. Koizumi, S. Ichikawa, M.
Asai, H. Yamamoto and K. Kawade, Z. Phys.
A349 (1994) 143.

5) A. Osa, M. Asai, M. Koizumi, T. Sekine, S.
Ichikawa, Y. Kojima, H. Yamamoto and K.
Kawade, Nucl. Phys. A588 (1995) 185c.

6) K. Yokoyama, S. Kinuya, N. Tonami and K.

Hisada, RADIOISOTOPES 44 (1995) 123.
7) N. Shigeta, R.M. Lambrecht, H. Matsuoka, A.

Osa, M. Koizumi, K. Kobayashi, M. Izumo, K.
Hashimoto and T. Sekine, J. Radioanal. Nucl.
Chem. 205 (1996) 85.

8) M. Blann, University of Rochester Report No.
C00-3494-29 (1975).

9) N. Shigeta, H. Matsuoka, T. Sekine, A. Osa, M.
Koizumi, K. Kobayashi, S. Motoishi, K.
Tomiyoshi, N. Oriuchi, N. Watanabe, K. Endo
and R.M.Lambrecht, JAERI-Review 95-019
(1995),p.l79.

10) J.M.H. de Klerk, A. van Dijk, A.D. van het
Schip, B.A. Zonnenberg and P.P. van Rijk, J.
Nucl. Med. 33 (1992) 646.

11) N. Shigeta, R.M. Lambrecht, H. Matsuoka, A.
Osa, M. Koizumi, K. Kobayashi, M. Izumo, K.
Hashimoto and T. Sekine, Appl. Radiat. Isot. 47
(1996) 171. ,

12) T. Kume, S. Matsuhashi, M. Shimazu, J. Ito, T.
Fujimura, K. Adachi, H. Uchida, N. Shigeta, H.
Matsuoka, A. Osa and T. Sekine, paper in the
same volume.

- 89 -



Session IV
Interaction of ions with matter and materials analysis



Proceedings of the 7th International Symposium on Advanced Nuclear Energy Research
Recent Progtess in Accelerator Beam Application (March 18-20. 1996, Takasaki, Japan)

JAERI-Conf 97-003

ADVANCED APPLICATIONS OF ION CHANNELING
FOR THE STUDY OF IMPERFECTIONS IN CRYSTALS

M.L. SWANSON

University of North Carolina, Chapel Hill, NC 27599-3255, U.S.A.

A review will be given of the applications of medium energy ion channeling for the studies of imperfections in
the near-surface regions of crystals. The following topics will be discussed: (1.) epitaxial layers, including
elemental depositions of a few monolayers, strained-layer superlattices, and compound layers; (2.) lattice
defects, including ion damage in diamond, dislocation networks in Si, and anomalous lattice vibrations in high
temperature superconductors; (3.) lattice sites of solute atoms, including substitutional sites in compounds
(LiNbO3 and GaP), and interstitial sites produced by association with point defects.
Keywords: channeling, imperfections, epitaxial layers, ion damage, diamond, lattice sites, solute atoms.

1. Introduction
Ion channeling is the steering of a beam of

energetic ions into the open spaces (channels)
between close-packed rows or planes of atoms in a
crystal. Channeling has been used for many studies of
imperfections in crystals, including the quality of
epitaxial layers, lattice defects, lattice sites of solute
atoms and perfection of surfaces [1, 2]. We shall
consider the first three of these areas. These
applications of channeling are made possible by the
fact that well-channeled ions interact with any
displaced atoms in crystals, sometimes in subtle
ways. For example, the steering of channeled ions in
strained layer superlattices can be affected by the
different lattice spacings in the different layers,
causing coherent effects such as catastrophic
dechanneling. On the other hand, large scale damage
to a crystal is easily seen by the complete absence of
channeling in the damaged layers; an example is
amorphous layers caused by ion implantation of
semiconductors or insulators. The positions of solute
atoms in crystals can be determined by utilizing the
different interactions of channeled ions with the
solute atoms along different channels. We shall
present examples of these channeling applications.

2. Epitaxial layers
2.1 Thin epitaxial layers

For channeling alignment of a crystal, a surface
peak is seen in the backscattering yield, because the
surface atoms behave like randomly positioned
atoms; that is, they are not shadowed by overlying
atoms. The magnitude of the surface peak can be
used to determine the perfection of the first few
layers of one element deposited epitaxially on another
element. Only if the overlayers are deposited
epitaxially, as shown in Fig. 1 (inset) for a layer of
Au atoms on a (111) Ag substrate [3], are the
substrate atoms shadowed from the incoming
channeled beam of ions, giving a reduced surface
peak for the substrate atoms. Even a single atomic
overlayer can reduce the yield considerably, but not
completely, because the thermal vibrations of the
substrate atoms normally project beyond the shadow
cone of the ions.

In Fig. 1, for <110> alignment of a Ag crystal, one
monolayer of Au reduced the Ag surface peak to
about half of the value for a clean Ag surface, and
three monolayers of Au almost completely shadowed
the surface Ag atoms. These results are in good
agreement with the calculated shadowing effects,
taking into account the thermal vibrations [1,2].

. 1-M*V H«

(a) (b) (c) (d)

% 4 monolayori Au
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Fig.l. Backscattering spectra for 1 MeV He ions incident
along a <110> axis of (a) a clean Ag (111) surface and (b),
(c), (d) Au-covered surfaces. The Ag surface peak
decreases because of the Au overlayers (from Culbertson et
al. [3]).

2.2 Strained-layer superlattices
Channeling has been used to determine the

amount of elastic strain in strained-layer superlattices
[4, 5]. As illustrated in Fig 2 (top panel), the elastic
strain in these structures causes the channeling
alignment to differ slightly in the different layers. It
might seem that the tilting of the lattice from one
layer to the next should be directly given by the
different angles for channeling alignment in the
different layers. However, because the ion beam is
steered by the first layer before reaching the second,
the measured shift in channeling alignment using
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Fig. 2. Channeling in superlattices.
Top panel: illustration of a GaAs/InGaAs superlattice

with channeling beam paths.
Bottom panel: [110] angular scans in an

Inrj i5Gao.85As(38nm)/GaAs(38nm) strained-layer
superlattice with the smaller lattice constant material
(GaAs) being the top layer. The backscattering yield for the
first layer (As scattering signal) and the fifth plus sixth
layers (Ga and As signals, respectively) are shown. The
angle \J/ is measured with respect to the [ 100] axis, which is
normal to the surface. A schematic representation of the
[110] rows for each layer is also shown (from Picraux et al.
[4, 5].

only the first and second layers gives an erroneously
small value for the angle Ay between planes. A better
method is to compare the alignment of the first layer
with that of the substrate, or with the average for
several deeper layers, as shown in Fig. 2 (bottom
panel) for an Ino i5Gao.85As(38nm)/GaAs(38nm)
strained-layer superlattice [4, 5 ]. The measurement
gave an angle Ay/2 = 0.32°, which is close to the
angle calculated for this superlattice.

A more sophisticated determination of Ay is
obtained by measurements of "catastrophic
dechanneling", which is caused by a resonance
between the wavelength of the planar channeled
trajectory and the superlattice period [6]. It results
from the fact that an ion beam which is directed
slightly to one side of the channeling alignment in the
first layer is steered into the walls of the second layer,
causing very strong dechanneling. Similarly, resonant
channeling can occur when the beam is directed on
the other side of alignment.

2.3 Compound layers
Channeling has often been used to measure the

quality of compound epitaxial layers (pseudomorphic
films), or buried compound layers, such as those

produced by ion implantation [1, 2, 7]. As an
example, channeling data for a 72 nm layer of NiSi2
on (111) Si is shown in Fig. 3. The ratio of <111> to
random yields givesXNi = 004, which is close to that
expected for a perfect NiSi2 crystal. The random
spectrum gives the stoichiometry of the material from
the ratio of the Si yield in the plateau region to the Ni
yield in the large peak. Since (Zjsfi/ZsO^ = 4, the
ratio of the Ni yield to the Si yield should be
approximately 2, as observed. The <111> channeling
data for Si in the region of the interface (around 1.1
MeV) also indicate that there is very little lattice
disorder there, since disorder would show up as a
small peak in the Si yield at that point.

0
0.8 1.0 1.2* 1.4

SI NI
Backscattered energy (MeV)

Fig. 3. Random and <111> channeling spectra for a 72 nm
NiSi2 epitaxial film on a (111) Si substrate (from Chiu et
al. [7]).

3. Lattice defects
3.1 Damaged layers in diamond

Channeling is the best non-destructive method of
observing buried damaged layers. The influence of
annealing on the buried damaged layer produced in
diamond by C ion implantation [8] is shown in Fig. 4.
Here 200 keV C + ions were implanted into natural
diamond at 77K to a fluence of 3x l0 1 5 c n r 2 and
then the sample was annealed at 950°C in vacuum.
The near-surface region (at 500-700 keV in Fig. 4)
recovered completely during the anneal, while the
central region, where the damage density was the
greatest (the channeling yield reached the random
level), showed no recovery of the lattice structure
after annealing. The region behind the damaged layer
also channeled like a virgin crystal with an increased
yield due to dispersion of the analyzing beam passing
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through the damaged region. The sharp drop from
the random to the near virgin level on either side
of this layer suggests a well defined cut-off for the
amount of damage that can be recovered by
thermal annealing.

In the layer which showed no channeling, the
diamond was a striking golden green color after
annealing. This "green phase" was thermally stable

to at least 1600°C. It exhibited the hardness and
chemical inertness of diamond, although it was
several orders of magnitude more conductive. From
TRIM calculations it was found that the initial
defect density necessary to produce the "green
phase" was -7-10 at%. Higher dose implantations
showed that there exists a critical damage density
above which the "green phase" is no longer
formed, and the diamond is sufficiently
amorphized to form a graphite layer after thermal
annealing. This layer is many orders of magnitude
more conductive than diamond and etches readily
in chromic acid [8].

500 | i n , i I

„„.„ K&K1QOI11

4oo wu i ~~"y i r ^ n ^ j
Implanted H
Annealed A

400 500 600 700 800
Energy (keV)

Fig. 4. RBS/channeling of natural diamond implanted
with 3x1015 C+/cm2 at 200 keV and annealed at 950°C
for 30 min [8].

3.2 Dislocation networks in silicon
A classic example of the use of channeling to

study dislocations was given by Picraux et al. [9].
A network of misfit dislocations (Fig. 5, top panel)
was created in Si at a well-defined depth by
implanting the Si with P to a fluence of 10^" cm'2
and then annealing at 1323K to diffuse the P into
the crystal. Because of the lattice contraction in
the P-doped region, an array of misfit dislocations
was created at the boundary of that region. The
depth of that dislocation network, at 450 nm, is
easily determined from the position of the step in
the channeling spectrum for either <111> axial
alignment or {110} planar alignment (Fig. 5,
bottom panel). The step is much larger for the
planar channel because planar channels have
smaller half widths than axial channels. Since the
rates of dechanneling (the slopes of the yield
versus depth curves) were almost the same above

and below the dechanneling steps, the crystalline
perfection was similar on either side of the
dislocation network. The total dislocation
concentration can be estimated from the
magnitude of the step height.

3000 A

Depth dim)
1.5 1.0 0.5 SI

2.5 MeV
«H8

Axial channeling

0.8 1.0 1.2 1.4
Energy (MeV)

1.6

Fig. 5. Top panel: Transmission electron micrograph of a
misfit dislocation network in P-diffused Si.

Bottom panel: Backscattering spectra for 2.5 MeV He
ions incident along (110) planar and <111> axial
channels (from Picraux et al. [9]).
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3.3 Lattice vibrations
Channeling can also be used to investigate lattice

vibrations in materials, since channel widths are
strongly dependent on this atomic motion. Good
examples of such studies are the lattice vibrations of
interstitial deuterium atoms in Pd [10], and
anomalous lattice vibrations in high temperature
superconductors [11,12].

In the superconductors YBa2Cu3O7.5 and
ErBa2Cu3O7-8, which have an orthorhombic
perovskite structure, a very strong discontinuous
change in the width of the [001] axial channel
occurred at the superconducting transition
temperature, T c . Backscattering measurements
showed that the channel width increased by about
0.2° as the temperature was lowered through Tc>

indicating a 'stiffening' of the lattice (reduction in
lattice vibrations) in the superconducting state [11].
As shown in Fig. 6 (top panel) for the Er material,
this change occurred only for the Er + Ba + Cu
signal, but not for the Er + Ba signal, indicating that it
was the Cu atoms that exhibited the anomalous
change. In the Y material, a similar change occurred,
but the Y signal could not be separated from the Cu
signal, so that it was not known whether the change
was due to the Cu-0 sublattice or the Y-Ba sublattice.
More recent results, using characteristic X-rays to
isolate the channeling yield from Cu atoms [12],
substantiated the earlier backscattering data, and

i.o
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Fig. 6. Change in channel width at the superconducting
transition temperature of ErBa2Cu3O7_5.

Top panel: [001] axial channeling scans obtained from
the combined Er-Ba-Cu yields (closed symbols) and from
the Er-Ba yields (open symbols) at 80 K and 100 K.

Bottom panel: Temperature dependence of the
vibrational amplitude u for Er-Ba and Cu-O rows as
determined from [001] angular scans using Er-Ba
backscattering signals and Cujta X-ray yields, respectively
(from Sharma et al. [11, 12]).

showed that the discontinuity occurred at the
transition temperature for materials having both T c =
92K and T c = 54K (Fig. 6, bottom panel).

Neutron diffraction data for these superconductors
did not show a discontinuity of the average lattice
vibrations at T c . It was concluded that the anomaly
seen by channeling was due to displacements in the
Cu-0 rows, which could be caused by correlated
atomic vibrations or by static distortions. Thus
channeling can provide information on phonons not
available by any other means.

4. Lattice sites of solute atoms
4.1 Substitutional sites in LiNbO3

Ion channeling has often been used to determine
the lattice positions of solute atoms in crystals. The
solute atoms may occupy interstitial sites,
substitutional sites, random sites, or special positions
caused by association with other lattice defects, such
as vacancies [1, 2]. In simple cases, the lattice sites
can be found by comparing backscattering yields in
only two axial channels. For example, the tetrahedral
interstitial site in the face-centered-cubic structure is
exactly in the center of <100> channels, giving a
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large peak in yield for a <100> axial scan, and is
completely shadowed along <111> axial channels,
giving a yield equal to that of the host atoms. In more
complicated cases, especially where solute atoms
occupy several different lattice sites, it is necessary to
do detailed angular scans, and to analyze the results
using analytical [13] or Monte Carlo [14]
calculations.

Even in complex structures such as LiNbO3, the
positions of solute atoms can be found. As shown in
Fig. 7, the angular scans for Ta solute atoms were
identical to those of the host Nb atoms, whereas the
angular scans for Hf atoms were completely different
[15]. The results show that Ta atoms replace Nb
atoms in LiNbO3, but that Hf atoms occupy Li sites.
This result was not expected, because the atomic radii
of Ta and Hf are almost the same.
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Fig. 7. Angular scans for Li NbC>3 containing Ta or Hf.
Top panel: normalized backscattering yields from Ta

and Nb for the [0221] and [1120] axes and the (0001)
plane.

Bottom panel: normalized backscattering yields from Hf
and Nb for the [0001], [04*1] and [llSO] axes and (0001)
plane. The lines were drawn to guide the eye (from Rebouta
etal. [15]).

4.2 Substitutional sites in GaP
An important question for compound

semiconductors is whether amphoteric elements like
Si or Sn occupy group III or group V lattice sites in
compounds like GaAs and GaP. Both axial and planar
channeling methods can be used to determine the

lattice sites. The principle of the planar method is that
(111) planes in GaP are bounded on one side by Ga
atoms and on the other side by P atoms [16]. Thus a
beam of ions directed towards the Ga wall of the
channel is steered so that it encounters only Ga atoms
at a specific depth, equal to approximately A/4, where
X is the wavelength for planar depth oscillations.
Similarly, a beam directed towards the P wall of the
channel encounters only P atoms at a similar depth.
Thus oscillations in yield from Ga atoms and P atoms
vary with depth in a complementary way, and
oscillations in yield from dopant atoms vary
quantitatively in the same way as from the host atoms
which they replace. The sites occupied by the dopant
atoms can be identified at any depth where the
oscillations are measurable. The tilt angle and beam
energy can be 'tuned' to a specific depth. The axial
channeling method uses the same principle, but the
axial depth oscillations damp out much faster than the
planar oscillations [17].

Fig. 8 illustrates the application of the planar
channeling method to locate In atoms in GaP. The In
was implanted at 100 keV to a fluence of 1015 c m 2

at 400°C. The projected range was 33.8 nm, and is
shown in the figure. Channeling results for <100>
axial alignment indicated that the In atoms were
almost all substitutional. Strong oscillations in the Ga
yield are seen to a depth well beyond the projected In
range. At the depth of the In atoms, the Ga yield was
much greater for the negative angle than for the
positive angle. The corresponding yields from In
atoms were 127 and 49 counts, indicating that the In
atoms replaced Ga atoms, as expected since both In
and Ga are group III elements. Similar experiments
can be done to measure the fraction of amphoteric
elements like Sn on Group III or V atom sites.

2100

3 1 0 ENERGV (relatiue units)

Fig. 8. Backscattering spectra for 2 MeV He ions incident
on a GaP crystal implanted with 100 keV In atoms at
400°C. Spectra are shown for {111} planar alignment, and
for angles of -0.2° and +0.2° from alignment.
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4.3 Interstitial sites in Al caused by vacancy trapping
In general, when a solute atom traps a vacancy,

the solute atom is displaced somewhat towards the
vacant lattice site. This displacement is usually small
in the case of single vacancy trapping, but can be
large if several vacancies are trapped. Usually, large
solute atoms trap vacancies, and small solute atoms
trap self-interstitial atoms, because the strain around
both the defects and the solute atoms is minimized in
this way.

o i
Angle from <100> direction (degrees)

Fig. 9. <100> angular scans for irradiated Al-0.02at.%In.
Backscattering yields % of 1 MeV He ions from Al and In
atoms are shown as a function of the angle from a <100>
axis [18]. The sample was irradiated with 1 MeV He ions to
the indicated fluences at 35K, and then annealed for 600s at
22OK before each of the angular scans. The yields were
measured at 35K for a depth interval of 50 - 280nm from
the surface. Since the Al yields were almost independent of
the irradiation fluence, only one set of Al data is shown.
The inset shows the deduced interstitial position of an In
atom (•) surrounded by four vacancies (o).

An example of the effect of vacancy trapping [18]
is shown in Fig. 9. A dilute alloy of Al contained 0.02
at%In was irradiated in situ with He ions at 35K to
produce vacancies, and then annealed at 220K to
mobilize the vacancies. An In atom can trap three
vacancies to form a defect complex consisting of a
tetrahedral interstitial In atom surrounded by four
vacancies, as illustrated in the inset of Fig. 9. Only
this defect complex can produce the observed large
peak in yield for <100> axial channels (Fig. 9), since
the tetrahedral position is exactly in the center of
<100> channels [1, 2, 18]. The peak to valley ratio in
Fig. 9 was equal to 2.3 for the largest fluence, in

agreement with calculated values for tetrahedral
interstitial sites. At this fluence, an amazing 60% of
the In atoms occupied these tetrahedral sites.
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GLANCING-ANGLE SCATTERING OF FAST IONS AT CRYSTAL SURFACES

Michihiko MANNAMI, Kazumasa NARUMI, Humiya KATOH and Kenji KIMURA
Department of Engineering Science, Kyoto University, Kyoto, 606-01 Japan

Glancing angle scattering of fast ions from a single crystal surface is a novel technique to study ion-surface
interaction. Results of recent studies of ion-surface interaction are reviewed for ions with velocities faster than
the Fermi velocity of solid. For the ions with velocities less than the Fermi velocity of target valence electrons
the ion-surface interaction shows a new aspect where only the valence electrons of target solid participate in the
stopping processes. It will show that the position-dependent stopping power of a surface for these ions governed
by the elastic collisions of valence electrons and the ions. A method is proposed from this position-dependent
stopping power to derived the electron density distribution averaged over the plane parallel to the surface.

1. Introduction
Study of the interaction of fast ions with solid

surface is important for the better understanding of the
underlying physics and for the various applications of
ion-beam techniques. Most of the studies of ion-
surface interaction of fast ions have been done on the
state of targets and not on the projectile ions. This
may be simply due to the experimental situation where
we observe the ions after interacting with both surface
and bulk of solid. It is not easy from the states of
these ions to extract the effect of surface on the ionic
states.

It was Thompson and his group who first
studied the glancing-angle scattering of fast ions from
a surface of tungsten single crystal [1]. Their crystal
surface was not clean but they observed specular
reflection of ions from the surface. Since their studies,
not much attention was paid to this scattering
geometry for fast ions, except for the studies of
alignment and polarization of scattered ions [2,3]. On
the other hand, surface scattering of lower energy ions
has been extensively studied [4].

Recently we have shown that glancing angle
scattering of fast ions from an atomically flat surface
is a novel method to study ion-surface interaction.
This geometry of particle and surface is similar to the
reflection high energy electron diffraction (RHEED).
The ions cannot penetrate a flat surface and the states
of scattered ions show only the results of ion-surface
interactions taking place when the ions are in vacuum.
We can probe the ion-surface interactions up to the
distance 0.3 ran from the surface atoms by changing
the glancing angle.

In the present paper, firstly we review briefly
our studies on ion-surface interaction with glancing-
angle surface scattering of fast ions (v > vp), and then
present a study of ion-surface interaction at lower ion
velocities.

2. Ion Tnyectories
At glancing-angle incidence of a fast ion on

an atomically flat surface, the ion is reflected if the
angle of incidence is smaller than a critical angle. The
scattering angle is 28,, where 6, is the angle of
incidence to the surface, and this is called specular
reflection. The closest approach x,,, of the ion to the
surface atomic plane is given by E0,2 = U(xm), where
U(x) is the ion-surface scattering potential. For the
scattering potential U(x), there are two contributions:
The continuum planar potential, which is the planar
average over surface of ion-atom interaction potential
[5], and the dynamic image potential, which is the
collective response of valence electrons at surface and
is approximately equal to the image potential for slow
ion [6].

The specular reflection from an actual surface
is blurred by surface defects and the scattering by
individual electrons and thermally vibrating atoms.
Thus the angular distribution of the scattered ions is
broad centered at the angle for specular reflection. In
addition to the scattering at surface steps, more than
50 % of the incident ions penetrate the surface at step
edges even at a carefully prepared surface. These ions
once penetrated the surface hardly reappear outside the
surface, but only a small fraction of the ions appears
from the step edges after suffering from larger energy
losses. Such ions are easily identified as having larger
energy losses [7]. Fig. 1 shows an energy spectrum of
specularly reflected He ions from the (001) surface of
SnTe. The highest energy peak is formed by the
specular reflection and lower energy peaks are due to
the ions experienced channeling along the planes
parallel to the surface before reappearing from surface
steps.

Using this step scattering, the glancing angle
scattering was successfully applied to the study of
layer-by-layer growth of epitaxial crystal by
measuring the intensity oscillations of specularly
reflected ions [8].

If the incident beam direction is nearly
parallel to one of the low index axes parallel to the
surface plane, the ions are scattered by atomic row
potential to form a broad semicircle as observed

- 97 -



JAERl-Conf 97-003

downstream. This is called surface channeling and the
trajectory of ion depends on the impact parameter of
collision of the ion with a row of atoms [9,10].

5

obtain a stochastic differential equation,

105

10'

700 keV He SnTe (100)

9, = 3.2 mrad
Qi = 6.4 mrad

580 700620 660
ENERGY ( keV )

Fig. 1. Energy spectrum of He ions specularly reflected
from the (001) surface of SnTe at the incidence of 0.7 MeV
He* ions with 9, = 3.2 mrad.

3. Ion-Surface Interactions along ion trajectory

[11]
In the following we consider only specularly

reflected ions, thus inelastic interactions of the ion
with surface take place along a well-defined trajectory
that is determined by the angle of incidence 0, to the
surface.

Consider a trajectory of an ion of energy E<,
in the xz-plane where the x-axis is perpendicular to
the surface and surface atomic plane is on x = 0. We
define a probability distribution, fj(z(x),E)dE, for ions
with charge je and energies in the range (E, E + AE)
at a point (x,0,z) on the trajectory, z(x) or x(z), of
specular reflection. The distribution satisfies the
following relation,

where u)j(x(z);oE) is the probability per unit path
length for the energy loss 6E of the ion of charge je at
distance x from the surface, QJ;(X) is the transition
probability of ionic charge from je to ie at a distance
x. We assume that the position-dependent quantities
Wj and Qjj are independent of the energy of ion in
deriving eq. (1). Expanding fj(z+8z,E) and fj(z,E+oE)
about fj(z,E) and neglecting higher order terms, we

dE

where Sj(x) is the position-dependent stopping power
for the ion of charge je and is defined as

i/x) - / d(bE) u / x ; (3)

The charge state fraction Fj(z(x)) and the
energy loss AEj(z(x)) of ions with charge je at a point
(x,z) are defined as

, E) ,

dE

(4)

(5)

respectively. The rate equation of fraction Fj(z) is thus,

Though the charge exchange probabilities depend on
x, this is equivalent to the well known rate equation
for describing the charge states of ions in continuous
medium. Thus the charge state fraction and energy of
ions are calculated along a trajectory with eqs. (3) and
(6) when we know the position-dependent stopping
power Sj(x) and charge exchange probabilities Qjj(x).

In this section we formulated the ion inelastic
interactions discarding the excitation to higher energy
states of ion. In fact, we can formulate the problem to
explain the excitation and decay of electronic states
which result in the emission of photons and electrons
during and after scattering, however, the fundamental
parameters describing the excitation and decay process
are numerous and the formulation is not tractable in
actual problem.

3. Position-dependent interactions
Lindhard showed that the interaction of planar

channelling ions with planar wall is described by the
planar average of the impact parameter-dependent
cross sections of the atoms on the wall[5]. This is
applied to ion-surface interaction at glancing angle
scattering. Theoretical charge exchange probabilities
are obtained by the planar average of the impact
parameter dependence of electron-loss and electron-
capture cross sections of surface atoms [11-13]. As
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for the stopping power it is difficult to calculate the
impact-parameter dependent energy loss cross section.

I 2
DISTANCE FROM SURFACE X(A)

Fig. 2. Changes in the fractions of 0.7 MeV He* and He2*
along the trajectories of specular reflection from the (001)
of SnTe at G, = 1.5, 3 and 5.5 rarad.

In addition, the deceleration of ion by its surface wake
has to be considered [14,15]. We therefore calculated
the energy loss by the binary encounter approximation
to single electron excitation [16] and the loss due to
collective excitation with the theory by Kitagawa [17].
The stopping power and charge exchange probabilities,
Sj(x) and Qsi(x), are approximated to exponentially
decaying functions of x. Fig. 3 shows an example of

oa
o

5!
O

(a) 07 MeV He PbTeUOO)

cokulaica sum
collective mode

—single collision

IS

( A )

Fig. 3. Experimental and theoretical position-dependent
stopping powers of PbTe(100) surface for 0.7 MeV He ions.

the experimental and theoretical stopping power of
PbTe surface for 0.7 MeV He ions.

If the charge exchange is negligible, we can
express the energy loss AE^O,) with S^x) as [18]

ds
tnj

2jE fSjix) I JU(XJ - U(x) dx (7)

where the integration of Sj(x) is along ion trajectory.
It was shown that the energy loss calculated with
theoretical stopping power Sfx) mentioned above
agrees well with the experimental one. On the other
hand, the Sj(x) in eq. (7) is solved as

* * • "

x A2?(0)
(8)

sin(u) .

This shows that the stopping power is obtained only
from the experimental energy loss AE^O,) and the
surface potential U(x). So the detailed comparison of
the theoretical and experimental position-dependent
stopping power can be done, and it was shown that the
calculated position-dependent stopping powers agree
well with experimentally derived Sj(x) [18].

With the calculated probabilities QjjWs, the
charge state fractions Fj(z(x))'s along a trajectory are
calculated with eq. (6) for initial fractions. Fig. 2
shows examples of the change in the He*- and He2*-
fractions along the trajectory at the incidence of 0.7
MeV He ions on the (001) surface of SnTe. The ratio
of the fractions are plotted against the distance x from
the surface, and the incoming and outgoing trajectories
are indicated by arrows [11]. It is seen from Fig. 2 for
the ratios at 0, = 3 and 5.5 mrad that the charge
exchange collision occurs frequently near at the closest
approach and that the ratio of the fractions at the
closest approach is determined by the ratio of the
electron-capture and -loss probabilities (^(xVQ^x) =
Qu(x)/Q21(x) at the closest approach. This shows that
the memory of initial charge state is completely lost in
the scattered ions at 6, > 3 mrad [19].

4. Position-dependent stopping powers of surface
for slow ions (v < vF)

When the velocity of ion in a bulk of solid is
slower than the Fermi velocity of target electrons, i.e.,
the ion energy E less than about 20 keV/amu, the
electrons bound to the ion and the inner-shell
electrons of target atoms are hardly excited as the
center-of-mass (CM) energy of electron-ion collision
is less than a few eVs. Furthermore the charge of the
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ion is screened by the valence electrons and often the
ion is neutralized during its passage. Interaction of the
neutralized ion with solid medium is thus different
from that at fast ion, and the mechanism of ion
stopping shows a different aspect.

The CM velocities of valence electrons before
and after the collisions with the ion are almost equal
when v « Vp, thus only the electrons near the Fermi
surface can find their final states after the collisions.
The collisions result in the changes in the directions of
motion of the electrons and are quasi-elastic. The
recoil of the ion due to the collisions contributes to the
stopping of the ion. Thus the stopping power of an
electron gas for an ion of velocity V is expressed as

S(x) = 2nm f £\,

(9)

where m is the electron mass, v is the electron
velocity, t, = cos(\TV) and n, is the density of
electrons with velocity \> and n, is the density of
electrons with velocity v. The transport cross section
o^w) is defined with the scattering cross section
0(6,w) through an angle 8 at the collision velocity w
as follows,

2K J ( l - cos8) O(8,MO sin8 (10)

For a homogeneous electron gas, the density n, is
expressed as

3w
(11)

where n is the density of valence electrons.
Substituting eq.(8) into eq. (6) and expanding the
right-hand side of eq. (6) to the first order in v and
assuming that a^vjv* = 0 at v -* 0, eq. (6) reduces to
a simpler form

S(x) = n m v vF oj?) . (12)

The stopping power calculated with this formula agree
well with that calculated with eq. (9) within a few %
for the ions v < 0.3vP In fact this formula was
successfully applied to explain the Z,-oscillations of
stopping power [20].

In order to apply eqs. (9) and (12) for the
position-dependent stopping power near a surface, we
replace electron density n by electron distribution n(x).
Thus the position-dependent stopping power is
expressed as

S(x) = n(x) m v vF ojyj (13)

5. Energy losses of reflected He ions at the
incidence of low velocity He* on the (001) of SnTe

1.4
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Fig. 4. Dependence of the energy losses of reflected He on
the angle of incidence.

We measured the energy losses of He ions of
energies ranging from 12.5 to 30 keV specularly
reflected from the (001) surface of SnTe at several
angles of incidence. Most of the scattered ions are
neutral and the angular distributions of scattered He*
and He0 have peak at the angle for specular reflection,
i.e., 8, = 29,. The measurements of energy losses were
done with a cylindrical electro-static analyzer (CEA)
and a time-of-flight (TOF) analyzer both having
energy resolution of 10~3. The (001) surfaces of SnTe
were prepared by epitaxial growth under ultra high
vacuum conditions. Fig. 4 shows the observed energy
loss AEj(8,) (j=0,l) which increase with increasing
angle of incidence. An important feature must be
noted; the loss does not depend on the charge state of
scattered ions.

The position-dependent stopping powers of
the surface were determined with eq. (8) as shown in
Fig. 5 using U(x) in which the contribution of image
charge is neglected as the ions are neutral. In order to
see how far the eq. (13) is applicable to the present
situation, we plotted S(x)Vp/v in Fig. 6. As it is seen
from eq. (13) that S(x)vp/v is independent of ion
velocity. In fact, S(x)v,/v for 30 keV He is larger but
most of the data are near a common curve. This
suggests the approximate formula may be applicable
for the position-dependent stopping power.
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Fig. 5. Position-dependent stopping powers of SnTe(001)
for 700, 30,25,15 and 12.5 keV He ions.
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Fig. 6. S(x)v,/v for He ions. The solid line shows the
theoretical one.

To calculate stopping power with the use of
eq. (13), we have to determine the transport cross
section aJyF) and electron distribution n(x). As for the
transport cross section, we use the semi-empirical
value of transport cross sections for electron-He0

collisions [21]. We have experimental evidences to
suppose that the energy loss is due to electron-He0

collisions: Most of the scattered ions are He0. Energy

losses of scattered He* and He0 are equal as shown in
Fig. 4. Thus it may be assumed that the He* ions
capture electrons on their incoming trajectory to the
surface and that the observed He* ions have lost
electrons after interaction near the surface as He0. As
for the electron distribution n(x), we averaged the
Hartree-Fock approximation to the atomic wave
functions of Sn and Te atoms over the plane at the
distance x from the surface [22]. We choose this as a
check of eq. (13), although it is a crude model.
Calculated position-dependent stopping power
S(x)vp/v is shown by solid line in Fig. 6. The
calculated curve is smaller than the experimental value
at distances larger than 1.5 A, however, the
characteristic features of the stopping power is
reproduced and suggests that eq. (13) can be used.

The agreement shown in Fig. 6, which is not
so bad considering the velocity of ions used in the
experiment and the approximation in deriving the
electron density, suggests that we can determine the
electron distribution n(x) near a surface from the
energy loss measurements with the use of eq. (13).
Using eq. (13), n(x) is expressed as

« « (14)

where we can use experimental S(x) and cĵ Vp). For
obtaining the electron density outside a solid with the
use of eq. (13), it is important to obtain a reliable
position-dependent stopping power for lower energy
ions.
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INTERACTION OF SLOW AND HIGHLY CHARGED IONS WITH SURFACES. FORMATION OF
HOLLOW ATOMS

N. Stolterfoht, M. Grether, A. Spieler, D. Niemann, and A. Arnau*

Hahn-Meitner Institut, Bereich Festkorperphysik, Glienickerstr. 100, D-14109 Berlin,- Germany
*Departamento de Fisica de Materiales, Universidad de Pais Vasco, San Sebastian, Spain

The method of Auger spectroscopy was used to study the interaction of highly charged ions with Al and C
surfaces The formation of hollow Ne atoms in the first surface layers was evaluated by means of a Density
Functional theory including non-linear screening effects. The time-dependent filling of the hollow atom was
determined from a cascade model yielding information about the structure of the K-Auger spectra. Variation of
total intensities of the L- and K -Auger peaks were interpreted by the cascade model in terms of attenuation
effects on the electrons in the solid.
Keywords: ECR ion beams, highly charged ions, hollow atoms, Auger spectroscopy, surface interaction

1. Introduction
The interaction of slow and highly charged ions

with surfaces has received a great deal of attention in
the past few years [1-12]. Several electrons are
transferred, when a multiply charged ion approaches
a surface. Thus a 'hollow' atom is formed with many
electrons in higher Rydberg orbitals and empty inter-
mediate shells [3,6]. Fig. 1 gives an overview over
the mechanisms. At the surface the Rydberg electrons
are essentially removed so that a highly charged ion
again is produced. When such an ion enters into the
surface, it induces a strong electron cloud dynami-
cally screening the nuclear charge [13]. Thus, below
the surface, a hollow atom of the 2. generation is
created whose dimension is much smaller than that
outside the solid. As the hollow atom travels in the
solid, the inner shell orbitals are successively filled by
Auger transitions and collisional charge transfer.

Fig. 1. Formation of hollow atoms above and below the
surface. In the solid the ion with an empty L shell induces
the electron cloud labeled C.

The research of ion-surface interactions has pro-
gressed significantly since advanced ion sources for
slow and highly charged ions, such as the electron
cyclotron resonance (ECR) source, became available.
New developments of the ECR source include decele-
ration systems that allow the production of very slow
ions at energies as low as a few ten eV. In this

contribution we report on experimental work per-
formed with Ne9+ and Arq+ (q=9-16) at our labora-
tory that operates a 14.5 GHz ECR source with an
efficient deceleration system.

The experiments were conducted using the
method of Auger spectroscopy. The measured Auger
spectra reveal pronounced structures that can be
attributed to the filling state of the hollow atom.
Hence, the method of Auger spectroscopy is well
suited to gain information about dynamical properties
of a hollow atom moving just below the surface. The
relatively fast Auger transitions serve as a unique
"clock" to measure the time dependent phenomena
within the 10~14 sec time scale. Besides the Auger
transitions, collisional vacancy transfer with target
atoms contribute to the filling mechanisms. We
present a cascade model for the filling sequence of
empty orbitals providing information about the life
time and the interaction region of the hollow atom
within the first layers of the surface.

2. Experimental methods
The experiments were performed using the

14-GHz ECR source at the Ionenstrahl-Labor (ISL)
of the Hahn-Meitner-Institut in Berlin [14]. The ion
source provides particles with energies up to 20q keV
where q is the charge state of the extracted ions. The
end of the beam line is equipped with a deceleration
lens system for energies as low as 5q eV. In the
deceleration mode, the beam line is set on a high-
voltage potential so that the experimental apparatus
can be operated on ground potential.

For the experiments an ultra-high-vacuum
chamber designed for electron spectroscopy was used.
The apparatus has been described in detail
previously [8,15]. The base pressure during the
measurements was about 1x10" Pa. The vacuum
chamber includes facilities for surface preparation
and examination. Auger electron spectroscopy was
used to verify the cleanness of the surface After
carefully cleaning no contaminations of the surface
by C, N, and O could be observed.

Highly-charged hydrogen like Ne9+ and Arq+

(q=5-16) was used to bombard crystalline metals (Al
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and C) and semiconductors (Si). After the ions were
accelerated, they were magnetically analyzed and
collimated to a diameter of about 1 mm at the
position of the target. The beam diameter was
determined by measuring the ion current on a thin
wire temporarily placed at the target position.

Electrons ejected by the interaction of the ions
with the surface were measured with an electrostatic
parallel-plate spectrometer whose observation angle
could be varied in a wide range. The electron spectra
were normalized to an absolute scale taking the
acceptance angle, resolution, and spectrometer
transmission and the efficiency of the channeltron
into account. For more details concerning the norma-
lization of the Auger spectra see Ref. [8].

3. Theoretical methods
Highly charged ions have the outstanding pro-

perty that they accumulate a significant amount of
charge in the solid to screen their nuclear charge.
Hence, they induce the relatively large screening
cloud labeled C in Fig. 1. It is clear that non-linear
theories are required to adequately calculate the C
cloud in the solid.

Recently, Arnau et al. [13] evaluated the
screening function for Ne in Al using Hartree-Fock
methods. In the analysis the density functional theory
(DFT) was applied to the problem of a static impurity
in jellium [16]. Thus, screening functions were
determined modeling the features of hollow projectile
atoms. The solid-state effects are found to signifi-
cantly influence the total energies of separated atoms.
From total energy differences, the orbital energies for
the multicharged Ne ion (with one K-shell vacancy)
in Al were calculated. More details are given in the
work by Arnau et al. [13].

Fig. 2 Density plots of hollow, semi-hollow, and nearly
filled Ne atoms in Al. The data are calculated by means of
the Density functional theory [16].

Examples of the DFT calculations are shown in
Fig. 2 referring to hollow Ne atoms in Al. The atoms
have by an increasing number n of electrons in the L
shell. It is seen that the induced charge cloud
decreases in intensity as the filling state n increases.
This can be understood from the property of the

induced charge cloud that neutralizes the highly
charged ion.

The filling sequence of the hollow atom is deter-
mined by expressions that are similar to those known
from radioactive decay of nuclei [17]. This dynamical
process depends on various parameters. For Ne in Al
the filling of the projectile L shell takes place via
L-Auger transitions and collisional charge transfer
both governed by the L-Auger rate FLnand the

capture rate Tc
Ln, respectively, where n is the number

of electrons occupying the L shell. The time-
dependent number of atoms Nn(t) with one vacancy
in the K shell and n electrons in the L shell is
obtained solving the rate equations [18,19]

dt (1)

andwhere the L-shell filling rate Y[n = Tc
Ln + YLn

the sum rate Sn = v[n +TKn are obtained from the

individual rates summarized in Table I of Ref. [19].
The rate equation may be solved analytically

!=0

Sit

(2)

For n £ 2 the ensemble of atoms N (t) under-

goes K-Auger transitions with the rate TKn. The

emission rate of the K-Auger electrons is obtained as

/ (/) = Nn(t) rr (3)

Since the Auger electrons are ejected within the solid,
the flux of the K-Auger electrons on their way out to
the surface is reduced primarily by inelastic colli-
sions. We assume an exponential attenuation law

(4)

where r £ is the attenuation rate. This time-
dependent attenuation law follows directly from the

-i/A"
well-known expression aK{i) = e ' K where I is

the travel distance of the electrons in the solid, and
X?K is the corresponding attenuation length. Addi-
tional information is given in Ref. [19].

After time integrating one obtains the attenuated
intensity of the Auger electrons in the elastic channel

(5)

which may be evaluated analytically and give rises to
the relatively simple expression
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n-1

IT Li

va - r
'Kn ~ l Kn n

i=0

(6)

'Ki

where Sf, = S, + r £ is the sum rate modified by
attenuation. A similar expression has been given by
Limburgetal. [20],

The Auger electrons lost by attenuation are
primarily scattered into the inelastic channel where
the creation of Auger intensity is governed by the
build-up function

(7)

Similar as for the primary channel, the flux in the
inelastic channel is integrated to obtain the build-up
intensity Y^n which, in turn, is obtained as the differ-
ence of two terms each one analogous to that given in
eq.(6)[19].

As the Auger electrons are usually measured
within a wide range of energies, covering most of the
inelastic energy spectrum, we compare the experi-
ment with the transported intensity

y yfl , yb (Q\
Kn ~~ Kn Kn \ /

The cascade model requires a number of model
parameters that have been determined by a priori
methods in Ref. [19]. In particular, the model needs
cross sections for charge exchange between molecular
inner-shell orbitals correlated with the L shells of the
projectile and target atoms.

These molecular orbitals were evaluated using
model matrix elements given previously [21]. Then,
electron transfer probabilities are determined on the
basis of the Landau-Zener model which, in turn, are
used to evaluate the corresponding cross sections that
are required in the present model.

4. Discussion of the results
4.1. Structures of K-Auger spectra

An example for a K-Auger spectrum is given in
Fig. 3 The dominant peak is due to KLL Auger
transitions and the side peak at higher energies
originates from KLC Auger transitions where C
stands for the electron cloud indicated in Fig. 1. The
spectrum provides information about the filling state
of the hollow atom moving in the solid. Auger
electrons associated with an increasing number n of
L-shell electrons are observed at higher energies.

Data from eq (8) are given as a bar diagram in
Fig. 3. The model results are shown to support the
basic understanding of the spectral structures. The
first prominent peak at 750 eV corresponds to an
Auger transition from the initial state with a number

n=2 of 2s electrons The next peak at higher energies
primarily corresponds to n=3 but it may contain
components from n=2 where the two electrons are in
2s and 2p orbitals. The next peak contains Auger
intensities due to various higher occupation numbers.

750 800 850 900

Electron Energy (eV)

Fig. 3. Spectrum of K-Auger electrons ejected during the
interaction of Ne ions with an Al surface. The bar
diagram is calculated using the cascade model discussed in
the text.

700 750 800 850 900

Lab. Electron Energy (eV)

Fig. 4. Auger spectra produced by Ne9* incident1 at 45° on
an Al surface. The impact energy was varied from 0.1 to
0.75 keV as indicated. The electron observation angle
is 45

In Fig. 3 the diagram is composed of bars which
maximize at relatively small L-shell occupation num-
bers. The bars attributed to the numbers n=2,3, and 4
dominate whereas those due to the higher numbers
n=l and 8 are relatively small. This is an indication
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for the K-Auger transitions taking place at the
beginning of the L-shell filling sequence.

This observation, in turn, is a signature for the
fact that the filling of the Ne L shell is relatively
slow. The explanation for this finding is that the
collisional transfer processes are unimportant at the
low-projectile energy of 0.4 keV. The present calcula-
tions using the Landau-Zener model shows that the
cross sections for charge exchange are rather small at
this low energy.

To study the onset of the collisional electron
transfer, we measured K-Auger spectra for an energy
range from 0.1 to 0.75 keV. The results for Ne^
incident on Al are shown in Fig. 4. Examination of
the spectra indicates that the spectral range around
800 eV attributed to «=7 and 8 increases significantly
with increasing projectile energy. As a consequence,
the structures of the main KLL Auger peak are
increasingly washed out and the minimum between
the KLL- and KLC Auger intensity is more and more
filled as the projectile energy increases.

This behavior indicates the onset of the colli-
sional electron transfer occurring in addition to the
L-Auger transitions. It is noted that for a constant
capture cross section, the corresponding capture rate
that is relevant for the cascade model, is proportional
to the projectile velocity [19]. However, the rapid
increase of the spectral intensity associated with n=6-
8 in a relatively small energy range suggests that the
linear increase of the capture rate is not sufficient to
explain the experimental data. Therefore, we expect
that the cross section varies significantly in the
present energy range. Indeed, the quantitative
analysis by means of the Landau-Zener model
indicates that the cross section for charge transfer
exhibits a threshold in the projectile energy range
studied here (Fig. 4).

4.2. Profile of the L-Auger spectra
In addition to the K-Auger peaks, we have

studied the properties of the corresponding L-Auger
electron emission. Different aspects are important for
the L-Auger intensities. Fig. 5 shows the prediction
of the cascade model for L-Auger electrons in compa-
rison to the corresponding K-Auger electrons. Again,
the intensities are represented in bar diagrams.

First, it is noted that the L-shell occupation num-
bers n for L-Auger transitions are quite different of
those for the K-Auger electrons. Most of the L-shell
Auger transition take place when the L-shell is empty
whereas the K-Auger transitions occur with a most
probable L-shell occupation number of «=4. This
shows that the L- and K-Auger transitions occur at
quite different instances of the L-shell filling
sequence.

In previous studies, it was noted that intensity of
L-Auger electrons was missing in comparison to
K-Auger intensities [4]. The missing L-Auger

intensities have been attributed to "side feeding"
effects filling the L-shell in competition with the L-
Auger transitions. These effects are primarily
produced by the collisional electron transfers
mentioned before. In the present case, we also expect
that attenuation effects significantly reduce the
number of L-shell electrons. To verify the importance
of these processes, we calculated intensities for L-
and K-Auger electrons as a function of the number n
of L-shell electrons.

0 1 2 3 4 5 6 7

n, Number of L-Shell Electrons

Fig. 5. Bar diagram for the intensities of ejected and
transported L- and K-Auger electrons as a function of the
occupation number n of the L shell. The projectile energy
is 1 keV, the incident angle is equal to 45 , and the
electron observation angle is 25°.

Fig. 5 provides direct information about attenua-
tion effects. The hatched bars, labeled ejected,
represent the intensity of the Auger electrons emitted
in all directions from the hollow Ne atom as a
function of the L-shell occupation number n. This
intensity (reduced by the detector solid angle) would
reach the detector if the attenuation of the electrons
were negligible in the solid. The corresponding
attenuated intensities are represented by the solid
bars labeled transported.

We can see that the attenuation effects become
dominant for larger values of n. As expected, the
attenuation increases with increasing number of L-
shell electrons, as the corresponding Auger electrons
are ejected from a larger depth. It is also noted that
the L-Auger electrons are much more affected by
attenuation than the K-Auger electrons. This is due
to the fact that the attenuation length for the -100 eV
L-shell Auger electrons is significantly smaller than
that for the -780 eV K-shell Auger electrons. More
information is gained from total L-Auger intensities.
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4.3. Total intensities of L-Auger electrons
Experiments comparing L- and K-Auger spectra

were performed with Al and C targets. We shall focus
our attention on the C results given in Fig. 6. As we
were interested in total intensities, the spectra were
measured with low energy resolution for which
spectral structures are essentially lost. The data show
that the K-Auger maximum barely varies whereas the
L-Auger peak is subject to strong alterations.

200 400 600 800 1000

Lab. Electron Energy (eV)

Fig. 6. Spectra containing L- and K-Auger maxima
produced in the interaction of Ne9+ with amorphous C. The
projectile energy was varied from 0.13 - 20 keV as indi-
cated. The incidence angle is 45° and the electron observa-
tion angle is 30 .

One may expect that the L-Auger intensity is
about one order-of-magnitude larger than that of the
K-Auger electrons. The Ne^ ion has 8 L-shell vacan-
cies that can be filled by Auger transitions, whereas
the K shell has only 1 vacancy. However, as seen
from Fig. 6, the L-shell Auger intensity is not much
larger than that of the K shell. (Note also that for
graphical reasons the cross section is multiplied by
the electron energy).

To obtain additional information about the differ-
ent effects on the L-Auger intensities, we integrated
the Auger spectra. Hence, we obtain the total intensi-
ties shown in Fig. 7. The experimental data are com-
pared with cascade-model calculations providing
detailed information about the individual effects.

The L-Auger intensity without any reduction
corresponds to 10 electrons ejected in the 4TC hemis-
phere Note that the K-Auger process creates two
vacancies which add to the 8 vacancies initially
present in the L shell. However, the L-Auger
electrons (labeled L') ejected after the K-Auger tran-
sition can be disregarded so that only the number of
~3 electrons (labeled L) remain. These electrons are

further reduced to the number of ~2 by refraction
effects [18] that are caused by the potential step at the
surface.

Next, the reduction by the attenuation of the
electrons in the solid are considered. It is noteworthy
that the attenuation produce a projectile energy
dependence of the L-Auger intensity. The attenuation
increases strongly with the projectile energy as the
Auger electrons are ejected deeper inside the solid
and, hence, they are increasingly absorbed on their
way out of the solid. Finally, it is seen that the
collisional electron transfer (labeled capture) does not
play an important role. The capture process depends
on the projectile energy. However, in the present case
it is concluded that the strong energy dependence of
the L-shell Auger intensity is essentially produced by
attenuation effects.

It should be realized that in the Ne+C system no
energy matching exists for the associated orbitals so
that small cross sections are expected for collisional
electron transfer. We note, however, that for the
system Ne+Al, for which the level matching is
significant, attenuation effects also play an essential
role in the reduction of the L-shell electrons.
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Fig. 7. Intensity of L-Auger electrons as a function of the
energy of N e ^ ions incident on C. The experimental data
are from the spectra in Fig. 6

4.4. Target L-Auger spectra from Arq+ + Si
We performed first measurements of target

electron spectra produced by Arq+ (q=5-16) impact
on Si. In particular, we studied high-resolution
L-Auger spectra from Si target atoms. From earlier
work of Ne^ impact on Pt [9] we learned that the
target Auger peaks are rather weak and widely spread
out over an intense background so that the spectral
structures can barely be identified.
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However, surprisingly, in the present target
spectra of Si we observed distinct lines of 1 - 2 eV
width for projectile charge states as high as 14. An
example for Ar^ impact is given in Fig. 8. The line
identification (which is still preliminary) signify that
the Si L-Auger electrons are ejected inside the solid
close to the surface.
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Fig. 8. Target L-Auger spectrum of Si obtained by 20-keV
Ar9+ impact on a Si (111) surface. The continuous electron
background is subtracted. The lines are identified by means
of electron impact data given in Ref. [22].
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DEFECT PRODUCTION AND ANNIHILATION IN METALS THROUGH
ELECTRONIC EXCITATION BY ENERGETIC HEAVY ION BOMBARDMENT

Akihiro Iwase

Advanced Science Research Center, Japan Atomic Energy Research Institute,
Tokai-Mura, Naka-Gun, Ibaraki, 319-11, Japan

Defect production, radiation annealing and defect recovery are studied in Ni and Cu irradiated with low-energy(~l-
MeV) and high-energy(~100 -MeV) ions. Irradiation of Ni with ~100-MeV ions causes an anomalous reduction,
or even a complete disappearance of the stage-I recovery. This result shows that the energy transferred from excited
electrons to lattice atoms through the electron-lattice interaction contributes to the annihilation of the stage-I
interstitials. This effect is also observed in Ni as a large radiation annealing during 100-MeV heavy ion
irradiation. On the other hand, in Cu thin foils, we find the defect production process strongly associated with
electron excitation, where the defect production cross section is nearly proportional to S 2.

1. Introduction

In metals, it had been considered for a long time
that atomic displacement and radiation annealing
(defect annihilation during irradiation) could be
caused only by elastic interaction (direct collision of
ions with target atoms) because of the rapid motion
of a lot of conduction electrons in metals. For last
several years, however, we have shown that the
electronic excitation caused by ~100-MeV heavy
ions plays an important role for the defect
production and annihilation even in metals[l-5]. In
this paper, I review some of our results focusing on
those of Ni and Cu.

2. Defect annihilation by electronic
excitation in Ni

For irradiation of metals at liquid helium
temperature, the radiation-produced defects are frozen
in place in most FCC metals. During subsequent
annealing, recovery of defects occurs in several
temperature ranges as a result of thermally activated
motion of the defects. Measurement of the defect
recovery using electrical resistivity is a common
method for the study of reactions of irradiation-
produced defects. As is shown by much work on
defect recovery using electrons, neutrons and low
energy ions, a large recovery of defects is usually
observed below ~60K[6]. This recovery is called
stage-I recovery.

We found an anomalous reduction, or even a
complete disappearance of stage-I recovery in Ni
irradiated with ~100MeV ionsfl]. Figure 1 shows
the defect recovery spectra in Ni irradiated with ~100

12 19
MeV ions. For C and F ion irradiations, stage-I
recovery can be clearly observed around 60K. With
increasing ion mass, however, the fraction of stage-I
recovery steeply decreases, and nearly disappears

81 127
completely for Br and I ion irradiations. This
behavior for stage-I recovery cannot be explained

within a framework of elastic interactions. Figure 2
shows that the fraction of stage-I recovery in Ni is
strongly correlated with the electronic stopping
power S . Stage-I recovery decreases monotonically

with increasing S . It is well known that in the

temperature range of stage-I recovery, only isolated
interstitials can migrate and recombine with
vacancies. The fraction of stage-I recovery is,
therefore, a measure for the fraction of isolated
interstitials ( stage-I interstitials) in all irradiation-
produced defects which survive radiation annealing.
The experimental result suggests that energy transfer
from excited electrons to lattice atoms results in an
annihilation of isolated interstitials during
~100MeV ion irradiations.

In order to examine the effect of electronic
excitation more precisely, we performed the
following experiment[2]; first, a Ni foil was doped

12
with Frenkel defects using 84MeV C ion
irradiation. Subsequently, the Ni specimen was

127irradiated with lOOMeV I ions. The electrical

resistivity change, Ap, was measured during C

and I ion irradiations. The temperature of the
specimen was held at <10K during the entire
experiment.

Figure 3 shows that about a half of the doped-in
defects are annihilated by irradiation to a small

fluence(~2xl012cm"2) of 100 MeV 1 2 7I ions. We
also performed defect recovery measurements after

12 12
only C ion irradiation, and after C ion and

127subsequent I ion irradiations. As can be seen in
Fig.4, stage-I recovery, which can be clearly
observed after C ion irradiation, disappears nearly

127
completely after I ion irradiation. From the
electronic stopping power value of Ni for 100 MeV
127

I ions, we can estimate that the energy density
127

of electron excitation along a I ion path is about
3keV/A. This experimental result shows that high
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density electronic excitation can cause radiation
annealing(annihilation of stage-I interstitials). We
performed the same defect recovery measurements,

12 127
and the sequential C and 1 ion irradiation
experiment, in Cu as in Ni[l,2]. However, we did
not observe any strong reduction of stage-I recovery
or radiation annealing due to electronic excitation in
Cu. The experimental result, however, shows that
the annihilation of isolated interstitials in Cu is
governed by the elastic interaction. By analyzing the
experimental data quantitatively, the cross section
for the annihilation of isolated interstitials can be
determined as 4.6x10"13 cm2 for Cu and 7.9x10'12

cm2 for Ni[2]. The cross section for Ni is more than
ten times larger than for Cu.

Since Ni and Cu are the neighboring elements in
the periodic table, electronic stopping power and
elastic interaction for a given ion and energy should
be nearly the same between the two metals. The
large difference appears in the electron-lattice
interaction which is mainly determined by the
density of electron states at the Fermi surface, N(0),
and the coupling strength of these electrons with the
lattice. In Ni, the Fermi surface consists largely of
d-shell electrons, and a small part of s-shell
electrons. Moreover, N(0) in Ni is much larger than
in Cu, for which the Fermi surface consists of only
s-shell electrons. As d-shell electrons are localized
near the lattice atom, their coupling strength with
the lattice is larger than for s-shell electrons.
Therefore, the electron-lattice interaction in Ni is
expected to be much larger than that in Cu.

As mentioned above, the effect of electronic
excitation on radiation annealing is clearly observed
in Ni but not in Cu. This difference can be
explained qualitatively by the different electron-
lattice interaction. In .the case of Ni, energy from the
excited electrons is transferred effectively to the
lattice through the strong electron-lattice interaction
along the ion path. With increasing energy of the
excited electrons, the lattice agitation becomes
stronger, causing an annihilation of isolated
interstitials. In Cu, as a result of a weak electron-
lattice interaction, the lattice agitation is not
sufficient along the ion path for the annihilation of
pre-existing defects.

3. Defect production by electron
excitation in Cu

The defect production cross section o_ which is

defined as the atomic concentration of Frenkel
defects produced by a unit fluence of irradiating
particles, is one of the most important parameters in
radiation damage research. Experimentally, the defect

production cross section, o , , can be determined

by means of an electrical resistivity measurement at
liquid helium temperature [7];

= [dC/d<D]<D.o = (1)

where, C is the atomic concentration of Frenkel
defects, <I> the ion fluence, Ap the increase of
electrical resistivity by irradiation, and p the

resistivity increase per unit concentration of Frenkel
defects. In order to study the effect of electron
excitation on the defect production cross section, we

measured of*? in Cu irradiated with several
different ~l-MeV and ~100-MeV ions.

Figure 5 shows the rate of the electrical
resistivity change as a function of ion fluence,

d(Apyd<t>, for Cu irradiated with 13MeV 4He,

126MeV 35C1 and 140 MeV 81Br. In the figure,
d(Apyd4> is plotted on a log scale. For the analysis
of defect production during the irradiation, the
following equation is usually used[7];

dC/d$ = (1/p )dAp/d4> -oil- 2v C) (2)

where, v is the recombination volume in terms of

the number of lattice sites. Equation (2) means that
all defects are produced with cross section, o _ and

are annihilated only by spontaneous recombination.
The solution of eq.(2) is dAp/d^> = p^o jexp(-

2v o ,$). If the experimental result is described by

eq. (2), ln(dAp/d<l>) should be a straight line when
plotted against <J>. As can be seen in Fig.5,
however, the experimental ln(dAp/d4>) is not well
represented by a straight line, but can clearly be
fitted better using the sum of two straight lines.
Namely, d(Apyd<t> is described by the following
equation,

d(Apyd<I> = Aexp(-a<t>) + Bexp(-b4>) (a » b) (3)

where, a and b are the slopes of the two straight
lines , and A and B are the values of the straight
lines extrapolated to $=0, which correspond to the
defect production cross sections. Equation (3)
implies that defects are produced through two
different processes. Here, we consider the defect
production process which corresponds to the first
term of eq. (3). we plotted the defect production
cross section, o ^ for this process in a double
logarithmic plot as a function of the electronic
stopping power, S . Figure. 6 shows that the cross

section, o is proportional to S " over more

than two orders of magnitude of S [4]. The above

results indicate that in Cu, defects are produced by a
process strongly associated with electronic
excitation.

Next, we consider the meaning of the
experimentally observed nearly quadratic dependence
of a, on S . Atoms along the ion path become

positively charged by electronic excitation. The
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induced charge is approximately proportional to S .

Therefore, the energy of mutual repulsion between
neighboring charged atoms is roughly proportional

2
to S If the recoil energy exceeds the threshold

energy, defects can be produced, and the cross
section of defect production should be approximately

2
proportional to S . This mechanism of defect

production has been adopted for the explanation of
fission track formation[8] and for electronic
sputtering[9] in insulators. Our experimental result
suggests that, even in metals, the mutual Coulomb
repulsion of atoms induced by electron excitation
can produce defects.

Finally we must note an effect of specimen
thickness on the electronic excitation-induced defect
production. The experimental result shown in Fig. 6
was obtained in thin (0.2- 0.3 yun thick) Cu foils.
In the case of ~100-MeV Cl ion irradiations, we
have measured the defect production cross section as
a function of specimen thickness. Figure 7 shows
that the value of a ^ strongly depends on the
specimen thickness. The value of a ^ decreases
with increasing the specimen thickness. This result
suggests that the surface of the specimen plays an
important role for the enhancement of the electronic
excitation effect on defect production.

4. Concluding remarks

In this report, I have reviewed our experimental
results of defect production, radiation annealing and
defect recovery in Ni and Cu irradiated at <10K
with ~lMeV and ~100MeV ions, and concluded that
electronic excitation by energetic ions plays an
important role in radiation annealing in Ni, and in
defect production in Cu . The effect of electronic
excitation on radiation damage in these metals is,
however, very small compared with that in
insulators, where the effect can be easily observed,
for example, as a track by means of electron
microscopyflO]. By means of high energy ion
irradiations at <10K, and electrical resistivity
measurements which are very sensitive to the defect
concentration, we could observe the small effect of
electron excitation on radiation damage in metals.

Until the present, our study has been
concentrated on FCC metals. In other kinds of
metals, electron excitation effects on radiation
damage have also been reported. Dunlop et al. have
studied the radiation damage mainly in Fe and some
HCP metals using GeV ions[11]. They have found
the decrease of the damage efficiency by electron
excitation in Fe, and defect production by electron
excitation in metals which have various allotropic
phases.

Although the recent experimental work has
definitely shown the existence of electron excitation
effects on radiation damage in metals, the
mechanism of energy transfer from the electrons to
the lattice atoms which can quantitatively explain

the experimental data still remains uncertain.
Further theoretical studies are certainly needed to
fully understand the experimental results.
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Recent progress in the study of high-energy shadowing effect using ion-induced electron spectroscopyis reported
with emphasis on a possibility of determination of local electronic structure in solids, which has been a difficult
problemto approach with other experimental techniques. We demonstrate real-space determination of covalent-bond
electron distribution in Si crystal. The analysis technique may provide a new field of ion beam analysis of solids.
Keywords: ion beam analysis, ion-induced electron, bond electron

1. Introduction

Measurements of ion-induced secondary electrons
emitted from single crystals allows precise analysis of
high-energy shadowing effect which is the initial
stage of ion channeling in the MeV/u energy
region[l-8]. The high-energy shadowing effect can be
observed with fast (keV) secondary electrons emitted
backward from the crystal surface using an
experimental setup schematically shown in Fig. 1.
The high-energy electrons are produced only by "hard"
collisions, i.e., forward recoil of target electrons and
are detected if they escape out from the surface
without suffering large amount of energy loss.

\ Electron spectrometer

*- guide tube

Targelhokkwon ",".: {ToamntMagntPr)

Fig. 1. Experimental setup for measurements
of ion-induced secondary electrons.

Under channeling incidence conditions, the atoms in
a deep region under the surface are effectively
shadowed and, as a result, the observed electron yield
is generally reduced compared to the random case.
The ratio of channeling to nonchanneling (random)
electron yield at a fixed electron energy provides a

measure of the shadowing effect. The analysis of
shadowing effect with ion-induced secondary electrons
is useful to investigate the behavior of ions either
close to or distant from the atomic row, in contrast to
the ion backscattering analysis in which only close
encounter processes with target nuclei are detected.

Recently, we have successfully extended
experimental studies of high-energy shadowing in a
wide energy range of ions by joint use of three
accelerators; the 12MV tandem accelerator at the
University of Tsukuba, the 3MV single-ended and
3MV tandem accelerators at JAERI, Takasaki
(TIARA). In this paper, discussion is focused on
unique aspects of the high-energy shadowing effect
observed with fast secondary electrons, to which other
analysis techniques such as well-established ion
backscattering spectroscopy are difficult to approach.

2. Effective target thickness
The thickness of the subsurface from which keV

electrons are produced by hard recoil by incident ions
under channeling conditions can be calculated from
computer simulations of single-string or multistring
type. From a comparison between the calculated
thickness of the subsurface and the observed value of
the channeling to nonchanneling (random) electron
yields for damaged as well as undamaged crystals [2,
7], the effective target thickness for the random case tt

can be determined. The parameter tT should be a
rough measure of the target thickness responsible for
the electron yield. It should be noted that the spectrum
shape of the ion-induced electrons is determined by the
ion velocity, and therefore, the values of tt is the
same for other ions of equal velocity. Table I
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summarizes the values of tt obtained for various
crystals.

Table I. Effective target thicknesses,rr , for various
cases. An estimated uncertainty in the values of tx is
typically within ±10%.

Ion

6-MeV/u H+, He2+
6-MeV/uH+,He2+
8-MeV/u H+, He2+

8-MeV/u H+, He2+

3.5-MeV/u O8+

3.5-MeV/u O8+

3.5-MeV/u O8+

3.5-MeV/u O8+

3.5-MeV/u O8+

2-MeV/u H+

Crystal

Si
Ge
Si

Ge

Si

Ge

Ni

Si

Ge

Ni

Measured electron tT (A)
energy(keV)

6.6
6.6
9

9

9

9

9

4.4

4.4

5.1

482
311
816

602

460

316

200

340

226

98

3. Critical radius of high-energy shadow
Figure 2 shows ion beam flux as a function of

depth from the surface, calculated for 6-MeV H+ and
He2+ incident along Si<100> direction. We see that
the flux density at a fixed distance of r^0.3 and 0.6 A
from the <100> row is unity near the surface and
enhances at the edge of the high-energy shadow, and
then decreases with increasing depth. It can be
confirmed that for each distance of r the curve for
He2+ results from an expansion of the curve for H+ by
a factor of •>/! with respect to the z-axis, which can be
accounted for in terms of the continuum model of
channeling in which *Jl results from the square root of
the ratio of nuclear charge divided by ion mass for H+
and He2+. This implies that at a given value of r the
number of recoiled electrons, and accordingly, the

3.0

^ 2-5
c
ID

| 2-0

1 1.5

0.5

0
100 200 300 400 500 600

Depth z (A)

Fig. 2. Calculated flux density for Si<100>.

contribution to the observed electron yield from He2+
is a factor of *Jl greater than from H+.

Since the target electrons recoiled at a depth less
than tx may be assumed to contribute to the keV
electron yield, The ratio of channeling to random yield
for the protons is given by

r) Jp(r, (1)

where n(r) is the two-dimensional electron density at a
position r from the atomic row, J (r, z) is the flux
density of protons, and Z2 is the atomic number of the
crystal atom. The integral with respect to z leads to a
mean flux density J*, given by

(2)

with which W is given by

Wp=Z2-\fn(r)J*(r)dr, (3)

The integrated region of r in eq. (3) can be divided
into r^Rc and r>Rc , where Rc is a critical radius of
the high-energy shadow shown in Fig. 2. From eq.
(3) and a corresponding equation for alpha particles,
we obtain

[Wa-Z2-lfn(r)Ja*(r)dry

p* (r) «*• ] (4)

where the integrals are for r>Rc, and -JL comes from
the integral at r<Rc, discussed earlier.

Figure 3 shows Jp* (r) and Ja* ( r ) , calculated
for6-MeV/u H+and He2+ incident along Si<100>.
Since no essential difference is seen between J_* (r)
and Ja* (r) , we assume that the two integrals in
eq.(4) is equal to N. This treatment is crude, but
enables easy understanding of the analysis procedure.
We then obtain

[Wa-N]l (5)

It is important to note that the parameter N
represents the effective number of electrons located at
/>/?„ Also, Wa and Wp must be measured at
electron energies less than the binary-peak energy £ B

since outer-shell or bond electrons do not contribute
to the electron yield above £B . Table II shows the
values of N obtained in this manner for Si and Ge.
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Table II. Effective number of electrons JV located at r>Rc, analyzed by 6- and 8-MeV/u
H+ and He2+. The values of Rc in the present cases are roughly about 0.5 A.

Si<100> Ge<100> Ge<110>

6 MeV/u

8 MeV/u

5.11

4.87

2.77

2.61

4.82

4.45

7.66

7.48

4.11

4.62

6.98

6.87

We concentrate to discuss the results for Si
obtained from 6-MeV/u ions, since other results are
similarly interpreted. We first consider the value of
AT=5.11 for Si<100>, using the calculated results of
/*(/• ) shown in Fig. 3. Since Rc=0.5 A in this case,
the electrons located at a distance greater than 0.5 A
from the <100> atomic row contribute to the value of
N. For Si, such electrons are covalent bond electrons
only. Therefore, it is straightforward to conclude that
the bond electrons exist well outside the shadowed
region because in the shadowed region J*(r ) is less
than unity, as seen in Fig. 3, which leads to N<4,
contrary to the observation. Furthermore, the
enhanced mean flux per bond electron, 5.11/4=1.28,
can be only seen near the center of the bond in Fig. 3,
where the enhanced flux is caused by the edge of the
high-energy shadow. It should be important to note
that the sharp enhancement of the flux at the boundary
in Fig. 3 results from concentration of the flux at the
saddle point of the repulsive potential, which gives
rise to no serious problem in the integrals in eq. (4).

6-MeV/u Si<100>

3. ' v

_ -0.96 A.

Fig. 3 Calculated mean flux density J*(r )
forSi<100>.

For Si<110> , the two bond electrons are located
in the middle of the two nearest <110> rows. Since
the value of Rc=0.6 A in this case is roughly equal
to the half of the separation (1.36 A) of the two rows,
these two bond electrons should only weakly
contribute to the value of N. The reduced value of
N=2.77 compared to the case of <100> should
predominantly comes from the other two bond
electrons located in the middle of the two next nearest

neighbor rows. It follows that each of the electron
experiences an enhanced mean flux of 2.77/2=1.38,
which agrees well with the calculations.

For S i<l l l> , one bond electron per Si atom is
in the <111> row, and accordingly, should not
contribute to the value of N. Therefore, each of the
other bond electrons encounters with the enhanced
mean flux of 4.82/3=1.61, which can be also
accounted for using the calculated mean flux.

Similar treatment can be applied to the other
experimental results shown in Table II. For Ge, it
must be taken into account that a few outer-shell
(mainly 3d) as well as bond elections can contribute
to the value of N.

4. Conclusions
The present work has demonstrated for the first

time an ion beam analysis of bond (or outer-shell)
electrons in solids. It is notable that under shadowing
conditions the observed electron yield is preferentially
contributed from outer-shell and bond electrons since
inner-shell electrons are shadowed. The shadowing
analysis can provide complementary information on
electron distribution in solids with that obtained by x-
ray diffraction analysis.
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ON-SITE ANALYSIS OF MODIFIED SURFACE
USING DUAL BEAM SYSTEM

Hiroshi NARAMOTO, Yasushi AOKI, Shunya YAMAMOTO, Peter GOPPELT-LANGER*

Mingle GAN* ' , Jianer ZENG* * and Hidefumi TAKESHITA

TRCRE, JAERI; 1233 Watanuki, Takasaki, Gunma 370-12, JAPAN

Recent results obtained using a dual ion beam system at JAERI/Takasaki are reported. In this system, both of ion

implantation and ion beam analysis can be made alternatively or simultaneously at low temperatures.

In sapphire implanted with 5lV+ ions, the amorphization process is analyzed referring to the <0001> aligned

spectra taken at different temperatures. The discussion is made on the defect profiles different from the simple

accumulation of standard Gaussian form. The depth showing the maximum damage at the initial stage of implantation

is quite shallow compared with those reported before. The thermal annealing behaviors of lattice damage and the

implanted V atoms are also different between the samples implanted at low and room temperatures. In the former one

fine particles of vanadium oxide are formed coherently with the easy recovery in high dose sample but in the latter the

mixed oxide alloy is formed.

1. Introduction

Ion implantation has been employed to alter the

physical and chemical properties in the near surface

region of solids by the introduction of different

species in a manner far beyond the thermal

equilibrium. This technique has been applied mainly

for tailoring semiconducting materials where the

extra or deficient charge can be compensated easily by

changing the covalent nature. But in the modification

study of compound with higher ionicity, the situation

is quite different. The combined entities between

implanted impurities and defects play an important

role to keep the system under quasi-equilibrium

statefl]. Sapphire is a typical oxide which exhibits the

excellent quality in chemical and optical properties

with reliable purity and crystal perfection, and the ion

beam modification studies have been made

intensively[2] but the most of studies were performed

at RT. The detailed analyses in lower and higher

temperature regions are rather limited[3, 4].

The combination between implants and defects is

reasonably expected to be sensitive to the ion beam

processing temperature and the concentration of

implanted species. The phases after ion implantation

followed by thermal annealing are quite different

because the thermal annealing includes the

complicated nucleation processes, and we might have

a possibility of encountering unknown condensed

matter far beyond our imagination. In this sense, the

on-site analysis under the extreme conditions will

become important to understand the ion beam

processing systematically. The dual beam analysis

systems have been installed recently for that

requirement in several institutes[5].

In the present paper, are reported the recent

results of RBS/channeling analysis on sapphire

implanted with 5lV+ ions at RT and low temperature

in "Dual Beam Analysis System" at TIARA facility of

JAERI/Takasaki. For a comparison, the results after

annealing at higher temperature of these samples are

also shown.

2. Experimentals

Before ion implantation, sapphire samples were

annealed at 1500 °C in open air for more than 12

hours to remove the strain induced in the polishing

process. This is an important procedure to make it

possible to evaluate the surface peak after ion

implantation. For the ion beam analysis of recovery

behavior in the Al sublaltice, two kinds of samples

with (0001) and (11 20) planes which are

perpendicular with each other crystallographically

were prepared for a comparison.

For the ion implantation and the ion beam

analysis, two typical temperatures, RT and 36K were

•On leave from Hahn-Meitner-Institut, Berlin, GERMANY
••On leave from Southwestern Institute of Physics, Chengdu, P. R. CHINA
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employed to compare a possible difference. The low

temperature experiment was realized by using a

cryogenic system which is connected to a sample

stage in 6 axis goniometer system(independent 3 axis

remote rotations, 1 axis remote translation and two

axis manual translations). The sample stage was

isolated electrically by using a insulating but good-

conductive sapphire plate at low temperatures. The

vibration in a cryogenic system did not induce any

problems associated with the noise accumulation. The

sample temperature is controlled with a standard

controller down to 30K, which is fairly high

compared with the other parts of cryogenic system.

This margin assures the contamination free surface

during the long term experiment.

When ion implantation, a thin metal plate was

placed in front of a particle detector to protect from

the severe dame by heavy ion bombardments. In the

ion beam analysis, 2 MeV 4He+ ions from 3 MV

single stage accelerator were used by detecting

backscattered particles at the angles of 135 and 160

degrees. The lower scattering angle was needed to

know the sensitive growth of surface peak in RT

implantation.

Fig. 1 illustrates one of dual beam analysis

systems connected to 400 kV ion implanter and 3 MV

single stage accelerator at TIARA facility in

JAERI/Takasaki. In this system, are available a YAG

laser(2J/pulse) for fast, pulsed heat treatment and two

kinds of detectors, standard surface barrier detectors

Svstem

and secondary electron spectrometer. Ion beams from

implanter and single stage machine form 40 degrees.

For each experiment, it is needed to profile the beam

intensity from an implanter .

3. Experimental results and discussion
Even a dual beam experiment at RT provided us

a new insight into the lattice damage evolution, which

has not been observed by any other authors. Fig. 2 is a

set of RBIs/channeling spectra from (0001) a-Al2O3

crystal implanted with 250 keV 51V* ions at RT using

a dual beam analysis system.

Sly

2000

1000

- (0001) a-AljOjfRT)
6=135

3.5 x 10
10"
101!

10"
101'

Fig. 1: A simplified illustration of dual beam analysis

system in JAERI/Takasaki. Laser beam and implantation

beam can be guided along a different beam port. All of

the measurements will be made in a remote manner.

Energy [MeV]

Fig. 2: A set of RBS/channeling spectra of 2 MeV *He*

from (0001) sapphire. The measurement was made at RT

using a dual beam analysis system. The detection angle

is 135 degrees. Except the random spectrum with a step-

shaped curve, the others are taken under the <0001>

axial channeling condition.

Except the random spectrum with the highest

yield, the others are the <0001> aligned spectra.

Through this course of analysis, the aligned condition

was not changed to keep the relevant spectra reliable.

The implanted doses were changed from 6.0xl014

/cm2 to 3.5xl016 /cm2 at 7 steps. The particle

detection was made at 135 and 160 degreess but here

in this figure the results at 135 degrees are shown for

a simplicity. The final result after heavier

implantation is not so uncommon: The sample is not

converted into amorphous state, and a small part of

implants occupy the Al sublattice with a reasonable

Gaussian distribution. The new results are observed

only at the initial stage of defect evolution. After the

implantation of early 1015 /cm2 , one can see the more

pronounced growth of surface peak and the damage
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evolution at rather shallower depth compared with the

expected projected range. This observation can be

explained systematically in the following process:

The more severe displacements are caused around

shallower region because of higher energy recoils and

the movement of displaced interstitials into surface

results in the increase of surface peak. These severely

disturbed structure can be detected preferentially by a

channeling technique at the initial stage of

implantation but after heavier implantation the

accumulated damage around the projected range

could be converted into the more disturbed ones

which could be detected more efficiently by a

channeling technique. This story can explain a

gradual shift of damage peaks in channeling spectra

from the shallower region to the deeper region close

to the projected range.

The ion implantation experiment at low

temperature also revealed new results which can be

interpreted in a consistent way with the results at RT

implantation. Fig. 3 is also a set of RBS/channeling

spectra from (0001) a-Al2O3 crystal implanted with

250 keV 51V+ ions at 36K using 2 MeV 4He+ ions.

In this figure, the spectra taken at 135 degrees

scattering angle are shown. The implanted doses are

quite low, and are in the range of 8xlO13 /cm2 -

1.2xlO15 /cm2. In a whole range of the ion

implantation, one can observe rather uniform growth

of damage profile at the shallower depth than the

projected range and the depth is close to that where

2000

1000

n

: " \ i • '
\

A

1 1...., 1 1 U

i i i | i i i i | i i

250 keV 5 IV —(0001) a - AljO3( 3« K)
2.0 McV ' l i e 0=135

KX. .
"rih, 0 random .

•\ 9X X 10 4 /cm -
1 IX x 1014 /cm2

\ 5.8 x 10 4 /cm2 -
Vw^. j „. 3J X 10" /cm2

•VvMlrtk ^ x 10" /cm2 -
,ML m& 8 x 10" /cm2 .

j A i n | o<«ooi>

~ C ^ »«»»J i i
0.5

Energy [McV]
is

Fig. 3: A set of RBS/channeling spectra from (0001) a -

A12O3 crystal implanted with 250 keV 5 V ions at 36K.

The implantation and analysis were made at 36K using

dual beam analysis system. The dose employed is quite

low, from 8xlO13 /cm2 to 1.2xlO15/cm2 at 6 steps.

the damage evolution is detected at the beginning

stage of ion implantation at RT. Thus, it is concluded

that the damage evolution at shallower depth causes

the amorphization in the lower dose region than

7.8xlO14 /cm2. The further implantation induces only

the broadening of amorphous region.

The induced amorphous state after low

temperature implantation is interesting as starting

materials for the homogeneous nucleation by thermal

treatment for an example. In this study, two kinds of

(0001) samples with different doses(2.19xl015 /cm2

and 1.06xl017 /cm2) were prepared at 100K. Judging

from our previous experience of optical absorption

and ion beam analysis, warming up to 300°C does not

induce simple any recovery of defects. After the

implantation at low temperature, samples were

warmed up to RT, and the implanted doses were

evaluated from RBS analysis.

In the following part of this paper, a comparison

8000

ENERGY (McV)

8000

. 6000

1
a

4000

2000

(b)

2.19xl015v7cm2

Annealed at 800°C for lhr

xlOO

ENERGY (McV)

Fig. 4: RBS/channeling analysis of thermal annealing

behavior of (0001) a-Al2O3 implanted with 150 keV 5l

V+ at 100 K(2.19xlO15 /cm2: low dose case). (a)As-

implanted, and (b)annealed at 800 °C in air for 1 hour.
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is made on the recovery behavior of amorphized a-

A12O3 samples with two different doses. Fig. 4

summarizes the annealing behavior of (0001) ct-

AI2O3 implanted with 150 keV 51 V+ up to 2.19xlO15

/cm2(low dose case). The standard RBS/channeling

analysis was made using 2 MeV 4He+ ions in a

backscattering geometry. Each set of spectra contains

three kinds of data, <0001> aligned spectrum from

virgin region, <0001> aligned one from implanted or

annealed region and random one). In the upper

part(Fig. 4a ), one can see the clear evidence of

amorphization even after the low dose implantation of

2.19xlOls /cm2. In the high energy region, one can

see the small amount of implanted 51V atoms in an

enlarged scale but it is difficult to find out some

difference between the aligned and random spectra.

Thus, all of the relevant atoms(AJ, O and V) in this

sample are mixed in a random manner by low

temperature implantation. After annealing at 800 °C

in air for 1 hour, some amount of recovery, that is

crystallization, is observed in Fig. 4b but there still

exists the residual damage in the near surface region

with the random occupation of implanted 51V atoms.

Through this annealing, implanted V atoms are not

lost judging from RBS spectrum with the fixed

depth profile.

In a heavily implanted sample, the situation

becomes different. Fig. 5 shows the same kind of

spectra as in Fig. 4 with higher dose of 1.06xl017

/cm2. In as-implanted sate(Fig. 5a), the surface

becomes amorphous with the extended depth and any

selective occupation of implanted 51V atoms can not

be observed. The small amount of deficiency in

scattering yield near the leading edge of Al sublattice

is caused by the extra insertion of implanted layer.

After annealing at 800 °C in air for 1 hour, the

<0001> aligned spectrum in the implanted region

returns back close to that from virgin region. The loss

of implanted 51V atoms is caused with the

redistribution toward the surface region, and the

atomic arrangement of implanted S1V atoms is well

aligned along the <0001> Al sublattice in the deeper

region. Under an optical microscope the small

particle formation was detected in the present sample.

Thus, one can recognize two kinds of things which

are consistent with each other in this figure: l)The

recovery of Al sublattice is excellent especially in the

heavily implanted sample. 2)The implanted 51V

atoms are redistributed with the quite amount of loss

but there happens the fine particle precipitation which

is crystallograhically coherent with the sapphire

matrix lattice.

The recovery behavior in a heavily implanted

sample is different from the standard knowledge of

defect annihilation process. This can be explained by

the preferential formation of V-oxide fine particles

with the corresponding rearrangement of existing

defects in sapphire matrix. Based on the RBS

spectrum after annealing, V-oxide formation can be

reasonably expected by the movement of 51V atoms

toward the surface under the annealing in air. The

results of RT implantation, not cited for simplicity,

the sapphire matrix never turns into amorphous

because of the dynamic recovery process, and the

implanted 51V atoms and incorporated O atoms from

8000

1.06xl017v7cm2

Annealed at 800°C for lhr

xlO

ENERGY (MeV)

8000

l.WxlO'V/cm2

Annealed at 800°C for lhr

ENERGY (MeV)
1.5

(b)

Fig. 5: RBS/channeling analysis of thermal annealing

behavior of (0001) a-Al2O3 crystal implanted with 150

keV 51 V* at 100 K(1.06xl017 /cm2: high dose case).

(a)As-implanted, and (b)annealed at 800 °C in air for 1

hour. All of the analyses were made at RT.
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the annealing environment occupy the sapphire

matrix in the form of mixed oxides. The widths of

<0001> axial scannings for Al and V atoms are close

with each other, and it is assumed that Al and

implanted V atoms are mixed so well. So, the larger

lattice parameter of ct-V2O3 (0.514 nm and 0.543 nm

for a-Al2O3 and a-V2O3, respectively) is

accommodated with the deformation of oxygen

sublattice as evidenced by the selective nuclear

reaction analysis using 16O(d, p)l7O under channeling

condition[6]. The recovery behavior in (1120) sample

is hindered compared with that in (0001) sample

probably because the displaced atoms and implanted

atoms can be accommodated rather easily along the

<0001> axis[7].

4. Conclusions

The amorphous state induced by low temperature

implantation revealed several new findings. A

comparison with the results taken at RT implantation

is interesting.

1) The ion implantation at lower temperature less

than 250K changes a-Al2O3 crystal into amorphous

just after implantation about 7xlO14 /cm2.

2) The defect introduction at the initial stage of ion

implantation has been made successfully using a dual

beam analysis system. The defect introduction at the

beginning is caused in the shallower region than the

projected range. This defect generation contributes to

the big change of surface peak at RT, and also it does

to the amorphization after very small dose of

implantation.

3)The thermal annealing of V-implanted samples at

low temperature induces the preferential precipitation

of V-oxides which are matched with sapphire matrix

crystallographically. The higher concentration of V

atoms favors the recrystallization.

4)Thermal treatment of RT implanted samples

induces the mixed oxide like a-(A!xVy)2O3. On the

contrary, thermal treatment of low temperature

implanted samples form coherent precipitates of a-

V2O3 sapphire matrix.
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Ion Irradiation Effect of Alumina and Its Luminescence
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The luminescence spectra of single crystalline alpha-alumina and ruby which has 0.02% of Cr2O3 as a impurity,
induced by 200 keV He+ and Ar* irradiation were measured at room temperature as a function of irradiation dose.
The analysis of the measured spectra showed the existence of three main luminescence features in the wavelength
region of 250 to 350 run, namely anionic color centers, F-center at 411 nm and F^-center at 330 nm and a band
observed around 315 nm.

As alpha-alumina was irradiated with He+, F-center and F+-center luminescence grew and decayed, but the
behaviors of those were different from each other. It seems that a concentration quenching occurred on the F-
center luminescence in the dose range above 1 x 1014 He/cm2. Furthermore, F-center luminescence was strongly
suppressed in ruby, compared with that in alumina.

On the other hand, the luminescence band around 315 nm appeared only in the early stage of irradiation and
did not show its growth part. The dose dependent behavior was similar to that of Cr3* eission at 695 nm (R-line)
in ruby in both cases of He+ and Ar+ irradiation. Based on the experimental results mentioned above, the
processes of defect formation and excitation in alumina in the early stage of ion irradiation will be discussed.

1. Introduction
The irradiation effects in inorganic materials are

known to be obtained as changes in some physical
properties of the materials, such as refractive index,
magnetization, hardness etc.[l] The main
fundamental processes associated to these changes
are defect formation through electronic and nuclear
collisions of radiation and the subsequent chemical
interaction between the defects and elements in the
materials. On the other hand, luminescence which
can be observed during ion irradiation comes from
defects produced and impurities in materials. Then,
by measuring the luminescence during ion irradiation,
the dynamic processes of the defect evolution and the
interaction between defects and impurities at very
early stage of ion irradiation can be investigated, in
principle.

Here, we have measured luminescence spectra
of sapphire(a-Al2O3) and ruby (a-Al2O3:Cr) under
irradiation of 200keV He+ and Ar+ at room
temperature. As a result, quenchings of F-center
luminescence by F-center itself and the impurity Cr
were observed. Furthermore, a state was found
whose luminescence is observed around 315 nm and
closely related to the excitation process of Cr3* in
ruby.

2. Experimental
Samples used here were two kinds of single

crystals, one of which was Czochralski-grown ot-
A12O3 (0001) and the other was ct-Al2O3 (1010):Cr
grown by the Verneuil method. The content of Cr
in a-Al2O3:Cr was estimated about 0.02 % by the
optical absorption at 400nm C^~**^0 and a* 555nm

of Cr3*. All samples were annealed at
1400°C for 24 hours in the air prior to irradiation in
order to minimize the effect of pre-existing defects.

The samples for irradiation were fixed on the
target holder in a vacuum chamber (1 x 10"6 Torr).
Irradiation of 200 keV He* and Ar+ ions was
performed at room temperature with a 200 kV ion
implanter in Takasaki Radiation Chemistry Research
Establishment of JAERI. To get uniform dose, ion
beam was scanned in both vertical and horizontal
directions. The sample surface was inclined 40°
from the normal position to the beam.

In the luminescence measurement, emitted light
was collected by a synthesized-quartz lens and guided
through 1 5-m quartz fiber to polychromater (HR250,
Jobin Yvon) with a grating of 300 grooves/mm.
The spectrum was measured by a linear image sensor
of a photodiode array with image intensifier (OMD42,
Atago Bussan). The sensitivity of the detector and
the polychromater in terms of the wavelength was
corrected with a standard lamp.

3. Results and discussion
3 .1 . Luminescence spectra.

The typical luminescence spectra obtained with
200 keV He+ and Ar+ irradiated a-Al2O3 are shown
in Figs. 1 and 2. The measured spectrum seen in Fig.
1 was replotted against wavenumber and it was
decomposed into gaussian-shaped spectra. As a
result, three kinds of components was found to
reproduce the measured spectrum, although a small
peak around 260 nm still exists and 33Onm band
seems to have a longer tail toward longer wavelength
(Fig. 1). All measured spectra were satisfactorily
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Fig. 1 The typical luminescence spectrum obtained
for 200keV He+ irradiated a-Al2C>3 and the
decomposed spectra.

decomposed by these three gaussian spectra. The
spectra centered at 330 nm and 411 nm can be
ascribed to F+-center fluorescence and F-center
luminescence, respectively, which are reported to be
observed at 326 nm (3.8 eV)[4-7, 10-12] and at 413
nm (3.0 eV) [ 6-10,12], respectively. The origin of
the third emission band centered at 315 nm can not be
determined at present.
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Fig.2 The typical luminescence spectra obtained
for 200 keV Ar+ irradiated CI-AI2O3.

The three kinds of luminescence are also seen in
the luminescence spectra of Ar+ irradiated a-Al2O3
(Fig. 2). In addition, two line spectra are seen at
310nm and at 395nm in the spectrum of the highest
dose in Fig. 2. These are probably due to neutral Al
atom which has radiative transitions at 3082A, 3092A,
3944A and 3962A[13]. It seems that the
luminescences come from the excited state of Al
atoms emitted from a-Al2O3 surface by ion beam
sputtering.

The typical luminescence spectrum of a-
Al2O3:Cr obtained in the region of 630 to 830 nm
under 200 keV He+ irradiation at room temperature is
shown in Fig. 3. The intense uminescence centered
at 695 nm with small side bands can be ascribed to

R-line luminescence in ruby which corresponds to a
transition from the first excited state ( E) to the

ground state ( % ) of Cr3* t 1 4 . 1 5 ] . The same
spectrum was obtained in Ar+ irradiation of the same
sample.

3000 -

0 2000 -

1000 -

700 800
Wavelength (nm)

Fig. 3 The typical luminescence spectra obtained for
for 200 keV He* irradiated a-Al2O3:Cr.

3.2. Dose dependent behaviors of luminescence in
a-AliOj

The dose dependence curves of luminescence
yield of330nm, 41 lnm and 315nm bands under 200
keV He+ irradiation for C1-AI2O3 and a-Al2O3:Cr are
shown in Fig. 4. As seen in Fig. 4, the three
luminescence features appear in the order of 315nm
luminescence, F-center, and F+-center. The dose
ranges for appearance of luminescences are the same
for a-Al2O3 and ct-Al2O3:Cr. However, the
existence of the impurity Cr strongly suppressed the
yields for F-center band and the 315 nm band, but
not for F+-center band.

F*- and F-centers are oxygen vacancies with one
and two electrons. The reason why F-center
luminescence grows faster than F+-center probably
lies the dense ionization induced by 200keV

Dose (ions/cm )

Fig.4 The dose dependence of luminescences of a-
AI2O3 and a-AbO3:Cr irradiated with 200keV
He*.
a-Al2O3; (D)F*-ccnter, (A)F-center, (B
a-Al2O3:Cr; (O)F+-center, (@)F-enter,

(•)315nm.
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He+ irradiation and the structure of oxygen vacancy,
which might be more stabilized in the form of F-
center than F+-center in the very early stage of
irradiation. In fact, 200 keV He* was estimated to
lose about 96% of its energy via electronic process,

that is ionization, in a-AljCs by the TRIM
calculation.
Jeffries et al.[8] measured the absorption and the
luminescence of F-centers of CC-A12O3 produced by
neutron irradiation and found the increase in ratio of
luminescence yield to absorption intensity during the
thermal annealing process. Then they referred to
the concentration quenching of F-center
luminescence which could occur at concentration of
F-center beyond a few x 10" cm'3 because of the very
wide orbit of the excited electron in F-center. In the
measurement here, the yield of F-center luminescence
decreased in the dose range of 1014 to 1013 ions/cm2

while F+-center luminescence still increased there. It
indicates that the concentration quenching has
occurred on F-center and the F-center concentration
should be beyond 1019 F/cm3. The projected range
of 200keV He+ is estimated to be about 7000 A and
the displacement energies of 40 and 70 eV,
respectively, for aluminum and oxygen are estimated
by Compton and Amold[16J. Therefore, it is
necessary for a 200keV He+ to produce about 7 F-
centers to get the concentration of 1019 F/cm3.
TRIM calculation also showed that about 40 oxygen
vacancies are created by one 200keV He+ ion in a-
A12O3. It is possible that more than 7 of 40 oxygen
vacancies produced exist as F-centers. The Cr2O3

content of 0.02% in ruby used here corresponds to
the Cr concentration of about 1 x 1019 atoms/cm3.
On the analogy of the concentration quenching, the
low yield of F-center luminescence observed for <x-
AJ2O3:Cr could be due to interaction of the excited
F-center and impurity Cr3* based on the extended
orbit of the excited electron in F-center.

On the other hand, the concentration quenching for
F+-center has not been reported. It is considered
that the excited state of F+-center is too compact for
extensive overlap to occur[8]. Therefore, the decay
of F*-center observed above the dose of 2 x 1015

ions/cm2 seems to show the expense of F and F*-
centers for formation of aggregated anion vacancies,
such as F2, F3, etc.

Fig. S shows the dose dependence of 315 nm
luminescence, F-center and F*-center of a-Al2O3 and
a-AJ2O3:Cr for 200keV Ar+ irradiation. As seen in
Fig.5, there is no growth part for all luminescences.
It shows that the nuclear collision process induced by
200keV Ar+ is more effective for defect production
than the electronic process by 200keV He+ in a-
A12O3. The 315nm and F-center luminescences

decrease to disappear in the dose range 1 x 1013

Ar7cm2 while F+-center still shows its luminescence
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Fig.5 The dose dependence of luminescence of a-
AI2O3 and a-Al2O3:Cr irradiated with 200keV Ar*.
a-AljO3;(©)F*-center, (®)F-center, (O)315nm
a-Al2O3:Cr,(H)F+-center,(A)F-center, (D)315nm.

even above 1 x 1013 ArVcm2. In Ar+ irradiation, F-
center luminescence disappeared faster than F+-center.
It also indicates that the concentration quenching of
F-center. However, F+-center luminescence
decreased faster in cc-Al2O3:Cr than that in cc-A2O3.
The result indicates that F*-ceneter luminescence is
quenched by F*-center itself (aggregation) and also
by Cr3*, which implies that impurity Cr interacts with
F+-center in some way. Furthermore, there is a
plateau of the F+-center luminescence curve above 1

x lO1^ Ar+/cm2. It means that there is an
equilibrium state which results in the constant
concentration of F*-centers by displacement of lattice
atoms to produce F+-centers and sputtering of a-
A12O3 to remove the damaged surface by Ar+

irradiation. The sputtering of the surface may be
supported by the fact that the line spectra from the
sputtered Al atoms observed in Fig. 2.

3.3 Dose dependent behavior of luminescence of
Cr** in a-AI2O3:Cr

The dose dependent curves of Cr3* luminescence,
that is R-line, of a-Al2O3:Cr for He* and Ar* ion
irradiation are shown in Fig. 6. The faster decrease
in yield in Ar* irradiation than that in He* irradiation
shows that Cr3* luminescence is quenched through
the interaction with defects produced because defect
formation process is considered to proceed faster by
nuclear interaction of 200keV Ar* than by electronic
collision of 200keV He*. Since the excited F-center
possibly interacts with Cr3* as discussed above, Cr3*
would be reduced to the lower charge state through
the interaction. It can be considered that the
reduction of Cr3* is a main mechanism of decreasing
of the luminescent efficiency of Cr3* in ruby by ion
irradiation. It is consistent to the feet that the
charge state of Cr changes from Cr3* to Cr° in ct-
A12O3 with increasing the implanted Cr density[2,3].

The dose dependences of 315 nm luminescence
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are plotted again in Fig. 6. The behaviors are

10 10 10" 10" 10'
Dose (ions/cm )

10"

Fig.6 The dose dependence of R-line and 315nm
luminescence of a-AhC^Cr irradiated with He* and
Ar* ions.
He*" irradiation;(O)R-Iine, (9)315nm
AT* irradiau'on;(«)R-line, (D)315nm.

parallel to that of Cr3* R-line luminescence in both
cases of He* and Ar* irradiation. Though the
luminescence process of the impurity in 01-AI2O3 is
not known to the authors, the state responsible for
the 315 run luminescence should be closely related to
the luminescence process of Cr3*.

Brewer et al.[9] predicted that a radiative decay
of F-center from the relaxed 'p-like state to the
ground state might be expected to occur at about
4.25eV (292nm). Caulfield et al.fll] found a
luminescence band centered at 298 nm (4.15eV) in
the luminescence spectrum of electron irradiated
sapphire. Furthermore, this band exhibited a
character of oxygen vacancy in terms of the
displacement by electron bombardment. From these
results, they tentatively ascribed the band to the
luminescence from the lp-l\ke state of F-center. The
315 nm luminescence observed here showed a similar
spectrum to that obtained by Caulfield et al.[ll].
But the dose dependent behavior was apparently
different from that of F-center luminescence observed
at 415 nm (Fig.4), which is ascribed to the 3p-like
states[9].

On the other hand, Valbis and Itoh[16]
mentioned that 3.8 luminescence which has been
identified to F*-center, can be explained, in some
cases, as luminescence from an exciton-like state,
because this band shows a correlation with 7.5 eV
STE luminescence band. The 315 nm luminescence
is definitely different from the 330nm (-3.8 eV)
luminescence of F*-center and it has a broad FWHM
of the spectrum, compared with the F+-center (330
nm) and F-center (415 nm). Then, according to the
discussion by Valbis and Itoh, it possibly comes from
an exciton trapped in a shallow state. If so, R-line
luminescence of Cr3* could be understood to occur
through recombination of an exciton on Cr3* impurity

site. However, it is still controversial whether
luminescence observed around 3.8 eV can be
explained only with F-type center or not.

4. Summary
Single crystalline CL-AI2O3 and a-Al2O3:Cr were

irradiated with 200keV He+ and Ar* ions and
luminescence induced by these ions was measured
during the irradiation. At least three luminescence
features can be observed in the wavelength region of
250nm to 450nm, such as F*-center, F-center and a
luminescence around 315nm. Because of the higher
effectiveness of nuclear collision for defect formation,
defect formation process proceed faster in Ar*
irradiation than in He* irradiation. The dose
dependent behavior of these luminescence showed
that concentration quenching occurs on F-center in
the dose above 1 x 1014 HeVcm2. On the analogy of
the concentration quenching, the quenching of the
excited F-center by impurity Cr was deduced.

Results obtained by high dose irradiation of Ar+

suggested sputtering of AJ2O3 and some interaction
of F+-center and Cr. The 315 nm luminescence
should be closely related to luminescence process of
impurity Cr3*.
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Jagoda Makjanic, Patricia Thong and Frank Watt

Nuclear Microscopy Group, Department of Physics

National University of Singapore

Kent Ridge, Singapore 0511

The high energy (l-4MeV) focused ion beam (nuclear microbeam) has found uses in many scientific disciplines
through a wide variety of ion beam based techniques. Of the many techniques available, the powerful
combination of Particle Induced X-Ray Emission (PIXE), Rutherford Backscattering Spectrometry (RBS), and
Scanning Transmission Ion Microscopy (STIM) is proving to be extremely useful, particularly in the
characterisation and elemental analysis of thin specimens. In this paper we briefly review these ion beam
techniques, as well as the hardware required for their application. Finally, we describe the application of the
PIXE, RBS and STIM techniques in conjunction with a scanning focused 2 MeV proton microbeam (nuclear
microscopy). The examples chosen to illustrate the potential of nuclear microscopy are recent investigations into
the degenerative diseases atherosclerosis (coronary heart disease), Parkinson's disease and Alzheimer's disease.

Keywords: Nuclear Microscopy, Ion Microbeam, PIXE, RBS, STIM, Parkinson's disease, Alzheimer's disease,
Atherosclerosis, Degenerative disease, Trace elements, Iron, Aluminium.

1. Introduction
The high potential of nuclear microanalysis has led

to a rapid increase in the number of nuclear
microbeam installations worldwide. The proceedings
of the conference series 'Nuclear Microprobe
Technology and Applications' held in Oxford [1],
Melbourne [2], Uppsala [3] and Shanghai [4] show
not only the development in technology that has taken
place over this eight year period, but also indicate the
wide diversity of applications now being carried out.
A recent book chapter by Watt and Grime [5]
summarises the field up to 1995.

Of the wide range of ion beam techniques
available, Particle Induced X-ray Emission (PIXE) is
the most widely used [6]. There is a high probability
that an ion (usually a l-4MeV proton) incident on a
sample atom will eject an inner core electron from its
orbit. The resulting vacancy is rapidly filled by an

electron from one of the outer shells, accompanied by
the emission of an X-ray photon equal to the energy
gap between the shells. This X-ray has an energy
characteristic of the parent atom and therefore
measurement of this X-ray energy provides an
indication of the elemental constituents of the sample.
The technique is sensitive (parts per million in many
cases), quantitatively accurate (frequently 5-10%),
multielemental (all elements above sodium in the
periodic table can be measured simultaneously) and
the PIXE energy spectrum is easy to interpret, with
almost every element being associated with a
characteristic and identifiable peak.

Increasingly used as a complementary technique to
PIXE, Rutherford Backscattering Spectrometry (RBS)
is a technique which is based on the elastic
backscattering of incoming particles by nuclei in the
sample[7].

ion
beam

target magnetic scan collimator object
chamber quadrupole coils apertures apertures

lenses
Figure 1: Schematic diagram of a high energy ion microbeam system. The beam spot is a demagnified image of the object
aperture and the collimator apertures serve to optimise the system aberrations.
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RBS relies on the accurate measurement of the
energy of the backscattered particles at a well defined
angle in order to determine the mass of the scattering
nucleus. The technique is well known to material
scientists due to its ability to determine stoichiometry
of surface layers and elemental depth profiles. It is
also suited to measurements of light elements in
biological materials, and therefore complements PIXE
for biological microanalysis.

Scanning Transmission Ion Microscopy (STIM) is
a technique which relies on the transmission of ions
through a thin specimen [8,9]. The ions which
penetrate into the specimen lose energy through
electron collisions, and therefore measurement of the
energy loss of transmitted ions can provide structural
information. At the National University of Singapore
the transmitted ions are detected off-axis,, thereby
greatly reducing the number of detected transmitted
ions. This makes the technique compatible with PIXE
and RBS which require beam currents of at least
lOOpA. In this way the techniques of PIXE, RBS and
STIM can be applied simultaneously to provide a
comprehensive elemental analysis and structural
image of the specimen [10].

The key to a successful ion microbeam is in the
design and construction of the lens that focuses the ion
beam from an accelerator to a small ion probe (Figure
1). To date the most successful probe-forming systems
for high energy ions utilise a combination of
quadrupole lenses, with doublet, triplet and quadruplet
systems used with varying degrees of success. The
best performances so far for focusing high energy
protons have been achieved using a high excitation
coupled triplet of magnetic quadrupole lenses (Oxford
Microbeams OM150). The group at Oxford has
achieved 400nm spot sizes for beam currents of
lOOpA [11] (suitable for PIXE and RBS analysis), and
the National University of Singapore nuclear
microscope facility has achieved lOOnm for low
current applications such as STIM [12]. Figure 2
shows an RBS map of a 2000 lines per inch gold mesh
(12.5 micron repeat distance) used as a standard for
electron microscope studies, taken with the Singapore
nuclear microscope. The 2 MeV proton beam, focused
to a spot size of 600nm, has a beam current of about
lOOpA. By reducing object and collimator aperture
dimensions the beam current is significantly reduced
but an improvement in spatial resolutions can be
achieved. Figure 3 shows an off-axis STIM map of the
same grid at beam currents of about 0.1 pA, and
indicates a much improved resolution of about lOOnm.

By utilising PIXE, RBS and STIM in conjunction
with a scanning high energy ion probe, elemental and
structural images can be formed by correlating the
signals from the PIXE, RBS and STIM detectors with

2
m
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Figure 2: RBS (gold) map of a 2000 lines per inch gold
mesh. 2 MeV protons. lOOpA beam current.

Figure 3: Off-axis STIM map of the 2000 lines per inch
gold mesh. 2 MeV protons. 0.1 pA beam current.

the beam position at the time of detection (see Figure
4). A nuclear microscope facility therefore generates a
large volume of data which can be handled in two
ways. In event-by-event (or listmode) operation each
data pulse from a detector is digitised and stored by
the computer together with its corresponding sample
location (as determined by the x and y coordinates of
the beam). The stored raw data, which effectively
represents a full record of the experiment, can be
replayed at a later stage and processed in which ever
format is required. For example an elemental
spectrum can be generated from a specific region of
interest identified in a STIM image. In on-line sorting,
the incoming data is sorted into energy spectra and
maps while the data is being collected, i.e. the format
is predetermined. This avoids the need for large
computer storage and is faster to implement, but does
not have the flexibility of event-by-event data
acquisition. At Oxford and Singapore the data is
handled by a PC based system (OMDAQ). This
system enables up to 8 detectors to be read
simultaneously and has the flexibility of both on-line
and event-by-event recording [13].
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lenses

data
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Figure 4: Schematic diagram of the data acquisition system.

2. Atherosclerosis
Atherosclerosis is the deposition of hard yellow

plaques of lipoid material (largely cholesterol) in the
intimal layer of the arteries, coupled with degenerative
arterial changes associated with age. This
accumulation of atherosclerotic plaques leads to
coronary heart disease, the leading cause of death in
the West. Although various risk factors such as
hypercholesterolaemia have been established, the
cause of atherosclerosis has yet to be found. One
direction taken up by researchers to investigate the
aetiology is the Oxidative Modification Theory as it
has been proposed that the oxidative modification of
low density lipoproteins (cholesterol carriers in the
blood) plays an important role in initiation of
atherogenesis [14]. Since transition metal ions are
known to catalyse oxidation reduction reactions, one
proposed mechanism is that free metal ions such as
Fe2+ and Cu + catalyse the production of free radicals,
leading to the peroxidation of lipids. Iron can also
participate in the Fenton reaction to produce hydroxyl
radicals, a reactive species involved in the

peroxidation of lipids. Thus it is of interest to
investigate elemental concentrations, particularly that
of iron and copper, in atherosclerotic lesions. Changes
in elemental concentrations in relation to
atherosclerotic lesioning may provide insight into the
aetiology of atherosclerosis.

In a study carried out jointly by the National
University of Singapore and the Australian National
University, Canberra [15], atherosclerosis was
induced in New Zealand white rabbits. Unstained
freeze dried 20 \xm sections of the thoracic aorta from
6 test and 4 control rabbits were scanned using the
NUS nuclear microscope facility [10]. Figure 5 shows
the iron distribution map from a scan on a lesioned
artery section. An increase in iron can be seen in the
lesion (lower half of the artery).

Figure 5. Iron distribution map from a 750|im x 75O|am
scan of a lesioned artery section. The lower edge of the scan
corresponds to the inner wall of the artery. An increase in Fe
is seen in the lesioned tissue (lower half) compared to the
healthy tissue (upper half).

Table I shows the average elemental
concentrations of selected elements extracted from
typically 0.5mm x 0.5mm scans on the tissue sections.
A Student's paired t-test showed a significant increase
in P and Fe and a significant decrease in S, Cl, K, Ca
and Zn at the 95% confidence level.

Table 1 : Elemental concentrations (parts per million, dry weight) in lesioned tissue (column 1), healthy tissue
adjacent to the lesion (column 2) from cholesterol fed rabbits, and in healthy tissue from control rabbits (column
4). The average elemental ratios between lesioned and healthy tissue from test rabbits are shown in column 3.
Averages and standard errors (shown in parentheses) are obtained from 6 test and 4 control rabbits.

p

s
K
Ca
Fe
Cu
Zn

(1) Lesion
6190(686)
4681 (304)
2004 (342)

543 (39)
84 (20)

4.7(0.2)
50(9)

(2) Healthy
3558(397)
7589(716)
2494(417)

842 (54)
12.5(2.2)
5.0(1.1)
101 (13)

(3) Ratio
1.8(0.1)

0.64 (0.06)
0.81 (0.04)
0.65 (0.05)

7.4 (1.4)
0.8(0.3)

0.51 (0.09)

(4) Controls
3227(378)
6803 (393)
2968(504)
639(95)
23(13)
3.5(0.7)
141 (36)
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The seven-fold increase in iron in the lesion adds
weight to the hypothesis that iron-catalysed free
radical reactions could play a role in initialising the
onset of atherosclerosis. However, at this stage it is
not clear whether the observed changes in elemental
concentrations are causative in nature or are effects of
atherosclerotic lesioning. Work is in progress to
investigate the elemental changes as a function of time
from the onset of lesioning. Histochemical analysis of
serial sections will also be carried out to complement
the information obtained from the nuclear microscopic
analysis to shed some light on the role of iron in
atherogenesis.

3. Parkinson's Disease
In Parkinson's disease, there is a characteristic loss

of dopamine-producing cells in the substantia nigra
(SN), particularly in the pars compacta region (SNc),
resulting in impairment of the motor system. Although
characteristics such as changes in mitochondrial
function, iron metabolism and glutathione levels have
been established [16], the cause of dopaminergic cell
death in the SN remains unknown. One line of
research focuses on the role of iron-mediated free
radical reactions leading to a state of oxidative stress
in the brain (see introduction in [17]). This is based on
the ability of iron ions to participate in oxidation and
reduction reactions in which free radicals are
generated. Dopaminergic neurons may be particularly
susceptible to free radical damage because the
substantia nigra region is known to be rich in iron,
free radicals are generated in the metabolism of
dopamine, and neuromelanin granules in the
Parkinsonian SN have been shown to accumulate iron
compared to controls [18]. Hence there is an interest
to investigate the distributions and concentrations of
iron in the SN of Parkinsonian brain tissue.

In a study conducted jointly by the National
University Hospital and NUS Nuclear Microscopy
Group, male Sprague-Dawley rats unilaterally injected
with 6-hydroxydopamine (6-OHDA) were used as an
animal model [19]. The lesioned rats were tested for
rotational response to amphetamine; rats exhibiting

turning rates of 7 turns/min were selected as
successful animal models [20]. Both test and control
rats (injected with ascorbic acid) were sacrificed after
one year. Unstained freeze dried 20|am sections of the
brain encompassing the entire SN were analysed using
the NUS Nuclear Microscope facility [10]. Figure 6
shows the iron map from a scan of a 6-OHDA
lesioned brain section encompassing the entire SN.
Three pin-holes used to mark the extremities of the
SN prior to sectioning can be seen. These holes,
together with the inherent higher iron content in the
SN facilitated the identification of the entire SN
during data analysis. Table 2 shows the average iron
concentrations in the SN and surrounding tissue in 7
test and 8 control rats. A Student's t-test performed at
the 95% confidence level showed a significant
increase in iron concentrations (26%) in the right
(injected) SN compared to the left (uninjected) SN in
test rats. An increase of 31% was also seen in the
tissue surrounding the SN. Such an elevation of iron
was not seen in the control rats either in the SN or
surrounding tissue. These results agree with the recent
results of Oestricher et al [21] who reported a 35%
increase in iron concentrations in the SN of rats
unilaterally lesioned with 6-OHDA.

Figure 6: Iron distribution map from a 2.4 mm x 2.4mm
scan of a brain section from a 6-OHDA lesioned rat. The
substantia nigra (SN) can be identified by the three marker
pin-holes as well as its inherently high iron content.

Table 2: Average iron concentrations (parts per million, dry weight) in the substantia nigra (SN) and
surrounding tissue of 6-OHDA lesioned (n=7) and control (n=8) rats. The average ratios of the concentrations
between that found in the right (injected) and left brains in individual rats are also shown. The standard errors
are shown in parentheses.

Right brain
Left brain

Ratio

6-OHDA Lesioned Rats (n=7)
SN

294 (27.6)
234(21.2)
1.26(0.06)

Surrounding
91.2(13.7)
68.8(7.1)
1.31 (0.08)

Control Rats (n=8)
SN

242 (26.9)
235 (24.9)
1.03(0.04)

Surrounding
78.3 (5.8)
76.7 (6.2)
1.03(0.05)
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The increase in iron implies that it may be
involved in the degeneration process in Parkinson's
disease. However, accumulation of iron is not
specific to Parkinson's disease since it has been
observed in other diseases affecting the basal
ganglia. In the light of this and our finding that
there is also an increase in iron in the tissue
surrounding the SN, it seems unlikely that iron
accumulation is a primary cause of dopaminergic
cell death but rather a product of a pathological
process. Current work focuses on using MPTP-
lesioned monkeys as a primate model for
Parkinsonism. Preliminary results also showed an
increase in the MTPT-lesioned SN. By monitoring
changes in elemental concentrations in the SN as a
function of time starting from lesioning, we hope
that the role of iron in dopaminergic cell death will
become more clear.

4. Alzheimer's disease
Alzheimer's disease (AD) is a progressive

neurodegenerative disease of an unknown origin,
characterized pathologically by two main types of
lesions in the brain, neuritic plaques and
neurofibrillary tangles, occurring mostly in the
hippocampus. Aluminium has been linked to AD as
a possible cause, based primarily on circumstantial
evidence [22]. The direct connection of Al and AD
are the increased Al levels in the cores of neuritic
plaques [23] and in neurofibrillary tangles [24].
These results have, however, aroused controversy,
mainly because of the lack of consistent and
reproducible data, but also because of the extensive
tissue treatment prior to analysis. The treatment
invariably included staining of the tissue sections to
make the lesions visible, even if other steps like
fixation and embedding had been omitted.

Analysis of neuritic plaques by nuclear microscope
The work of Landsberg et al. [25] on neuritic

plaques has suggested that the A! enhancement
observed in neuritic plaques may have been due to
contamination of the tissue during sample
preparation. They used STIM to image plaques,
which have relatively high densities compared to
surrounding tissue. STIM images of 5\im unstained
sections cut from flash frozen AD tissue allow
identification of neuritic plaques through dense
central cores and diffuse surrounding coronas.
Consequently, they were able to determine Al
levels in the plaques of flash frozen tissue by PIXE
while simultaneously identifying the plaques by
STIM. Al was not detected in any of more than 100
plaques which were analysed with the detection
limit of 15ppm. In a parallel experiment, micro-
PIXE analysis on 10(im thick immuno
histochemically stained sections of AD tissue has

detected Al in almost 10% of the analysed plaques,
with similar Al levels in the surrounding tissue, in
spite of the use of high grade chemicals for
staining. Both of these results imply that previously
reported high Al levels in neuritic plaques were in
fact due to tissue contamination with alumino-
silicates.

STIM imaging of neurons and neurofibrillary
tangles

Neurofibrillary tangles (NFTs) are bundles of
paired helical filaments which develop in the
cytoplasm of affected neurons, eventually leading
to neuronal death. Although NFTs are non-
membrane bound and can be larger than neurons,
most of them are smaller thus making the task of
imaging by STIM more difficult than in the case of
the larger neuritic plaques. Measurements with the
NUS nuclear microprobe facility indicate
nevertheless that neurons have higher density than
the surrounding tissue, and that even sub-neuronal
structure can be seen with sufficient contrast with
STIM.

Samples used in this work were 2 |im thick AD
tissue sections cut from small blocks of
hippocampus CA1 regions, which were previously
fixed in 10% formalin, osmicated and embedded in
spurr resin. Sections were placed on pioloform-
coated glass slides and stained with toluidine blue
for a few minutes on a hot plate before being rinsed
with distilled water to stop the staining process. The
pioloform films were subsequently floated off in
distilled water and picked up on nuclear
microscope target holders. Sections were examined
under high magnification optical microscopy to
locate neurons of interest.

Tissue sections were scanned with a highly
focused 2 MeV proton beam. Low currents of
approximately lOpA were employed by reducing
the object aperture so that spatial resolution of close
to lOOnm could be obtained. In 200x200um2 STIM
images, neurons were readily visible. The scan size
was then reduced to 3O-6Ofim, depending on the
neuron sizes. Data was collected for approximately
1 hour in list mode so that the proton energy loss
window could be optimised to give maximum
contrast during off-line analysis.

Figure 7 presents a STIM image of a 40x40um2

scan over an area containing two neurons, with
characteristic shapes which correspond to those
seen by optical microscopy. The STIM image
shows that the smaller neuron has a significantly
thicker part in a large portion of its body which is
probably the NFT previously identified using
optical microscopy. The thick small part in the
centre of the larger neuron corresponds to the
nucleus also visible by optical microscopy. There is
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another thick part within the larger neuron, possibly
the beginning of a NFT which is not yet optically
visible.

Figure 7: SUM image of two neurons in a 40|im scan.

Further investigation is necessary to show
whether NFTs can be positively identified with
STIM in flash frozen tissue which has not been
chemically treated. If so, the way will be clear to
measure the concentrations of Al and other minor
and trace elements in NFTs with PIXE.
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H I G H ENERGY ION H I T T E C H N I Q U E
TO LOCAL AREA U S I N G MICROBEAM
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Toshio Hirao, Yasuhiko Kobayashi, and Hiroshi Watanabe

Takasaki Radiation Chemistry Research Establishment, JAERI
1233 Watanuki, Takasaki, Gunma, 370-12 Japan

Single energetic ion hit technique has been developed as an application of ion microbeam technique,
in order to study the effect of local damage or injury to materials and living organisms. The overall
performance is basically defined by those of separate techniques: microbeam formation, microbeam posi-
tioning, single ion detection, detection signal processing, hit timing control, and hit verification.
Recent progress on the developments of these techniques at JAERI-TIARA facil i ty are reviewed.
Keywords: ion microbeam, single ion hit, microbeam positioning, hit timing.

1. Introduction
In energetic heavy ion beams, only a single

particle causes severe heavy local damage or
injury to materials or living organisms, which
may depend on the local structure. However, we
cannot control the local damage or injury in
usual macroscopic ion beam irradiation, because
the beam target area was uniformly exposed and
ion hitting events occur as a random process.

If we pay an attention to another unique
characteristic of ion beams that a single ener-
getic ion can be handled separately and precisely,
we can control single ion h i t to an aiming
local area.

We describe recent progress in development
of high-energy single ion hi t technique and
related microbeam techniques which has been
conducted at JAERI, Takasaki.

2. Methods of Single Ion Hit
The ion hit technique i s different from

so-called microbeam technique [1] which has been
applied to trace element analysis, but, in fact,
i t has been developed so far as an application
of the microbeam technique [2-5].

Basically, we have two methods of single ion
hit being developed by us, which are illustrated
in (a) and (b) of Fig. 1. The method (a) is a

Hit timing
controt

Beam switch
Control

Noise
elimination

Accurate beam
posit ioning

Ion beam
Mcrobeam formation.
Beam ewrent control

(attenuation)

Ion beam
format »nv

Steam current control
(attenuation}

Q?ticaf microscope
or Slfcon detector

(b)

Fig. 1 Methods for high-energy single ion hit.
(a) general method using beam focusing,
(b) simple method using beam collimation.
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general method available for thick or non-trans-
parent targets such as semiconductor devices. In
this method, the single hit system is attached
to a iticrobeam line, and we need single ion
detection and beam switch control to make a
single ion hit, on the basis of accurate beam
positioning at the aiming point [4,5].

The method (b) is a rather special but simple
method which only can be available for thin or
transparent targets [6,7]. A single ion is
extracted into air through a micro-aperture, and
the edge of the aperture should be set close by
the aiming point on the target. The hit position-
ing is carried out by direct and simultaneous
observation of the aiming point and the aperture
edge by an optical microscope from the other
side. The single ion hit is verified by a silicon
detector replaced with the microscope, if the
particle penetrates the target.

This method does not require beam positioning,
elaborate single ion detection unlike the method
(a), and also the target can be exposed in air.
However, we cannot avoid the influence of extra-
neous ions scattered from the aperture edge, and
the hitting control is difficult. The subject
of this report is concentrated on the method (a)
requiring accurate beam positioning.

3. Bean Positioning
In single ion hi t analysis, i t is often

required that a single ion hits the aiming point
without any previous disturbance on the target
area of in teres t . The disturbance is often
induced by microbeam scanning for observing the
target area. This requirement makes the position-
ing procedure complicate, and we need some

CYCLOTRON
BUILDING

HIGH-ENERGY MICROBEAM
LINE (UNDER PLANNING)

independent soft observation. Figure 2 shows a
schematic view for microbeam positioning.

The f i r s t step in a typical positioning
procedure is observing the target by a scanning
electron microscope or a high-resolution optical
microscope to minimize the disturbance on the
target. The next step, searching a reference
point set outside the area of interest by using
microbeam scanning or a mechanical stage, and
followed by previous ion hits at the reference
point for initial beam positioning. Finally, the
replacing the reference point with the aiming
point for the actual h i t by the mechanical
stage or beam steering using the scanning system.

The search of the reference point requires
a large number of previous hits so that the hit
position can be detected in real time by using
secondary electron emission. For this purpose,
we need some amount of nicrobeam intensity in
this method. Therefore, single ion hit technique
strongly depends on the performance of the
focused raicrobeaia we have developed by using
electrostatic accelerators.

Reference point

.Area of
interest

Mechanical stage

Magnetic
lens system

Fig. 2 Schematic view of raicrobeam positioning

MULTIPLE BEAM
BUILDING

BEAM LINE FOR
MICRODOSIMETRICAL

STUDY

IRRADIATION LINE
FOR LOCAL PART

OF CELL

Fig. 3 Layout of horizontal beamlines on the first floor
in the TIARA facility.
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4. Performance of Microbeams
Figure 3 illustrates a layout of horizontal

beam lines on the f i r s t floor in the TIARA
facil i ty, showing the locations of microbeam
lines. We have a heavy-ion •icrobeam apparatus
for single event upset analysis, connected the
3 MV tandem accelerator, and a light-ion micro-
beam apparatus mainly for materials analysis,
connected to the 3 MV single-ended accelerator.

The JAERI biotechnology research group also
constructed a high-energy heavy-ion collimated
microbean apparatus, mainly for applying to
development of cell surgery technique, connected
to a vertical bean line of the cyclotron.

Figure 4 shows the heavy-ion microbeam
line with a doublet quadrupole lens system. The
target chamber was already replaced by a new one
exclusively for single event analysis. For
evaluation of the focused beam size with very
high resolution, we are using a silicon wafer
relieved with lines and space pattern shown in
Fig. 5 as a microscope photogragh.

The beam size is evaluated from a one-dimen-
tional profile of secondary electron emission
yield which increases steeply when a scanned
microbeam passes through a step edge on the
relief pattern. A typical result is shown in
Fig. 6 as a function of the microslit gap with
microbeasi scanning of 15 MeV nickel ions. A beara
spot size of 0.8 x 1.0 um2 was measured as
the minimum value. The high-resolution heavy-ion
microbeam i s being applied for analysis of
transient phenomena in single event upsets of
semiconductor devices and i t s microscopic posi-
tional dependency [8]. The result of the analysis
indicated that the experiments should be carried
out under the irradiating condition allowing a
single ion hit , to minimize the influence of
local radiation damage induced by microbeam
irradiation.

Fig. 5 Silicon wafer relieved with lines and
space pattern for eveluation of focused

size.

10.0 1 1 I f • i I | ! 1 1 11,11.

Beam:15MeV"Nie4+ ;

:Speciman: Silicon Micro-Rerief '.
Pattern <».

I
1.0

O.1

O
O

r o o * •,-*- ,

O Horizontal Direction
® Vertical Direction

10
Microslit Gap(pm)

100

Fig. 4 Heavy ion microbeasi line with a quadrupole
lens system.

Fig. 6 A typical result of microbeam size meas-
urement for heavy ion microbeam apparatus

Figure 7 shows the light-ion microbeam line
with a similar lens system and an application
example demonstrating the microbeam performance.
To achieve a submicron beam easily, the high-
voltage generator was designed to have a high-
s tab i l i ty terminal voltage of 1O'B. I t was
satisfied by installing a balanced type Schenkel
DC power supply. The microbeam development has
not finished yet, while we succeeded a high-
resolution secondary electron imaging of the
silicon micro-relief pattern with a width of 0.5u
m, traced by microbeaai scanning of 2 MeV helium
ions, as shown in Fig. 7 [9]. From similar
profiles, we already evaluated a beam size of a
quarter-micron meter with a beam current of

.more than 10 pA.
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ft t'i

Fig. 7 Light-ion microbeam line and secondary
electron imaging of a silicon micro-relief
pattern with a width of 0.5urn, traced by
microbeam scanning of 2 MeV heliuns ions.

As an initial application of this submicron
or quarter-micron beam, we are going to develop
a high-sensitivity Micro-PIXE camera for trace
heavy-element analyis in a single living cell.

prevent further ions hitting the target after a
single hit.

Using this system, we achieved a single ion
detection efficiency of 100 % for 15 MeV silicon
and nickel ions, and 97 % for carbon ions at
present. The time resolution of the beam switch
is now about 500 ns. This is limited by the
rise time of the deflection voltage and the ion
flight time for the long pass fron the beam
switch to the single ion detector.

6. Hit Timing Control
Ion h i t timing or ion hi ts with a fixed

time interval can be controlled by using the
single h i t system. Figure 9 shows a timing
diagram for periodic ion hits. Each dot indicates
a separate ion particle. If the rate of incident
ion number at the beam switch is much larger
than the frequency of the input pulses for the
high-voltage off, this periodic pulses make
synchronous hits with an approximately the same
frequency within the variation of the time
interval between two adjacent ions randomly
incident at the beam switch. This means that the
hit timing and the periodicity are controllable.

Ion begin

Target
Mlcroillt

Fig. 8 Single ion hit system attached to
microbeam line.

5. Single Ion Hit System
Figure 8 illustrates the single ion hit system

under development, combined with the heavy ion
microbeam line. I t consists of a single ion
detection system, a coincidence module for
noise elimination, and a fast beam switch.

A single ion is detected by a couple of
annular-type multichannel plates facing in
opposite direction. The first one detects secon-
dary electrons emitted from an ultra-thin carbon
foil, when a single ion penetrates through the
foil, and the other one detects electrons emitted
backward from the target . To eliminate the
contribution of the detector noise, simultaneous
hit signals from both detectors are lead to a
fast coincidence module, and the coincidence
signal triggers the fast beam switch to deflect
the next incident ion electrostatically and

Time

Incident Ions
At Beam Switch

HVoff Signal

Single Ion
Detection
(HVon Signal)

• • » « * * • » • » # • •

JLJLJLJUJL

Fast
Beam
Switch

HVon

HVoff LJ U
Incident Ions
At Target

Fig. 9 Timing diagram for periodic ion hits.
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A plural number of ion hits with a fixed interval
also can be controlled according to the preset
of the hit number.

The hit timing control is useful for basic
study of risk estimation in human space flight,
in which the h i t interval is related to the
repair of radiation induced DNA damage.

7. Verification of Hit Position
Single ion hit can be realized on the basis of

several technical elements: beam positioning,
single ion detection, detection signal processing,
and hit timing control. Therefore, the overall
uncertainty of beam positioning depends on
various factors, but i t is roughly evaluated
about ±2 Aim at present.

The hit re l iab i l i ty may be given as the
ratio of the miss-hit number to the total hit
number. As a f i rs t step to reduce this ratio,
we have to identify the contribution of beam
halo [10]. We are trying to observe the beam halo
to define major contributions.

Track detectors such as CR-39 may be the
most simple method to observe the beam halo.
However, i t is not easy to characterize the beam
halo by such off-line observation, because i t is
sensitively influenced by various experimental
factors which cannot be easily defined.

We are trying a feasibility study of single
ion position sensit ive monitoring by using
memory address identification of each soft error
induced by a single event upset of DRAMs. Single
event upset effect of these devices has not
been well defined yet, but i t may be promising
as a high-resolution on-line detection method.

8. Local Irradiation of Single Cell
Heavy-ion microbeam irradiation or single

ion hi t of higher-energy part icles is also
useful for development of cell surgery technique
and basic study of risk estimation in human
space flight. The JAERI biology group is now
developing an apparatus for local irradiation
of a single living cel l , shown in Fig. 10,
using the simple ion hit method illustrated in
Fig. 1 and a vertical collimated beams of the
AVF cyclotron.

The microbeam is formed by a collimation
system with three steps and finally extracted
into air through the bottom micro-aperture. The
position of the cell is adjusted just under the
aperture by using an optical microscope. Each
extracted particle is detected by a silicon
detector for hit verification after penetrating
the sample cell and a microscope stage. The
present goal of the beam size is less than 5Mm
with an extreamly weak beam. We already achieved
a bean size of less than 10 p. a. A typical
application will be asymmetric cell fusion in
which ion microbeam is expected to be an ideal
tool for DNA inactivation to living cells.

Fig. 10 Apparatus for local ion irradiation of
single living cell.

9. Summary
Ion microbeam development and its application

studies have been conducted mainly using electro-
s ta t ic accelerators. We can focus beam sizes
of 1/xm for heavy ions of 15 MeV nickel and
silicon ions, and a quarter urn for light ions
of 2 MeV proton and helium ions, using a couple
of accelerators.

We are also developing a single ion hi t
system and already achieved 100 % of the single
ion detection efficiency for 15 MeV silicon and
nickel ions, and further improvement is being
followed to achieve 100 % for carbon ions.

The overall accuracy of the hit positioning
is under improvement in consideration of beam
halo, and is estimated within about ±2 p.n at
present. The hit timing also can be controlled
with this system.

As application studies using these microbeams
and single ion h i t system, we are planning
single cell mapping of heavy elements by micro-
PIXE, and analysis and creation of new functional
materials, in addition to analysis of single
event effects of LSIs which are now going on.

The performance of higher-energy ion micro-
beams using cyclotrons is basically limited
because of their relaively poor beam quality.
Beam focusing or some other methods for beam
qualification will be required in future to
expand their application to new fields.

We are also expecting that single ion hit
technique will be applied as new tools for
radiation research and engineering.
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POSITRON ANNIHILATION MICROPROBE
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Advances in positron annihilation microprobe development are reviewed. The present resolution
achievable is 3 /im. The ultimate resolution is expected to be 0.1 /im which will enable the positron
microprobe to be a valuable tool in the development of 0.1 /xm scale electronic devices in the future.

Keywords: Defects, microprobe, positrons.

The principal of operation of a positron annihila-
tion microprobe (PAM) is to carry out the standard
positron annihilation spectroscopies, e.g. positron
annihilation lifetime spectroscopy (PALS), Doppler
broadening spectroscopy (DBS), angular correlation
of annihilation radiation (ACAR), etc., with a positron
beam that can be focussed down to a diameter on the
order of a /xm [1]. Although the most widely recog-
nized need for a PAM is to carry out 2D ACAR mea-
surements [2] of the electronic structure of small sam-
ples or small single crystal domains of exotic polycrys-
taline materials, this application will have to await
the availability of very high flux positron beam facil-
ities, such as the Takasaki "Positron Factory." With
presently available laboratory monoenergetic beam
fluxes limited to a few million positrons per second,
essentially all of positron microprobe research so far
has been devoted to proof of principle demonstrations
with the formation of the smallest positron beam
spots being the main objective.

In the 2D ACAR study of /xm scale samples, a
positron beam of several keV is desirable in order
to observe mostly annihilations within the interior of
the sample without the often confusing gamma-ray
contributions from positrons annihilating in surface
states or from positronium formation. In addition to
a high beam energy lending itself to focussing down
to a smaller spot, this application of a PAM is also
simplified by not having to cover a large range of inci-
dent energies. The variable incident positron energy
PAM application, necessary for depth profiling de-
fects, is more ambitious because of the requirement
of varying the incident energy, while keeping the in-
cident focus fixed in position and diameter to within
a small fraction of the /im spot size.

In the study of defects, such as radiation produced
damage [3, 4], DBS is a widely used tool because of
its capability of depth profiling low concentrations of

defects and measuring defect sizes in materials where
electron microscopy has insufficient contrast to de-
fects. On the /xm lateral scale, DBS PAM would
most likely find its utility in study defects and ra-
diation damage on the contacts, gates, and other
similar layered structures that make up semiconduc-
tor electronic devices. Semiconducting device fail-
ure predominately involves open volume defects oc-
curring at the interfaces between the device com-
ponents. The unique sensitivity of DBS to these
defects gives this spectroscopy the highest potential
for future use in the semiconductor industry of all
of the other positron annihilation spectroscopies [5].
In monitoring online semiconductor material fabrica-
tion, it would be more advantageous to use DBS on a
1 cm macroscopic scale, with the DBS PAM serving
as a research tool in studying actual device produc-
tion steps and durability off line.

Intrinsic resolution limits on positron annihi-
lation microprobes

There are two principal contributions to the reso-
lution limits of a PAM: 1) the intrinsic resolution due
to the fact that when an energetic positron strikes a
sample there is an appreciable spreading, both lat-
erally and in depth, of the positron spatial distribu-
tion before the positron annihilates in the sample,
and 2) there are optical limitations on how finely the
positron beam can be focussed without aperturing
the beam. Here we will not deal with methods which
rely on throwing away any positrons. Recently Bran-
des et al. measured the lateral implantation and diffu-
sion broadening of positrons implanted at keV ener-
gies into a Ni(100) single crystal (6). They observed
that the intrinsic lateral resolution of a PAM at 5
kev, for example, ranged from 100 nm to 200 nm, de-
pending on the sample's crystallinity, and hence the
positron diffusion length. As the incident positron en-
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ergy is lowered, the intrinsic microprobe resolution is
mainly determined by the thermalized positron dif-
fusion length alone, which in principal could be as
low as a few nm in a highly defected material. How-
ever, optical phase space limitations in forming a mi-
crobeam begin to dominate the PAM resolution when
the beam energy is reduced appreciably below 5 keV.

Optical resolution limits on positron annihila-
tion microprobe resolution

When minimizing a positron beam diameter it is
of course necessary to start with a source of slow
positrons having the minimum emittance possible, or
loosely speaking, the maximum brightness. The man-
ner in which a quasi monoenergetic positron beam is
produced in the first place, using high energy positrons
from radioisotopics or LIN ACS, relies on the dissipa-
tion effect of energetic positrons undergoing inelastic
collisions in a moderating material. When a small
fraction of these positrons diffuse to the outer surface
and escape from the material at low energies, the re-
sulting brightness of these positrons far exceeds that
of the original source of high energy positrons. As
first proposed by Mills [7], the brightness of a beam
produced this way could further be increased substan-
tially by repeatedly imposing the moderation process
on the beam after first accelerating it to a few keV
and having it reemitted from a progressively smaller
spot at low energies. The Brandeis high brightness
beam, for example, achieves a factor of 500 "bright-
ness enhancement" using two stages of reflection ge-
ometry remoderation of its original 10 mm diameter
down to emission from 0.1 mm diameter spot at 1 eV
energy [8]. A microbeam of a few jum is then formed
by accelerating this beam to a few keV.

The first positron microbeam was achieved at Bran-
deis using a 1.5mm'diameter two-cylinder electro-
static lens with the second (accelerating) lens cylin-
der having a length equal to twice its diameter [9].
The first cylinder could be regarded as being infinite
in length. The choice of the second cylinder length
was dictated by the requirement that the beam be fo-
cussed in a relative field-free region, in order that the
beam could be scanned without distortion across a
fixed annihilation target/specimen. Another consid-
eration in choosing this second cylinder length was
that the lens was a good approximation to the stan-
dard two-cylinder lens and its spherical aberration
coefficient could therefore be estimated from other in-
vestigators' studies of the standard two cylinder lens.
The first demonstrated microbeam [9] had a 20 fim
diameter (FWHM). For the first high magnification

positron reemission microscope (PRM) developed at
Brandeis, a two cylinder 1 mm diameter lens was
subsequently able to achieve a 8 pun diameter focus
(FWHM) at 5 keV [10].

If one only needs to scan the microbeam over a re-
gion which is small compared to the lens diameter, or
more conveniently, mechanically translate the sample
across a fixed microbeam, then the condition that the
specimen be in the field-free region of the lens can be
relaxed and a shorter focal length can be employed.
Electrostatic focussing is not a requirement imposed
on the PAM in general, but is a requirement for the
PRM since the specimen {i. e. a single crystal metal
film) that the positrons are focussed onto must also
terminate the condensing field in order that (in the
transmission geometry) the condensing field does not
interfere with the subsequent imaging of the positrons
that are reemitted from the other side of the speci-

men.
Recently, Roach etal. [11] carried out an extensive

investigation of the tradeoff between minimizing the
focal length and the corresponding increasing spher-
ical aberration for a given beam emittance. For a
minimal focal length of an electrostatic two element
lens, the target specimen plane is part of the second
lens element and actual particle trajectories need to
be calculated instead of being able to rely on pub-
lished standard asymptotic two-cylinder lens data.
In addition to testing various two-element short focal
length condenser lenses, the investigation of Roach
et al. was heavily focussed on determining the best
intermediate image upstream of the condenser lens.
A real or virtual image of the 0.1 mm emission di-
ameter from the 2nd reflection mode remoderator
could be formed with almost any energy beam an-
gle, position, and size, subject to the constraint of
the Helmholtz-Lagrange law. This lead to testing
several thousand launch conditions from the inter-
mediate image into the condenser lens. Ordinarily,
such an exercise would involve a very large comput-
ing overhead. This prompted Roach et al. to use an
extremely efficient algorithm for including spherical
aberration without solving differential equations for
each launch trajectory. This method, developed by
Renau and Huddle [12] can be incorporated into the
simple linear thick lens trajectory calculations and
produce trajectory calculations that include spheri-
cal aberration very rapidly on desktop computers.

The optimum lens geometry found by Roach et
al. was a 0.8 mm diameter, two cylinder electrostatic
condensing lens with the second cylinder of length
half the cylinder diameter. This lens geometry, along
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with an optimized intermediate image at 200 eV and
final condensed image at 5 keV, predicted a 2 fim
beam spot (FWHM). In our present condensing lens
system with the same conditions, we observe a spot
size of 3 fj,m [13]. Approximately half of this diame-
ter is due to the finite emittance of the brightness en-
hanced beam and the other half due mainly to spher-
ical aberration of the condensing lens. The overall 3
fim diameter is close to the 2 ^m prediction of the
Renau-Huddle optimization procedure. This proce-
dure supports the simple picture that the minimum
spot size is determined by balancing the trade-off be-
tween spot reduction arising from steeper angles of
convergence, when the filling of the condensing lens
is increased, with the increase in spot size due to
spherical aberration which increases with lens filling.
At present the chromatic aberration is a negligible
contribution to the spot size [9].

Our present minimum spot size of 3 /jm at Bran-
deis corresponds to rays originating from an interme-
diate image formed at 200 eV inside the first cylinder
of the abbreviated modified two-cylinder lens. 2 of
the 3 /im spot diameter can be attributed to aber-
rations since phase space considerations predict a 1
fj-m spot at 5 keV for our input beam emittance. It is
also important to note that we limit the field strength
at any lens element surface to 100 keV/cm in order
to avoid field emission initiated electrical discharge.
Aside from the positron beam brightness, the lim-
itation on the voltages and gap sizes is the major
source of limitation on the spot size. With a 2 /j,m (or
optimistically - 1 fim) diameter PAM, many impor-
tant experiments can be carried out with the present
positron beam technology. Nevertheless, it is impor-
tant to seek alternative optical methods in order to
realize the 0.1 /im resolution potential of the PAM in
the future.

Further beam size reduction by invoking large in-
creases in positron beam brightness would be most
likely attained in the future by incorporating a thin
film remoderator as the last stage of a brightness en-
hanced beam. Computer simulations by Seijbel et al.
using multiples stages of brightness enhancement has
shown that a 0.8 /xm diameter spot should be feasi-
ble [14]. In our situation, positrons reemitted from
a 3 fjm spot focussed on the back of a remoderat-
ing film in principle could be focussed to below 0.1
/im (at 5 keV), if we had the luxury of ignoring lens
aberrations. However, the Seijbel et al. work estab-
lishes a definitive lower limit of an aberration limited
spot size of 0.8 (xm, regardless of the brightness of the
beam. Thus in order to focus a beam emanating from

a 3 /xm diameter down to 0.1 jum, the electrostatic
focussing approach would have to be abandoned be-
cause of aberration and focal length limitations.

For PAM investigations using magnetic lenses the
presence of residual magnetic focussing fields, even
on the order of a few Tesla, would have no effect on
the annihilation process, except in those few cases
where magnetic properties or positronium processes
are desired to be investigated. Although magnetic
lenses are most commonly used in microscopy when
it is necessary to achieve a short focal length for high
energy particles (>50 keV electrons, for example),
their ability to produce small spots at lower energies
can surpass the capabilities of electrostatic focussing.
An example of the low energy microfocussing poten-
tial of magnetic lenses is the "single pole" lens de-
sign proposed by Shao and Lin [15]. Their calculated
C,f f0 (spherical aberration coefficient/focal length
ratio) value of 1 is ten times less than for the two-
cylinder electrostatic condensing lens and the pole
piece bore diameter could be made well below lmm.
This appears at present the best way to produce a
0.1 /xm resolution PAM, provided one significantly
improves the beam brightness beyond the two stage
reflection method. Further large increases in positron
beam brightness would be most likely attained in the
future by incorporating a thin film remoderator as
the last stage of a brightness enhanced beam [14].
Positrons reemitted from a 3 /xm spot focussed on
the back of the film could be subsequently focussed
to below 0.1 /im (at 5 keV) using magnetic focussing.

Finally, it is important to point out that a large
number of systems that would be of practical inter-
est to know their electronic structure are basically
one-dimensional in nature: buried interfaces, electri-
cal contacts, domain boundaries, to name a few. For
these systems, it could be more advantages to form
a line focus, rather than a round spot, parallel to
the microstructure being investigated. The "Caledo-
nian Quadruplet" developed by Daglish and cowork-
ers consists of a novel arrangement of a pair of com-
pensating line focussing rod-like elements which can
focus outside the field of the lens [16], unlike the con-
ventional electrostatic quadrapole lenses. By appro-
priately biasing these elements, parallel rays passing
between the rods can be brought to a focus in the
asymptotic region with much less aberration than is
possible with cylindrical focussing lenses.
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Slow-positron beam is quite useful for non-destructive material research. At the Electrotechnical
Laboratory (ETL), an intense slow positron beam line by exploiting an electron linac has been constructed in
order to carry out various experiments on material analysis. The beam line can generates pulsed positron
beams of variable energy and of variable pulse period. Many experiments have been carried out so far with
the beam line. In this paper, various capability of the intense pulsed positron beam is presented, based on the
experience at the ETL, and the prospect for the future is discussed.

1. Introduction
Nowadays, it is well known that positrons are

quite useful for medical diagnostics, material
evaluation of microstructural defects, electronic
structure in solids, and so on, owing to its peculiar
interaction with solids such as trapping to vacancies,
annihilation with electrons and successive emission
of y rays which are easily detected.

Slow-positron beam is especially advantageous
as a non-destructive probe to investigate the property
of surface, thin films, and the depth dependence of
the properties of solids, because it is quite sensitive
to surface and also the energy of incidence is
variable [1-3]. When a slow positron enters into
solid, it rapidly (~10 ps) loses its kinetic energy,
diffuses within the sample, and after a certain time,
annihilates with an electron. Before the
annihilation, positronium (Ps), which is an electron-
positron bound state, can be formed in some cases.
The positron and Ps decay with characteristic
lifetimes. Various works have demonstrated the
possibility of slow positron beams as a probe for
studies on thin films, surface,
and near surface regions [4].

Recently, generation of
positron beams by accelerators
has become possible with
intensity of 10J - 105 times the
intensity obtained from radio-
isotopes (RIs). This has made
the time for experiments
remarkably shorter. Further-
more, various experiments
which were inaccessible with
RIs have become possible.
Experiments with pulsed slow
positron beam described below
are practically impossible with
RIs.

At the Electrotechnical
Laboratory (ETL), an intense
slow-positron beam line was
constructed in order to carry out Fig.l. Bird-eye

various experiments on material research [5]. The
beam line can generate a pulsed positron beam of
variable energy and variable pulse period with high
intensity by the use of an electron linac. The
positron beam line including a pulsing system,
application of the pulsed positron beam — positron
lifetime spectroscopy, age-momentum correlation
spectroscopy, positronium time-of-flight measure-
ment, and positron annihilation-induced Auger
electron spectroscopy (PAES) with a time-of-flight
technique, and finally future prospects of the slow-
positron beam will be described below.

2. Production of slow-positron beam
2.1 Positron beam line

Electron linear accelerator (linac) is usually
used at present to produce intense slow-positron
beams, though cyclotron is also a powerful candidate.
At the ETL, a positron beam line was constructed in
1987 in cooperation with the National Institute for
Research in Inorganic Materials, the Institute of
Physical and Chemical Research, and the Tsukuba

ETL
ELECTRON ACCELERATOI
FACILITY

TERAS
SR
LCS

NIJMV
FEL

NIJI-II
SR PROCESSING

electron gun

500 MsV electron linac POSITRON BEAM LINE!

view of the ETL electron accelerator facility
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University [5]. An electron beam of about 70 MeV
extracted from the low-energy section of a 500-MeV
electron linac is used to generate positrons, as shown
in Fig.l. The electron beam enters a tantalum
converter to generate positrons, and a venetian-type
tungsten moderator moderates the positrons down to
below 10 eV. Fig.2 shows the cross-sectional view
of the converter-moderator system.

The slow-positron beam is sent to a sample
chamber through a vacuum transport line guided by
Helmholtz coils. However, the time structure of the
beam mimics that of the incident pulsed electron
beam with 1 - 4 (is width and 100 pps, which is
inconvenient for most positron experiments.
Therefore, the slow-positron beam is stored
temporarily in a linear storage section to generate
the quasi-continuous beam. The linear storage
section consists of a 4-m straight vacuum tube with
Helmholtz coils and two grids. The positrons are
trapped between the grids by means of electric field
and magnetic field, then they are extracted gradually
by changing the potential of exit electrode [6], At
the end of the beam line, slow positrons of about 10*
/s are available.

2. 2 Pulsing system
For some measurements with slow positrons,

such as positron lifetime spectroscopy, time-of-flight
(TOF) measurements of positronium or secondary
particles, it is necessary to know precisely the time at
which a positron entered a sample to be used as a
start timing signal. A few techniques to obtain the
start signal have been developed [2] and several
experimental results have shown the potential use of
variable-energy pulsed positron beams for surface
and near-surface studies [7-9] though the beam
intensity was insufficient for high quality
measurements.

Recently, a pulsing apparatus for the ETL
intense positron beam has been developed to perform
variable-energy positron lifetime spectroscopy as
well as TOF experiments with high resolution, high
peak-to-background ratio, high count rate, and wide
time range for measurement [10].

The positron beam is initially pulsed
corresponding to the linac pulse stricture. However,
the repetition rate of the linac is too low and the
pulse width is too wide for positron experiments
with high count rate. Thus, the quasi-continuous
positron beam described above is used for the
pulsing system. The pulsing system consists of a
chopper, a sub-harmonic pre-buncher (SHPB) and a
buncher as shown in Fig.3. An axial magnetic
field of-0.01 T is applied to the pulsing system by
Helmholtz coils for beam guiding.

The chopper consists of three grids, and utilizes
a pulsed electric field longitudinal to the beam
direction. This device generates a pulsed beam (~5
ns, -250 eV) from the pulse-stretched beam. The
main feature of this type of chopper is that the
performance is not affected by the strength of the
axial magnetic field. Thus, it can be operated at
any frequency by applying the appropriate electric
pulses.

The SHPB compresses the pulse width of the
chopped beam to ~1 ns (FWHM). This beam can
be used for time-of-flight experiments. For the
positron lifetime experiments, the positron pulse is
further compressed to ~ 150 ps at the sample position

buncher chopper

drift tube vaccum
/ chamber

100ps 1 ns 5 ns

Fig.3. Schematics of the slow positron pulsing system.
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by the buncher. The fundamental frequency of the
buncher,/B is 150 MHz; the operating frequency
of the SHPB is a quarter of the buncher frequency,
and the chopper frequency is /e / 4/?, (n = 1, 2, ...)•
There is a drift tube between the buncher and the
sample. By adjusting the voltage applied to the
drift tube, the incident positron energy at the sample
can be varied from 0.2 keV to 30 keV.

2.3 Performance of the system
The above positron pulsing system generates a

pulsed beam of high intensity with variable energy
and pulse period. For the positron lifetime
measurements, we can generate a pulsed positron
beam of ~100-ps pulse width, with incident energy
of 0.2 keV - 30 keV, and pulse period of 25 ns - 10
ms. The intense pulsed positron beam enables us to
perform positron lifetime measurements with
variable-energy pulsed positron beam with high
count rate of >103 cps. For the TOF-PAES
experiments, the pulsed positron beam with pulse
width of ~5 ns, incident energy of 35 eV - 70 eV,
and pulse period of ~1 ms is used. The pulsed
positron beam makes it possible to measure PAES
spectra with high count rate and high energy
resolution.

3. Application of pulsed slow-positron beam
3.1 Positron lifetime measurement

A positron lifetime spectrum is obtained by
measuring the time interval between the timing
signal of the pulsing system and the signal of an
annihilation y ray detected with a BaF2 scintillation
detector. At present, the count rate of annihilation
y ray is 2xlO3 cps for the positron lifetime
spectroscopy. A peak-to-background ratio of lO4

has been achieved by adjusting the storage time of
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Fig.4. Positron lifetime spectra of a dielectric multilayer

cavity mirror.

the linear storage section and the gate timing for a
time-to-amplitude converter. With the system,
both the long- and short-lifetime components in near
surface regions, surface, interfaces, and thin films
can be measured. Several experimental results
with the pulsed positron beam have proved the
usefulness of variable-energy positron lifetime
spectroscopy. Especially, the high peak to-
background ratio and wide time range for
measurement enable us to observe long-lived o-Ps
components in many specimens, for example, a-Si:H,
diamond films SiO2 films, porous Si, etc. [11-13]

Fig.4 shows an example of the results of
positron lifetime experiments. The specimen is a
dielectric multilayer cavity mirror (HK>2 / S1O2) for
ultraviolet (UV) free-electron-laser (FEL) experi-
ments. For the short-wavelength FEL experiments,
ultra-low-loss mirrors are indispensable because the
FEL gain is rather low, and thus, the degradation of
the mirrors due to the exposure to the UV and/or
VUV radiation is a serious problem. We have
devised a method of restoration of the degraded
mirrors with oxygen-plasma treatment and
annealing, and succeeded in the restoration, which
has been confirmed by a precise cavity-loss
measurement using a decay-time method.

The incident positron energy of Fig.4 is 1 keV
corresponding to the first S1O2 layer. The lifetime
spectra before the FEL experiment, a high intensity
of a long-lived positronium component (-25%) was
observed. After the FEL experiment, the long-
lifetime component has dramatically decreased.
Furthermore, after the plasma treatment and
annealing, the intensity of the long-lifetime
component almost completely restored.

The intensity of the long-lifetime component is
highly correlated with the degradation and
restoration of the efficiency of the mirror. Thus,
the mechanism of degradation of the mirrors was
confirmed with the series of experiments.
Furthermore, this measurement can specify the
damaged depth from the positron energy dependence

Fig. 5. Schematics of age-momentum correlation
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of the intensity of the long-lifetime component; the
damaged region is the first S1O2 layer.

3.2 Age-momentum correlation spectroscopy
Age-momentum correlation spectroscopy

(AMOCS) is known to provide information which is
unavailable from individual measurement of age
(positron lifetime spectroscopy) and/or that of
momentum (measurement of Doppler broadening or
angular correlation of annihilation radiation).
Several results have proved that AMOCS is
especially useful to study the annihilation process of
positronium [14-17].

The conventional AMOCS system requires a
triple coincidence technique for the start p+ or y ray
signal and two annihilation y-ray signals. Thus,
the maximum count rate is limited to about 100 cps.
On the contrary, an AMOCS system with a pulsed
positron beam requires only a double coincidence
technique, because the start signal can be obtained
electronically from the pulsing system. Thus, it is
possible to perform AMOCS with high count rate.
Furthermore, the variable-energy pulsed positron
beam gives information on the depth.

Therefore, an age-momentum correlation
measurement apparatus using the variable-energy
pulsed positron beam is being constructed. The
layout of the system is shown schematically in Fig. 5.
The count rate of -30 cps was achieved so far with
the pulsed beam. When a higher-intensity positron
beam is available, the count rate will be easily
increased.

5.5 Positronium time-of-Jlight measurement
Several experimental and theoretical results

have shown that energy analysis of positronium
emitted from solid surface gives valuable
information on surface properties [18-21]. We
have developed a Ps-TOF measurement system by
using the intense pulsed positron beam.

Fig.6 shows the experimental arrangement of
the Ps-TOF system. Positronium atoms are
detected by a micro-channel-plate (MCP) detector.
TOF spectra are obtained by measuring the time
interval between the signal of MCP detector and that
of the pulsing system.

[ computer^

Fig.6. Block diagram of the Ps-TOF system.

originates almost exclusively from the topmost
atomic layer since the positrons are trapped in an
image correlation well just outside the surface.
Several works using a position sensitive or single slit
energy analyzer have demonstrated the feasibility of
the PAES [22-26], although the energy resolution of
these systems is lower than conventional AES.

At the ETL, a PAES apparatus with a TOF
technique has been developed [13] for high
resolution PAES. Fig. 7 shows the experimental
set-up of TOF-PAES, and Fig. 8 shows an example
of PAES spectra from highly oriented pyrolytic
graphite (HOPG) after cleaved in vacuum.
Significant peaks at around 250 eV and at around
500 eV, corresponding to the Auger peak of carbon
and that of oxygen respectively, were observed in the
spectrum. On the other hand, the oxygen peak is
not observed with the conventional electron Auger
spectroscopy under the same condition. Similar
result was observed in the surface of MoS2 [27].

3.4 Positron annihilation induced
Auger electron spectroscopy
Positron annihilation-induced

Auger electron spectroscopy (PAES) is
known to have significant advantages
over conventional methods of Auger
electron spectroscopy (AES) [22].
In PAES, core electrons are removed
by annihilation with positrons.
Therefore, the incident beam energy in
PAES need not be higher than the core
level ionization energy, which permits
the elimination of the large secondary-
electron background.

Furthermore, the PAES signal

30nsec

•+heant

-10

PMT

trigger

Base Pressure 2x10 Torr

Fig.7. Schematic diagram of the TOF-PAES system.
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Fig.8. TOF-PAES spectrum of HOPG.

This suggests that oxygen atoms are trapped at the
top layer with very weak binding energy or very low
concentration. Though this measurement is
preliminary, the result demonstrates the extremely
high surface sensitivity of the PAES. Furthermore,
the resolution of the carbon Auger peak (~50 eV) is
significantly higher than that of the Auger peak of
the PAES experiment (~200 eV) previously reported
[25].

4. Conclusion
The intense positron beam line and positron

pulsing apparatus at the ETL linac facility have been
described. Application of the pulsed positron beam
— positron lifetime spectroscopy, age-momentum
correlation spectroscopy, positronium time-of-flight
measurement, and positron annihilation-induced
Auger electron spectroscopy with a time-of-flight
technique were also discussed.

The present pulsing efficiency for the positron
experiments is not very high (only a few %). One
reason for this is that the energy spread of the
positron beam is too large. In order to reduce the
energy spread, a new positron beam line which has a
new type of linear storage section, as shown in Fig.9,
is being constructed. We expect that the energy
modulation of the new system will be reduced to
about 9 meV, and the pulsing efficiency will
increase by about one order of magnitude with the
new beam line.

The main feature of the measurements using a
pulsed positron beam is that there is almost no
limitation on the count rate since we can obtain the
start timing signal electronically from the pulsing
system. Therefore, when much higher intensity
positron beams, such as that of the JAERI positron
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enter"
pulsing
section

gaear storage
sscttwt

ttlcntid eo«9

' iMHunlins
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puliW —

Re-designed linear storage section

Fig.9. Present and new linear storage sections.

factory project which is in the stage of design work,
become available, very high count rate
measurements will be possible. These high count
rate measurements will make it possible to do not
only the experiments on dynamical processes on
short time scales but also three dimensional
scanning positron spectroscopy (or positron
microscopy using very small diameter positron
beam) which will give us more detailed information
on the microstructure of new materials. The
usefulness of the slow-positron beam will be greatly
expanded if the beam is of high intensity, and
processed (shaped) in all of the time domain, energy
domain, and spatial domain.
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PARTICLE BEAM TECHNOLOGY FOR CONTROL OF ATOMIC-BONDING STATE
IN MATERIALS

Junzo ISHIKAWA
Department of Electronic Science and Engineering, Kyoto University

Yoshida-honmachi, Sakyo-ku, Kyoto 606-01, Japan

The atomic-bonding state in materials can be controlled through "kinetic bonding" process by energetic particle
beams which have a sufficient atomic kinetic energy. In order to clarify the "kinetic bonding" process the
negative-ion beam deposition is considered as an ideal method because the negative ion has no additional active
energies. Sputter type heavy negative-ion sources can be used for this purpose. Carbon films prepared by
carbon negative-ion beam deposition have a strong dependency of the film properties on ion beam kinetic energy
and have a quite high thermal conductivity which is comparable to that of the lib diamond at a kinetic energy
of 50 - 100 eV/atom. It suggests that new or metastable materials could be formed through the "kinetic bonding"
process. Negative-ion beams can also be used for ion implantation, in which charging problems are perfectly
reduced.

1. Introduction
Energetic particle beams such as ion beam, radical

beam, energetic neutral particle beam, electron beam,
and photon beam, can control the atomic-bonding
state in materials when they interact with material
surfaces. Especially, the particle beams which have an
atomic kinetic energy such as ion beam and energetic
neutral particle beam, would cause a special atomic-
bonding process, i.e., "kinetic bonding"1'2^. The
"kinetic bonding" process is quite different from the
commonplace thermochemical reaction, and in this
process the atomic kinetic energy plays a main role in
material formation. Therefore, we might create a new
crystal structure such as metastable structure by
controlling the "kinetic bonding" process.

In order to clarify the "kinetic bonding" process,
a particle beam which has a controllable atomic
kinetic energy but not an additional active energy, is
essential. Negative-ion beam is an ideal beam for this
purpose since it's kinetic energy and trajectories can be
easily controlled by virtue of the negative charge and
it's additional energy of electron affinity only affects
cooling in the interaction with material surfaces.

Recent progress in heavy negative-ion production
enables us to use negative-ion beams in deposition
and implantation. Milliamperes class heavy negative-
ion beams can be produced in dc mode by an rf-
plasma sputter type heavy negative-ion source,
developed by the present author3'4', in which the
optimum negative-ion production conditions such as
mono-layer cesiated target surface and low xenon gas
discharge by if power are realized.

Carbon films which were prepared by carbon
negative-ion beam deposition, have quite high thermal
conductivity which is comparable to that of the lib
diamond although the crystal structure of the carbon
films amorphous5^. This structure might suggest some

new crystal structure.
Negative-ion beams also open a new application

field, i.e., negative-ion implantation technique6'7',
where charging-free ion implantation is expected.

2. Role of ion in ion-beam deposition
Positive ion and negative ion have their inherent

features as shown in Table 1. Ion has a kinetic energy
and an internal potential energy. The kinetic energy
of ion can be controlled by an acceleration electric
field of the ion. The internal potential energy is
inherent for the ion, and is additional to the kinetic
energy. The internal potential energy in positive ion
is the ionization potential whose absolute value is
around 10 eV. The internal potential energy in
negative ion is the electron affinity whose absolute
value is around 1 eV. The ionization potential is an
ejective type of energy when neutralized, while the
electron affinity an absorbable type of energy.

The relationships among internal potential energies
and kinetic energy of ion and atomic-bonding state of
material in ion-beam deposition are shown in Fig. 1.
The following four physical values or state are
considered to be very important factors in ion-beam

Table 1 Inherent features of positive and negative ions.

Charge Polarity

Internal
Potential
Energy

Energy Type
When Neutralized

Positive Ion

Positive

Ionization
Potential
(around 10 eV)

Ejective

Negative Ion

Negative

Electron
Affinity
(around 1 eV)

Absorbable
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Positive Ion
Low Kinetic Energy

Ion Beam

Positive-Ion Beam Deposition

Low
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Negative Ion

/ E l e c t r o n N ^ . v / . / Kinetic'
Ion Beam 1 Affinity J^"A"* l Energy

Kiwi/ V PI Chain Collision

Material
Formation

Process

Negative-Ion Beam Deposition

Fig.l Relationships among internal potential energies and
kinetic energy of ion and atomic bonding state of material
in ion-beam deposition.

deposition: (1) ionization potential, (2) electron
affinity, (3) kinetic energy and (4) atomic-bonding
state. In the positive-ion beam deposition, the factors
of (1), (3) and (4) interact each other. In the
negative-ion beam deposition, the factors of (2), (3)
and (4) interact each other.

The energy related to the atomic-bonding state (4)
is considered as an atomic-bonding energy whose
value is around several eV. The value of the
ionization potential (1) is usually larger than the
atomic-bonding energy, while the value of the
electron affinity (2) is smaller than the atomic-
bonding energy. On the other hand, the kinetic energy
(3) can be controlled to be any value in principle.
However, it is quite difficult to obtain an
monochromatic energy ion beam with an energy lower
than several tens eV.

The internal potential energy (1) or (2) easily
interacts with the atomic-bonding state (4) and would

cause enhancement or suppression of thermochemical
reaction, respectively, since it originates in outermost-
shell electrons of atoms. However, the kinetic energy
(3) is a quite different type of energy from them, and
thus it would affect a different or unique role in
atomic-bonding formation process from the
thermochemical reaction.

When the positive ion is used in ion-beam
deposition, both effects from the ionization potential
(1), and the kinetic energy (3) are mixed in atomic-
bonding formation process and so it is difficult to
clearly separate these effects. However, when the
negative ion is used, the effect by virtue of the kinetic
energy (3) can be independently investigated, because
the effect from the electron affinity (2) can be
neglected since it's absolute value is quite small and it
causes the suppression of thermochemical reaction.
Thus, the negative ion is considered as an optimum
particle or tool for clarifying the role of kinetic energy
of deposited particles.

3. Kinetic bonding
The atomic-bonding formation process through

kinetic energy is considered to be separate and distinct
from the thermochemical reaction. Therefore, it might
be designated as "kinetic bonding" process1'2^. In the
thermochemical reaction, in general, an atom whose
thermal energy is greater than the formation barrier
energy approaches the position corresponding to the
lowest interatomic potential, as shown in Fig. 2.
Therefore, the atomic-bonding state, i.e., crystal
structure of material is unconditionally determined.
This crystal structure and corresponding physical
properties of material, hitherto, are considered to be
universal.

"KINETIC BONDING" process starts from here

.5

I THERMOCHEMICAL
reaction

kinetic energy

I thermal energy

» interatomic distance -»"~
lowest interatomic potential

minimum Interatomic potential

"•"—>"• KINETIC BONDING process
(atomic-bonding position: controllable)

THERMOCHEMICAL reaction
(atomic-bonding position: unconditionally determined)

Fig. 2 Two different atomic-bonding formation processes:
"kinetic bonding" process and thermochemical reaction.
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On the other hand, in the case of an atom which
has a kinetic energy comparable to the atomic-
bonding energy, it can easily overcome the formation
barrier energy and approach a position where an
interatomic potential is equal to the kinetic energy, as
shown in Fig. 2. From this position, the atomic-
bonding formation process, (i.e., "kinetic-bonding"
process) starts, and the atom settles down at a position
corresponding to a minimum interatomic potential.
Since there exist several kinds of interatomic potential
curves, the final atomic-bonding state is not always
the same as that through the thermochemical reaction.
When the minimum interatomic potential at which an

atom settles down through the kinetic-bonding process
is higher than that through thermochemical reaction,
metastable or new materials would be formed. If the
"kinetic-bonding" process can be controlled, new
materials with new physical properties could
artificially be created.

4. Sputter type heavy negative-ion source
The present author developed two types of sputter

type heavy negative-ion sources in dc mode for
materials processing: NIABNIS (neutral and ionized
alkaline metal bombardment type heavy negative-ion
source)8'9^, as shown in Fig. 3, which can deliver a
few hundreds of microamperes of various kinds of
negative ions (carbon C":735 \iA, C2~:200 ^A, silicon
Sr:170 nA, copper Cu~:320 \iA); rf-plasma sputter
type heavy negative-ion source3'4), as shown in Fig. 4,
which can deliver milliamperes of negative-ion
currents such as boron (B2~: 1.0 mA), carbon (C~: 1.6
mA and Cj": 2.3 mA), silicon (Si": 3.8 mA), and
copper (Cu~: 12.1 mA).

In the NIABNIS a cesium ion beam bombards on
a sputter target to obtain cesiated target surface, so
that no gas particles are emitted from the ion source.
Thus this ion source is suited for negative-ion beam
deposition where high vacuum is needed. On the
other hand, the rf-plasma sputter type source in which
a small amount of xenon gas for plasma generation is
emitted from the source is suited for negative-ion
implantation because of it's high current performance.

5. Negative-ion beam depositor
In order to obtain a mass-separated and

monochromatic low energy ion beam, an ion beam
which is extracted from an ion source and passes
through a mass-separator has to be decelerated just
before deposition. In the negative-ion beam
deceleration the negative ions are decelerated without
acceleration of charged particles with inverse polarity
because of no positive ions generated there, while in
the positive-ion beam deceleration secondary electrons
or floating electrons are often accelerated and bombard

Fig.3 Sputter type heavy negative-ion source: NIABNIS.

Ceramic insulator

Fig.4 rf-plasma sputter type heavy negative-ion source.

a substrate. Therefore, the effect of kinetic energy of
ion can accurately be investigated by using negative
ions. Besides, the sputter type heavy-negative-ion
sources can deliver a relatively high current of
double-atomic negative ions as well as single-atomic
ones, so the effect of number of atoms of ion can also
be examined.

The present author developed two types of
negative-ion beam depositors. The first negative-ion
beam depositor8^ is illustrated in Fig. 5, which consists

Fig.5 Prototype negative-ion beam depositor.
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Fig.6 Negative-ion beam depositor with UHV chamber.

of the NIABNIS, a sector magnet type mass separator
and an ion-beam deceleration system. In this system
the vacuum of deposition region is between 10~6-10~7

Torr. The second depositor is illustrated in Fig. 6,
which consists of a small version of NIABNIS, a
sector magnet and an ion-beam deceleration system in
ultra-high vacuum chamber.

6. Carbon negative-ion beam deposition5)
Carbon negative-ion beam deposition was

performed by using the depositor as shown in Fig. 5.
Carbon negative ions used were two types: single
atom negative ion (C~) and double atoms negative ion
(C^). The kinetic energy of the ions was from 25
eV to 1015 eV and the carbon negative ions were
deposited on various kinds of substrates at room
temperature.

Pure carbon films without oxygen or hydrogen
were obtained and the surface was very smooth. The
crystalline structure of the films was amorphous,
resulting from the measurements such as RHEED
patterns, optical absorption characteristics, and Raman

shift spectra. The atomic bonds of the films was
considered to be very strong and have almost no
dangling bonds and double-hold bonds (sp3 structure).
It is because XPS spectra after exposure to CF4

plasma10) showed little fluorine absorption related to
dangling and double-hold bond sites, and the thermal
conductivity of the film was comparable to that of
diamond. Therefore, the crystallinity of the films is
considered to be tetrahedrally-bonded amorphous.

Figures 7 (a), (b), (c) and (d) show the atomic
density, the thermal conductivity, the electrical
resistivity and the optical band gap, respectively, of C~
and Cf ion beam deposition films as a function of the
kinetic energy per atom of the incident carbon ion.
These physical values are between the values of
diamond (high atomic density, high thermal
conductivity, high electrical resistivity and transparent)
and the values of graphite (low atomic density, low
thermal conductivity, low electrical resistivity and
opaque). These properties were strongly dependent on
the number of atoms as well as the kinetic energy per
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Fig.8 Medium current negative-ion implanter.

atom of incident ions. These properties approached
the values of diamond with an increase in the kinetic
energy up to as far as 50 - 100 eV and reached the
diamond value in case of the thermal conductivity of
Cj~ deposition film; however, these properties
deteriorated at higher kinetic energies.

The graphite structure is a stable crystalline
structure for carbon atoms at the ordinary condition
while the diamond structure is metastable. The kinetic
energy of ion would produce diamondlike bonding
(sp3 structure) between the deposited carbon atom and
solid carbon atoms through the "kinetic bonding"
reaction. The optimum kinetic energy for enhancing
the "kinetic bonding" reaction is considered to be
about 50 - 100 eV/atom. Higher kinetic energy than
the optimum one generates energetic carbon atoms
with random energies in solid by collision, which are
not always suited for the "kinetic bonding" reaction.
Therefore, the film properties become apart from those
of diamond as the kinetic energy increases over the
optimum one.

The difference in the film properties between C
and C2" ion beam depositions is not clear from a
standpoint of the single atomic collision process.
However, the real "kinetic bonding" reaction contains
multi-atomic collision process. The difference in
number of atom of the ion results in the difference in
their energy densities on bombardment, which might
affect the film properties.

7. Negative-ion implanter
The present author is developing a medium current

negative-ion implanter to accelerate a milliampere
order of negative-ion current up to an energy of 140
keV, as shown in Fig. 8. The implanter6* consists of
a small version of an rf-plasma sputter type heavy
negative ion source, an analyzing magnet with a
bending angle of 90°, an acceleration column for
electrostatic acceleration of more than 100 kV and an

implantation chamber.

8. Charging-free negative-ion implantation
Figure 9 shows the charging voltage of isolated

electrodes (Pt, Al, Si) when the negative ions (C~) are
implanted. The charging voltages are as low as
several volts and their polarity is positive. The
charging mechanism of isolated electrode by negative
ion implantation is illustrated in Fig. 10. In the steady
state, the charging voltage of isolated electrode by
negative-ion implantation is determined by the
balance of incoming negative charge due to negative
ion and the outgoing negative charge due to high
energy part of secondary electrons. The charging
voltage corresponds the energy, where the secondary
electrons with an energy over it are outgoing ones. In
the Fig. 9, calculated charging voltages from the
charge balance condition are also indicated as black
circles.

12
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Fig.9 Example of chaiging voltages of isolated electTOde in
negative-ion implantation.
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Fig. 10 Charging mechanism of isolated electrode in
negative-ion implantation.
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in negative-ion implantation.

Figure 11 shows the charging voltage of insulator
surfaces when the negative ions (C~) are implanted.
The charging voltage of insulator surface was
estimated from the shift of secondary electron
distribution. The charging voltages are within ten
volts and their polarity is negative. In the case of
insulator, a thin dipole layer (outside: negative charge
layer, inside: positive charge layer) will be formed just
on the surface, which results in a negative surface
voltage. It is considered that this layer controls the
secondary emission and the charge balance takes
place.

Negative-ion implantation enables us to perform
charging-free ion implantation without any charge
neutralizer. This technique can be used in the powder
surface modification11* as well as ULSI and TFT
fabrications. When the powder particles are charged
too much by ion implantation, they are scattered due
to the electric repulsion force of their charge. The
critical surface charging voltage for the scatter of
powder is determined by the balance of electric
repulsion force, van der Waals force, electrostatic
absorption force and gravity force. Figure 12 shows
the theoretical curve of critical surface charging
voltage for silica bead powder. In the figure the
experiments are also indicated when Ar+ ion beam is
irradiated to the silica and glass bead powders and the
acceleration voltage of Ar+ beam is considered as a
surface charging voltage. When a C~ ion beam with
an ion beam energy of 20 keV was irradiated to the
silica and glass bead powders, no scattering was
observed.

9. Conclusions
Negative-ion beam technology is promising,
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Fig. 12 Critical surface charging voltage for powder scatter:
theoretical calculation (solid line) and experiments by Ar+

ion beam irradiation (closed circle and squares).

which could clarify the mechanism of the "kinetic-
bonding" process and would also expand
ionapplication fields such as charging-free negative-
ion implantation.
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A negative-ion-based neutral beam injector (N-NBI) has been constructed for JT-60U. The N-NBI is designed
to inject 500 keV, 10 MW neutral beams using two ion sources, each producing a 500 keV, 22 A D- ion beam.
Beam acceleration test started in July, 1995 using one ion source. In the preliminary experiment, D" ion beam of
13.5 A has been successfully accelerated with an energy of 400 keV (5.4 MW) for 0.12 s at an operating pressure
of 0.22 Pa. This is the highest D beam current and power in the world. Co-extracted electron current was
effectively suppressed to the ratio of Ie/ID- < 1. The highest energy beam of 460 keV, 2.4 A, 0.44 s has also been
obtained. Neutral beam injection starts in March, 1996 using two ion sources. To realize 1 MeV class NBI
system for ITER (International Thermonuclear Experimental Reactor), demonstration of ampere class negative
ion beam acceleration up to 1 MeV is an important mile stone. To achieve the mile stone, a high energy test
facility called MeV Test Facility (MTF) was constructed. The system consists of a 1MV, 1A acceleration power
supply and a 100 kW power supply system for negative ion production. Up to now, an H" ion beam was accelerated
up to the energy of 805 keV with an acceleration drain current of 150 mA for 1 s in a five stage electrostatic multi-
aperture accelerator.

1. Introduction
High power neutral beam injectors (NBI) whose

beam energies of 0.5 - 1 MeV and power of several
tens MW are required for heating and current drive of
fusion plasmas in JT-60U[l] and ITER(International
Thermonuclear Exper imenta l Reactor)[2] .
Development of the high power negative ion sources is
essential to realize such high energy NBI systems.
R&D efforts have being concentrated on the
development of high current and high energy negative
ion sources. Important subjects are listed as follows;
1) Production of high current negative ions > 10 A
2) Reduction of operating pressure < 0.3 Pa
3) Suppression of electron current
4) Production of small beam divergence < 5 mrad
5) Acceleration of the negative ions > 0.5 - 1 MeV

Cesium seeded volume production type negative
ion source and multi-aperture, multistage electrostatic
accelerator have been developed to reach the target. In
the high current experiment, a large current H- ions of
10A has been produced in the Cs seeded ion source[3].
Concerning the high energy accelerator development,
a 400 keV, 0.18 A H- beam for Is was accelerated in
three stage accelerator with a small beam divergence
of 5 mrad[4]. Operating pressure has been reduced to

lower than 0.03 Pa by adoption of a high proton source
to the negative ion source with cesium introduction^].

Based on the successful results, a 500 keV, 10
MW neutral beam injector (N-NBI) for JT-60U has been
constructed and beam acceleration test has started in
1995[6,7]. This is the first NBI system in the world
using the negative ions as the primary ions.

Development of power supply system for the
negative ion sources is also essential as same as the
negative ion sources. A 500 kV, 64 A inverter controlled
power supply system for the JT-60U N-NBI[8] has been
developed.

As the R&D program for ITER NBI, we
constructed a high energy beam acceleration test facility
called the MeV test facility (MTF) to demonstrate
ampere class negative ion beam acceleration up to the
energy of 1 MeV. We started the experiment using a
prototype accelerator with five stage multi-apertures
accelerator[9-12].

In the present paper, design of the 500 keV ion
source and the 500 kV power supply system for JT-
60Uare reported. Preliminary results on the beam
acceleration test are also described. Further,
experimental results of the 1 MeV ion source for ITER
NBI are reported.
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2. The JT-60U negative ion-based neutral
beam injector

2.1 Basic specifications of the N-NBI system
Table 1 shows the specifications of the JT-60U

N-NBI. The system is composed of two ion sources, a
beam line system, a power supply system, a control
system and auxiliary subsystems. Configuration of the
beam line system is illustrated in Fig. 1. The ion sources
are mounted at the position of 23.6 m from the injection
port of the tokamak. A small beam divergence of 5 mrad
enables the long beamline geometry. Long neutralizer
can reduce the capacity of pumping system. Influence
of the stray magnetic field at the ion source from the
tokamak can be reduced by this geometry. Accelerated
negative deuterium ion beams are converted to neutral
beams by the gas neutralizer and injected to plasma.
Residual negative ions and positive ions are separated
by magnetic field generated from the combination of
stray magnetic field from the tokamak and
electromagnetic coils[13].

2.2 A 500 keV ion source
Figure 2 shows the cross-sectional view of the

JT-60U N-NBI ion source[14]. The ion source consists
of a semi-cylindrical multi-cusp plasma generator, a
negative ion extractor and a three stage electrostatic
accelerator. The dimensions of the plasma generator
are 64 cm in inner diameter and 122 cm in length. Arc
discharge is generated by the electron emission from
48 pieces of tungsten filament cathode. Cesium is
injected from an oven to enhance the negative ion
production efficiency.

Produced negative ions are extracted by the
extractor that consists of three grid called a plasma grid
(PG), an extraction grid(EXG) and an electron
suppression grid (ESG). The beam extraction area is
45 cm x 110 cm. There are 1080 apertures whose
diameter is 14 mm each. All the grids including
accelerator are divided in five segments and each
segment is mounted with an angle to focus the beam at
the injection port which is 23.6 m from the ion source.
Beamlet steering by aperture displacement are also
adopted to converge the beam[15]. The magnetic filter
field to increase production efficiency of negative ions
is generated by flowing the electric current to PG
itself! 16]. The extracted electrons are separated from
the negative ions by the magnetic field generated by
the permanent magnets inserted in EXG. The negative

Table 1 Basic specifications of the N-NBI

Beam Energy :
Neutral Beam Power:
Pulse Duration :
Beam Species :
Number of Beamline

500 keV
10 MW
10 s
D/H

lunit with two ion sources

^ N-NBI Beamline for JT-SOU"^

Fig.l Beamline system of the N-NBI

Cs Inlet

Gas Inlet

Plasma Generator

Filament

PG Filter
Feedthrough

Extractor

Accelerator

~ Insulator

Fig. 2 A cross-sectional view of the JT-60N-NBI ion source

ions are scarcely deflected by the magnetic field and
injected to the accelerator. The electron suppression
grid is electrically connected to the EXG.

The accelerator consists of three grids forming
the three stage electrostatic accelerator. The aperture
size in the grids is 16 mm in diameter. These grids are
supported by cylindrical insulators made by fiber
reinforced plastic (FRP). To reduce electric field
concentration at junction points of insulator, vacuum
and metal flange, the corona rings are mounted on the
flange in vacuum side. Shield rings are installed inner
position of the insulator to prevent creepage discharge
induced by beam acceleration.

The extractor and accelerator were designed
using the beam orbit simulation code. Figure 3 shows a
cross-sectional view of a set of the accelerator apertures
with connection of power supplies and beam trajectories.
Gap lengths of the system are 6, 3, 75, 65 and 55 mm
from the plasma generator side. Current density around
20 mA/cm2 is the optimum that produces a good beam
divergence of smaller than 5 mrad with total current
of 22 A with taking the stripping loss into account.
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Fig. 3 The 500 kcV accelerator and beam orbit simulation

The same voltage is applied to each gap, and electric
filed in these gaps become stronger in downstream of
the accelerator. The D' ions are extracted by the
extraction field and converged by electric field lens at
the entrance of the first acceleration gap then accelerated
up to 500 keV with converging by each stage.

2.3 Power supply system
The power supply system is one of the most

important elements to produce high power negative
ion beam stably. A 500 kV, 64 A acceleration power
supply system has been developed for the JT-60U N-
NBI. The simplified schematic diagram of the power
supply system is shown in Fig. 4. The system consists
of the acceleration power supply and power supplies
for the negative ion production. The DC high voltage
for the accelerator is generated by three sets of high
voltage transformer and rectifier connected in series at
the out put. These are driven by converter and high
frequency Gate Turn Off Thyristor (GTO) inverter. The
inverter frequency of 150 Hz was designed from ripple
specification of < 10 %M>. Since the ion source is
mounted at the high potential, the power supply for the

ion production is insulated from the ground potential
by using an insulated transformer.

Breakdowns occur frequently in the accelerator
specially at the conditioning and high voltage operation.
Suppression of surge energy and surge current to the
accelerator is very important to avoid degradation of
voltage holding in the accelerator. High speed switch
is required to protect the ion source. From a viewpoint
of high reliability, high frequency GTO inverter system
has been adopted for switching and voltage regulation
at the low voltage AC side instead of the conventional
switches like tetrode or GTO that are used at the DC
output line in low energy NBI system based on the
positive ion. The inverter system can cut off the out put
with a speed of < 200 us when breakdowns occur in
the accelerator. Surge energy from the stray capacitance
between the high voltage part and the ground is
dissipated by surge supersession L-R and the core
snubber whose magnetic flux is 0.3 Vs.

Verification test of the surge protection system
has been performed using spark gaps. The surge current
of 3 kA was measured at 490 kV breakdown. Input
energy of 10 J was evaluated from the results of the
test. These agreed roughly with the design value.

2.4 Experimental results
After the performance test of the power supply

system, the negative ion beam acceleration test utilizing
one ion source has been started in July, 1995. The
typical waveforms for each power supply are shown in
Fig. 5. The tungusten filaments cathode is preheated
(VfilL). Then deuterium gas is fed (QisL) and pre-arc
discharge for conditioning is turned on (VarcL). After
the pre-arc discharge, the acceleration high voltage
(Vacc) and the extraction voltage (VextL) are turned
on. After 100 ms, the arc discharge for beam pulse is
turned on and the negative ions are extracted and
accelerated.

1̂ "° ) Insulated Trans.
8.8MVA, 1»V/6.8kV

r-**-CQ>-

150Hz
Converter Invertor

490 kV
64 A
10s

SF6 Gas Duct Surge Suppression
Inductance

: : : t = 4 9 0 K V

. • • • ~ _ 327kV

. • - - — 163W/

J""LJ"T
Insulated Trans. & Reel.

22 A. D- 22 A, 0-

500 keV, 10MW

Fig. 4 JT-60U N-NBI power supply system diagram
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Fig.5 Typical waveforms of power supplies
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Accelerated negative ion beam current is
measured calorimetrically at a beam target mounted at
3.5 m downstream of the ion source. Pulse length of
the beam is limited to be up to 0.5 s by the capacity of
the target.

Figure 6 shows the pressure dependence of the
extraction current, drain current and D ion beam
current. We confirmed that the ion source could be
operated at low pressure of 0.12 Pa. The drain current
increased with increasing the pressure and tend to
saturate at around 0.3 Pa. The D" beam current took
the maximum at 0.2 Pa and decreased with increasing
the pressure. Such difference is considered due to the
stripping loss in the accelerator because of low vacuum
pumping speed of 16 mVs at the time. The stripping
loss can be reduced by cryo pump system of 2400 mVs
from the operation in March, 1996.

Figure 7 shows the D" ion beam current,
extraction current and drain current as a function of
arc discharge power. By repeating the operation with
cesium introduction, the highest beam current and
power of 400 keV, 13.5 A (5.4 MW) D" ion beam was
produced for 0.12 s at a low operating pressure of 0.22
Pa. The typical operating parameters are shown in the
same figure. It should be noted that the extracted
electron current < (Iext-Iacc) was efficiently suppressed
smaller than the D" ion beam current (ID-). The
accelerated beam current density of 8.1 mA/cm2 is near
the optimum current density of 9.3 mA/cm2 for the beam
optics at the energy of 400 keV. The arc efficiency (ID-
fP^J was higher than 0.1 A/kW. By optimization of all
conditions for the operating pressure, the PG
temperature, the cesium quantity and the arc power,
the rated D- ion beam current can be obtained in the

power supply capacity.
Concerning the voltage holding of the

accelerator, degradation of voltage holding was not
observed up to the voltage of 460 kV that was the
highest voltage applied to the accelerator in the
preliminary experiment. The surge energy and current
to the accelerator at the breakdown are estimated to be
7 J and 2.8 kA respectively, at the voltage of 460 kV.
These are considered to be under the acceptable level
for the stable operation.

25
951018

IS

0)

o

10

0

Vacc = 350kV
Vext = 4 kV
Varc = 60 V
Pare = 85-100 kW
Vb = 5V
lpg = 1.3kA

& A

Iacc
o o o Qo

ID -

0.1 0.2 0.3 0.4 0.5
Gas Pressure [Pa]

Fig. 6 Pressure dependence of the currents
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Fig.7 High power D' ion beam acceleration

3. MeV class accelerator development
3.1 MeV Test Facility

To demonstrate ampere class negative ion beam
acceleration up to the energy of 1 MeV, a prototype 1
MeV accelerator and a high energy negative ion beam
acceleration test facility called "MeV Test Facility
(MTF)" have been designed and fabricated [9,10]. It
consists of a 1 MV, 1 A acceleration power supply and
power supplies for negative ion production. Figure 8
shows the prototype accelerator which is being installed
in MTF. The accelerator consists of the extractor and a
five stage electrostatic accelerator with 49 apertures.
Five pieces of voidless FRP whose dimensions are 1.8
m in inner diameter and 24 cm in height are utilized.
The MTF tanks are closed and evacuated after mounting
the accelerator. Then SF6 gas is fed up to the pressure
of 6 bar.

3.2 Conditioning and beam acceleration
The accelerator was conditioned by applying a

DC high voltage until a breakdown occurs. Withstand
voltage increased with the conditioning time and
reached higher than 600 kV after 10-day operation. By
repetition of the conditioning the voltage reached 750
kV after 19 days from the beginning of the conditioning
[11,12]. This corresponds to 950 times of breakdown.
We confirmed that the withstand voltage increased
easily up to the preconditioned voltage and slowly
increased at unconditioned region. After conditioning
without beam up to the voltage of higher than 800 kV,
the H- ion beam acceleration was started (see Fig. 9).
The highest energy beam of 805 keV, 150 mA (drain)
was accelerated for 1 s. Degradation of voltage holding
by beam acceleration was not observed in spite of under
the condition of unoptimized perveance.

Fig. 8 1 MeV accelerator under installation in the MTF

1000

800

200

0

805 keV

0 1 2 3 4 5 6 7 8 9 10
TIME (Hour)

Fig. 9 Conditioning and beam acceleration in the
MeV accelerator

Cesium was injected to increase the H' current
and investigate the influence on the voltage holding.
A 700 keV, 120 mA H" beam (drain 310 mA) was
measured at the target that is placed at the 2 .5 m down
stream of the accelerator. Degradation of the voltage
holding by Cs seeding was not observed.

4. Summary
High power negative ion beam technology has

been progressed. The results obtained are summarized
as follows;
1) The negative ion based NBI system for JT-60U has
been constructed and tested. Beam injection starts in
March, 1996.
2) The D" ion beam of 400 keV, 13.5 A, 0.12 s was
successfully accelerated at the low pressure of 0.22 Pa
in the JT-60U N-NBI system. The highest energy beam
of 460 keV, 2.4 A was also accelerated for 0.44 s.
3) The extracted electron current could be efficiently
suppressed to the value lower than the negative ion beam
current, Ie/ID- <1.
4) Inverter controlled power supply system was
developed and tested with the D- beam acceleration up
to 460 kV.
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Fig. 10 Present status of the negative ion beam development

5) The MeV test facility was constructed and a high
energy H" beam of 805 keV, 150 mA (drain) (700 keV,
120 mA H ) were accelerated for Is in the MeV
accelerator.
6) We confirmed that there is no degradation of voltage
holding by beam acceleration and Cs injection at both
of JT-60U N-NBI and the MeV accelerator.

Present status of the negative ion beam
development is shown in Fig. 10. The 500 keV NBI
system for JT-60U has already being tested.
Development of ITER NBI is strongly encouraged by
these successfull R&D results.
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RIKEN RI BEAM FACTORY PROJECT

Yasushige YANO, Akira GOTO, Takeshi KATAYAMA, and RIBF GROUP

RIKEN Accelerator Research Facility (RARF)
RIKEN, Wako, Saitama 351-01, Japan

The RARF proposes "RIKEN RI Beam Factory as a next facility-expanding project. The factory makes it the
primary aim to provide RI (Radioactive Isotope) beams covering over the whole atomic-mass range with the
world-highest intensity in a wide energy range up to several hundreds MeV/nucleon. These RI beams are
generated by the fragmentation of high-intensity heavy-ion beams. For the efficient production heavy-ion
energies will be boosted up to over 100 MeV/nucleon even for very heavy ions by a K25OO-MeV
superconducting ring cyclotron serving as a post accelerator of the existing K54O-MeV ring cyclotron. A new
type of experimental installation called "MUSES" (Multi-USe Experimental Storage rings) will be constructed
as well. With MUSES, various types of unique colliding experiments will become possible.
Keywords: RIKEN RI Beam Factory, K25OO-MeV superconducting ring cyclotron, MUSES

1. Introduction
The RARF houses an intermediate-energy

heavy-ion accelerator complex consisting of a K540-
MeV ring cyclotron (RRC) and a couple of different
types of the injectors: a variable-frequency heavy-ion
linac (RILAC) and a K70-MeV AVF cyclotron
(AVF). One of remarkable features of this facility is
capability of supplying light-atomic-mass RI
(radioactive isotope) beams with the world-highest
level of intensity by the projectile-fragment separator
named RIPS.

In these several years nuclear physicists have
opened up a quite new and fascinating heavy-ion
science exploiting such RI beams. In order to further
promote this new science, the RARF proposes
"RIKEN RI Beam Factory" as a next facility-
expanding project. The factory is chiefly aimed at
providing RI beams over the whole atomic-mass
range with the world-highest level of intensity in a
wide energy range up to several hundreds
MeV/nucleon.

A very preliminary plan of the factory is
illustrated in Fig.l. The existing facility will be
expanded to the adjacent site where a two-story
building will be constructed underground.

The new facility also utilizes the "projectile frag-
mentation" to generate RI beams of intermediate
energies. To enable the efficient generation, are
needed high-intensity primary heavy-ions, up to
uranium ions, with the energies exceeding 100
MeV/nucleon. Such heavy-ions will be provided by a
K2500-MeV superconducting ring cyclotron (SRC)
which will be built for an energy booster of the K54O-
MeV RRC. RI beams will be generated by the Big
RIPS.

A new type of experimental installation called
"MUSES" (Multi-USe Experimental Storage rings)
will be constructed as well. It consists of an
accumulator cooler ring (ACR), a booster synchrotron
ring (BSR) and double storage rings (DSR). With
MUSES, various types of unique colliding
experiments will become possible: ion-ion (stable
isotope or RI) head-on or merging collisions;

collisions of either electrons or X-rays with ion
beams; internal target experiments; and atomic and
molecular physics with cooler electron beams.

In 1995 fiscal year, the budget for the three-year
R&D to design the details of the factory has been
partially approved. This budget is to be invested to
fabricate a test model of the SRC sector magnet.

2. Heavy-ion accelerator complex for RI beam
generation

Here we describe the parameters of the variable-
frequency linacs-cyclotrons system which possesses
such acceleration performance that a 100-
MeV/nucleon uranium beam with the intensity over 1
p|xA is obtainable.

RILAC serves as the initial-stage accelerator. We
use the acceleration radio-frequencies between 18
MHz and 38 MHz because this linac works stably in
this frequency range.

In order to upgrade the RILAC performance in
the beam intensity by one or two orders of magnitude,
its new pre-injector system consisting of a frequency-
tunable folded-coaxial RFQ linac (FC-RFQ) equipped
with an 18-GHz ECR ion source (ECRIS-18) has
been developed. In the recent test of this system, as
for FC-RFQ, the variability of the resonant frequency
was measured to cover from 17.7 MHz to 39.2 MHz.
In addition the beam transmission efficiency of 85 %
at the maximum was obtained. High-intensity highly-
charged ion beams have been obtained by ECRIS-18.
Some results are given in Table 1. This new system is
scheduled to be installed in due site in the summer of
1996. It will be used jointly with the existing 450-kV
Cockcroft-Walton accelerator. The pre-accelerated
beam is fully captured and accelerated by RILAC.

A charge-state multiplier (CSM) will be
constructed which consists of an accelerator, a charge
stripper and a decelerator. Its functions are to produce
higher charge states of ion beams by further
increasing the stripping energy and to reduce their
magnetic rigidity by decelerating them to the initial
energy. With this device the magnetic rigidity of a
most-probable charge-state beam can be reduced to
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ECRIS-18

B2F B2F B1F

Fig. 1. Preliminary layout of the RIKEN RI Beam Factory. The SRC and the MUSES are housed in a two-
story building underground. Experimental setups are not depicted.

the acceptable value of RRC even when the injection
velocity into RRC is increased. The accelerator and
decelerator are of a type of frequency-tunable IH
linacs, whose operational radio-frequencies are twice
as that of RILAC to double an acceleration gradient.
Maximum gap voltages are set to be 350 kV for 62
cells of the accelerator and for 28 cells in the
decelerator, and total lengths of each are 12.4 m and
5.5 m, respectively. Transmission efficiency through
CSM depends only on charge state distributions
behind the charge stripper foil. We estimate the yield

of a given charge state in terms of Shima's formula.
For the present, we set the maximum beam

energy of SRC to be 400 MeV/nucleon which is to be
achieved at 38 MHz of the maximum rf frequency of
RILAC. This requires that a velocity of RRC output
beam is to be amplified by a factor of 2.26 by SRC.
Consequently, the mean extraction radius of SRC is
taken to be 2.26 times the mean injection radius. We
set this mean injection radius to be 2/3 times the mean
extraction radius of RRC; accordingly mean injection
and extraction radii of SRC are 2.37m and 5.36m,
respectively. Then, to meet a good matching
condition, the harmonic number in SRC becomes 6
because that in RRC is 9. The radio-frequency range
of SRC is from 18 MHz to 38 MHz, which is the
same as that of RRC.

The 6-sector SRC with the sector angle of 25
degrees has been investigated. The maximum field
strength in the extraction region of SRC becomes 4.1
tesla.

We estimate the beam intensity expected to
obtain from SRC for some typical gaseous elements
and uranium ions, on the basis of the following
assumptions: (1) the transmission efficiency through
FC-RFQ is 85% irrespective of kinds of ion beams;
and (2) from the exit of FC-RFQ to the extraction
beam line of SRC, the beam loss occurs only in the
stripping process; this means that the transmission
efficiency of both of RRC and SRC is 100% (this can
be achieved by the off-centering acceleration
technique which is routinely used for RRC). In table
1, is given comparison of the ECR beam intensity
(jECR) of a g j v e n charge state (qECR) required to
obtain an ion beam of the energy (E^RC) with the
intensity (I^RC) t o t n e present performance of
ECRIS-18 and 14.5 GHz CAPRICE.

Quite high beam intensity is expected to be
provided especially for light ions, but use of such
primary beams is not realistic from a viewpoint of the
radiation-shielding-problem. We consider that
primary-beam intensity of lpu.A is sufficient to
generate RI beams with desirable intensity in the
whole mass region: These primary beams will give us
a possibility to create and identify as many as one
thousand kinds of new isotopes. High current beams
are used with a low duty factor of nearly 0.01% for
MUSES.

3. Accumulator Cooler Ring (ACR) and Booster
Synchrotron Ring (BSR) for MUSES
3.1 ACR
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Table 1 Comparison of the required beam intensity to the performance
the ECRIS-18 and the 14.5 GHz CAPRICE.

of

Ion

16O8
16O7

40Ar17

84Kr30

129Xe38
238u85
238u58
238y49

ESRC
MeV/u

400
400
330

300

200
200
150
100

|SRC

puA

100

100
20

2

1
0.02
0.2
1

qECR

6
7
7

8
14

15
28
22
16

|ECR

euA

700

820
410
470
120

100
16
75

110

|ECRIS18

euA
extrac. voltage

10 kV
550

110

330
90

15kV
610

410
110

|CAPRICE14.5

e|iA
extrac. voltage

20kV
800

100

500
120

80
20

25(*)

The ACR functions for the accumulation and
cooling of ion beams from through Big RIPS. Taking
the accumulation and cooling of an extremely
neutron-rich 132gn50+ (a double-magic nucleus of 40
s in half-life) beam of 200 MeV/nucleon as an
example, we give some specifications of the ACR.
This RI beam is produced via the projectile

fragmentation of a primary beam of " " X e ions with
a peak current of 2 p^A. Typical beam characteristics
are estimated as follows: the production rate is nearly

1x10' particles per second; the momentum spread is
±0.1%; the phase width relative to RF frequency is
±10 degrees; and the transverse emittance is 4.5 n
mm-mrad in both horizontal and vertical directions.

The above RI beam is stored in the ACR, firstly,
with the conventional multi-turn injection method.
About 1x10* particles are injected for each one turn
revolution, because the orbit frequency is nearly 1
MHz. Provided that the acceptance of horizontal
phase space of the ACR is designed to be 125 it
mm-mrad, and that the dilution factor during the
multiturn injection is 1.25, the emittance of the stored
beam becomes as large as the full acceptance after 22
turns injection. At this moment, the number of stored

particles increases up to 2x10^ particles.
Secondly, the stored particles are RF-stacked:

The RF voltage of 24 kV is applied, and the frequency
is swept from 30.30 MHz (corresponding to 200
MeV/nucleon) to 30.62 MHz. This frequency sweep
brings about changes in the beam momentum and
average radius by 1.8 % and 17 mm, respectively.
This multi-turn-injection plus RF-stacking process is
repeated at 10 Hz ( l / r c o o / ) where Tcoo[ is a
longitudinal stochastic or electron cooling times.
During this process the RF-stacked beam
continuously undergoes the stochastic or electron
cooling at the stacked top energy. Typical parameters
of the stochastic cooling and electron cooler are
tabulated in Tables 2 and 3. The longitudinal cooling
time by the stochastic method is estimated to be as
short as 0.1 s while the cooling time of electron cooler

(*): CAPRICE lOGHz

is several seconds. After a sufficiently longer period
than the intrinsic half-life, the number of coasting
particles accumulated in the ACR amounts up to the

equilibrium value of 1x10^. The momentum spread
and emittance of the cooled stacked beams, become
less than 0.15 % and nearly 1 n mm-mrad,
respectively. This high-quality stored beam is
adiabatically bunched with RF field. It is fast
extracted, and is injected into the BSR by the one turn
injection mthod.

Table 2 Parameters of the Stochastic Cooler.

Longitudinal Cooling Time ( Number of Ions 1x10**)
(sec)

U92+(150MeV/u) 0.06
C&+ (400MeV/u) 0.01

BandWidth W(MHz) 2000
Ambient Temperature 7"n(K) 18
Atmospheric Temperature T(K) 80
Total Microwave Power P (kW) 10
Pickup Sensitivity Zp (Ohm) 300

Table 3 Parameters of the Electron Cooler.

Maximum Electron Energy (keV) 300
Maximum Cooled Ion Energy (MeV/nucleon) 500
Maximum Electron Current (A) 10
Cathode Diameter (mm) 5.81
Electron Diameter at Cooling Section (mm) 50
Length of Cooling Section (m) 3.0
Cooling Time (s)

for 200-MeV/nucleon 1 3 2 Sn 5 0 + ,
initial Ap/p=0.5% and
emittance e=125it mm-mrad 5.4

3.2 BSR
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Fig. 2. Acceleration performance of RRC, SRC and
BSR.

The BSR boosts up energies of ions transferred
from the ACR. The maximum Bp of the BSR is
designed at 14.6 Tm which is matched with the DSR.
The accelerated ion beams will be fast extracted and
one turn injected into the DSR, and also slowly
extracted for the experiments. Figure 2 gives the ion-
acceleration performance of the BSR, together with
those of SRC and RRC. The BSR is also used to
accumulate and accelerate electrons from a 0.3 GeV
linac up to 2.5 GeV. At the initial energy of 0.3 GeV
the damping times are estimated to be 0.5 s for the
transverse direction and 0.26 s for the longitudinal
direction, which are short enough for the
accumulation of electrons. The acceleration up to 2.5
GeV is done within 1 s. This top-energy electron
beam is fast extracted and injected into the DSR by
the one turn injection method.

3. Double Storage Rings (DSR) for MUSES
The DSR consists of vertically stacked two rings

of the same specifications as shown in Table 4. Each
lattice structure takes the form of a racetrack to
accommodate two long straight sections. These
straight sections of one ring vertically intersect those
of the other ring at two colliding points. The ring
circumference is 258.336 m, which is 46/6 times the
extraction circumference of SRC, 33.696 m. It means
that the harmonic number of DSR is 46 while that of
SRC is 6. The maximum Bp-value becomes 14.6 Tm
when the dipole field strength is 1.5 T at the
maximum. The maximum storage energy is then, for
example, 3.5 GeV for protons; 1.4 GeV/nucleon for

light ions of q/A-0.5; and 1.0 GeV/nucleon for U 9 2 +

ions. For electrons they are stored at the the maximum
energy of 2.5 GeV of the BSR. In the present lattice
structure, the betatron tune values are 14.653
(horizontal) and 16.283 (vertical). The operating ion-
beam energy is kept to be under the transition energy,
since the transition gamma is as high as 24.44. At the
colliding points the beta-function amplitudes are 0.6
m for both directions. The field-free section near the
colliding points where experimental detector systems
are installed, is 5.0 m in length. These two long
straight sections are dispersion-free in horizontal and
vertical directions.

One of the key researches planned at the DSR is
the colliding experiment of an electron beam with an
RI beam: 2.5 GeV electrons accumulated in one ring
of the DSR collide with an RI beam stored in the
other ring. The scientific aim of this experiment is to
determine the charge and current distribution in the
neutron- or proton-rich radio-active nuclei. To keep a
sufficiently long Touchek lifetime, the RF voltage of
2.0 MV is applied to the electron beam. The detailed
specifications of stored electron beams in the DSR are
given in Table 5. The number of stored electrons

amounts up to 2 .7x10^ particles, which is limited
due to the longitudinal coupled bunch instability. The
typical colliding luminosity for the electrons and RI
ions is estimated to be 5.6x10^ cm^/s, provided that
1x10^ particles of RI ions are stored and synchro-
nously collide with electron bunches. In order to
further improve the luminosity, the installation of a
powerful pulsed heavy-ion source, e.g. a laser ion
source or a metal-vapor ion source, should be
considered.

Another envisaged experiment is the isotope
shift of X-ray absorption by the Li-like or H-like
unstable nuclei. To produce the short wavelength X-
ray of 20-1000 eV energy, an undulator will be
inserted in an electron ring. To obtain the high flux
mono-energetic X-ray, the emittance of stored
electron beam should be as small as around 10 nano
m.rad. The lattice structure of DSR is designed so as
to give such a low emittance electron beam.

Other experiments such as ion-ion merging
collisions at small angles are also envisaged. The

luminosity is expected to be around 1x10^6 cm^/s
when the number of stored ions is assumed to be the
space charge limit of 4x10*2 particles and the
colliding angle is 10 degrees.

Table 4 Parameters of the DSR.

Circumference C (m) 258.336
Max.fip (Tm) 14.60
Average Radius R (m) 41.12
Radius of Curvature p (m) 9.733
Max. Stored Beam Energy

proton (GeV) 3.55
ion (q/A - 0.5) (GeV/nucleon) 1.45
ion (q/A - 0.387) (GeV/nucleon) 1.00
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electron (GeV)
Betatron Tune Values (Qx/Qy)
Momentum Compaction
Transition 7
Max. Betatron Amplitude {PxiPy, m)
Max. Dispersion Function (Dx/Dy, m)
Betatron Amplitude

at Interaction Point (Px*/Py*, m)
Length of Field-free Section

at Colliding Section (m)

2.50
14.653/16.283

0.00167
24.444

22.0/13.5
0.727/0.569

0.600/0.600

5.016

Table 5 Parameters of the Stored Electron Beam.

Max. Stored Beam Energy £T O a r (GeV) 2.5
Max. Stored Beam Current / (A)

Max. Stored No. of Electrons N
Injection Energy £/ (GeV)

0.5

2.7xlO12

2.5

BeamEmittance at2.5GeV (ex/£y) (nmrad)

Energy Spread AE/E
Bunch Length a (cm)
RF Voltage VRF (MV)
Revolution Frequency frev (MHz)
RF Frequency /RF (MHZ)
Harmonic No. h
Number of Bunch (typical)
Touschek Lifetime at 2.5 GeV (s)
Synchrotron Radiation Loss

at 2.5 GeV (keV/rurn)

24.6/28.3
6.8x10-4

0.50
2.0

1.161
499.0

430
23

6.3xl04

371.8

References
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ABSTRACT This paper describes the Neutral Beam Injection system which is presently being designed for
the International Tokamak Experimental Reactor, ITER, in Europe Japan and Russia, with co-ordination by
the Joint Central Team of ITER at Naka, Japan. The proposed system consists of three negative ion based
neutral injectors, delivering a total of 50 MW of 1 MeV D° to the ITER plasma for a pulse length of
>1000 s. Each injectors uses a single caesiated volume arc discharge negative ion source, and a multi-grid,
multi-aperture accelerator, to produce about 40 A of 1 MeV D\ This will be neutralised by collisions with
E>2 in a sub-divided gas neutraliser, which has a conversion efficiency of about 60%. The charged fraction of
the beam emerging from the neutraliser is dumped in an electrostatic residual ion dump. A water cooled
calorimeter can be moved into the beam path to intercept the neutral beam, allowing commissioning of the
injector independent of ITER. ITER is scheduled to produce its first plasma at the beginning of 2008, and
the planning of the R&D, construction and installation foresees the neutral injection system being available
from the start of ITER operations.

This report is an account of work undertaken within the framework of the ITER EDA Agreement. The
views of the authors do not necessarily reflect those of the ITER director, the parties to the ITER EDA
Agreement, or the International Atomic Energy Agency.

1. Introduction
The International Tokamak Experimental Reactor
(ITER) is a joint venture between the European
Union, Japan, the United States and the Russian
Federation. The engineering design of ITER is
presently being carried out by engineers and scientists
from each of the ITER partners (the Joint Central
Team or "JCT") at 3 sites, in Naka (Japan), Garching
(Germany), and San Diego (California), in co-
ordination with scientists and engineers in each of the
ITER partners (the "home teams"). ITER will be a
large machine which has the overall programmatic
objective "to demonstrate the scientific and
technological feasibility of fusion energy for peaceful
purposes. ITER would accomplish this objective by
demonstrating controlled ignition and extended burn of
deuterium-tritium plasmas, with steady-state as an
ultimate goal, by demonstrating technologies
essential to a reactor in an integrated system, and by
performing integrated testing of the high-heat-flux and
nuclear components required to utilise fusion energy
for practical purposes"[l]. The basic parameters of
ITER are given in Table 1.

It is expected that the 100 MW of auxiliary power
mentioned in table 1 will be provided by two different
systems. Neutral beam heating is one of the methods
being considered. This power should be sufficient to
enable ITER to achieve ignition for DT plasmas and
to access the H-mode for DT plasmas. Additionally
the auxiliary heating system has to; "provide steady
state current drive capability both for DT, D, H and
He plasmas; provide burn control for DT plasmas and
adequate heating power for D or H plasmas; provide
power to sustain the density during shutdown, and
allow for controlled transition from H to L-mode at
the end of burn"[l].

Table 1

Parameter

Inductive pulse under ignited
conditions
Fusion power
Nominal plasma current
Minimum pulse repetition time
Available auxiliary heating gower
Major radius
Minor radius
Plasma configuration

Divertor channel lengths
Plasma elongation
Plasma triangularity
Toroidal field

MHD safety factor

Average wall loading

Value

1000 s

1.5 GW
21 MA
2200 s
100 MW
8.14 m
2.80 m
Single-null
divertor
~ 2 m
-1.6
-0 .24
5.68 T
(at R = 8.14
m)
>3.0
(at I = 21 MA)
-1 MW/m2

2. System specification

As mentioned above, the heating systems must also
be capable of driving current in the plasma, either to
demonstrate the capability of the system, or as the
non-bootstrap ("seed") current in an advanced plasma
scenario[l]. In the latter situation the system would
operate for up to 10,000 s. Table 2 gives the global
specification for the ITER NBI system.

The neutralisation of 1 MeV D+ is too low to allow
this to be considered for the production of 1 MeV D°
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beams. Instead, the neutralisation of 1 MeV D" will
be used, which is =60% in a simple gas target.

TABLE 2.

Power
Number of injectors
Species
Tangency radius
Energy
Pulse Length

50 MW
3
D°orH°
6.5 m
lMeV
>1000s

The system described below consists of 3 injector
modules, connected to 3 separate ports, each designed
to deliver 16.7 MW of D° to the ITER plasma.
Fig. 1 shows the layout on ITER. The injectors are
all situated to one side of the tokamak, between the
biological shield and the ITER pit wall. The
centreline of the injectors coincides with the magnetic
axis of ITER, =21.5 m below ground level.
Although the system will be designed for full power
operation with deuterium (D° beams), H° beams can
be readily produced within the system limitations.

ITER Pit Injector

FIG. 1 Layout of the Injectors on ITER

3. DESIGN OF THE ITER INJECTOR

The design is to be based either on established
technology, or conservative extrapolation(s) of such
technology, with the aim to minimise the inherent
technical risks and to maximise the system's
reliability.

The neutral injector group of the JCT is located at
Naka and R&D and design work is carried out in the
European (EU), Russian Federation (RF) and Japanese
(JA) home teams.

A "reference" injector module design has been agreed
among the JA, EU and RF home teams and the JCT.
This uses a gas neutraliser, and a caesiated volume arc
discharge source [2, 3] illuminating a multi-grid
electrostatic accelerator. The injector modules are
located outside the main ITER biological shield, and
the beams pass through a flexible duct which
connects the module and the torus port. The
flexibility of the duct accommodates dimensional
changes due to temperature variations and prevents
excessive force being transferred to the torus port
either from thermal effects, seismic events or
disruptions.

An alternative design of accelerator, SINGAP [4], is
being developed, as it offers significant advantages,
such as simplification of the high voltage
transmission line and the design of the accelerator. A
SINGAP accelerator could directly replace the multi-
grid reference design, but extra design and/or
development is needed to determine the system
configuration around such an accelerator.

ITER is supporting R&D on the multi-grid, multi-
gap accelerator (JA), on the caesiated negative ion
source (JA and EU), on the SINGAP accelerator (EU)
and also on a plasma neutraliser (RF), for which
significant development is needed. A plasma
neutraliser has the potential to increase the
neutralisation efficiency to over 80% and to reduce the
gas flow into the injector [5,6].

Only the reference design is discussed below, the
main characteristics of which can be seen in the plan
view shown as Fig. 2.

3.1 Ion Source, Extractor and Accelerator

A caesiated volume arc discharge negative ion source
illuminates a multi-aperture, multi-grid electrostatic
accelerator with D" or H~ ions. The source is held at
-1 MV, and the ions are accelerated up to ground
potential. The current that must be extracted from the
source and accelerated to 1 MeV is estimated from
consideration of the beam neutralisation and
transmission efficiency. The latter is a combination
of the geometric efficiency, which is directly linked to
the beam optics, and reionization losses. For this
design the beamlet is considered to consist of two
Gaussian parts, a core carrying 85% of the power
with a divergence of 5 mrad, and a 15% "halo" with a
poor divergence, >15 mrad. Efficiency considerations
demand that the core fraction geometric transmission
efficiency be >85%. The halo fraction is considered
not to be transmitted to the plasma. Reionization
losses are estimated to be <5%. Thus the effective
transmission efficiency, is 85% x 85% x 95% =
69%. With a gas target conversion efficiency of
=60%, the overall efficiency is =41%. Therefore the
current that must be accelerated to 1 MeV to have
16.7 MW of D° delivered to the ITER plasma is =40
A. The accelerated current density required to give 40
A of beam is 200 A/m2.
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FIG. 2 Plan Section Through an ITER Injector

3.1.1 The Ion Source

The basic specification of the ITER source is that it
should supply sufficient D" to the accelerator to have
an accelerated current density of 200 A/m2, and that
the cathode lifetime should exceed 200 hr. The
present design has 72 AC heated filaments, a PG
filter (see below), and is expected to need an arc
current of 7 kA at an arc voltage of 100 V.

The loss in the accelerator of an electron from D~ by
collision with D2 (stripping), is significant, and it is
essential to minimise the pressure in the accelerator,
hence the source operating pressure. Using Monte
Carlo calculations of the stripping loss and
considering present source performance, the source
filling pressure must be <0.3 Pa, at which pressure
the calculated loss of D" is 37%[7].

3.1.2 The Extractor and Accelerator

The D" ions are extracted by a three grid extractor and
accelerated in five similar acceleration stages to
1 MeV [8]. The extractor consists of three grids
called plasma, extraction, and electron suppression
grids, all supported by the plasma grid frame. Each
grid is divided into 5 segments, each with 260
apertures, as shown in Fig. 3. The diameter of the
apertures in the plasma grid is 14 mm. Each segment
is adjusted individually so as to give geometric
aiming of the beam from that segment.

Having the same electric charge, some electrons are
extracted from the ion source along with the D" ions.
The co-extracted electron current is minimised by a
transverse magnetic field across the extraction array,
produced by a current passing through the plasma grid
(a "PG filter"), and by biasing the plasma grid
positively with respect to the anode, which is found
experimentally to reduce the extracted electron current
without significantly altering the extracted D' current.

The electrons extracted from the source and created by
stripping in the extractor are deflected onto the
extraction grid. The electron suppression grid is
located immediately downstream of the extraction grid
and it is held at a negative potential with respect to
the extraction grid. Together the magnetic fields from
the PG filter and magnets embedded in the extraction
grid and the electron suppression grid prevents these
electrons escaping into the downstream acceleration
region. Electrons created in the acceleration region by
stripping are deflected onto the next grid after their
birth point by the magnetic fields created by the
combination of the PG filter and permanent magnets
embedded in the acceleration grids.

0.6 m

FIG. 3 The ITER Accelerator Aperture Pattern

Only the negative ions are accelerated up to 1.0 MeV,
and the overall power efficiency of the accelerator
with a source operating pressure of 0.3 Pa, and
assuming that 2 electrons are extracted from the ion
source along with each D", is estimated as >95%.
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(i.e. 40 MW is accelerated, <2 MW are deposited in
the accelerator).

3.2 Beam Optics, Steering and Alignment

In order to obtain good transmission to the ITER
plasma, it is necessary a) to have a good beamlet
divergence, b) to have the beam accurately aligned
with respect to the beamline components and the
torus port, and c) to steer the beamlets in the
horizontal plane for maximum transmission through
the beamline and the port.

The divergence of accelerated negative ion beams has
been measured to be extremely low [9], and, for the
purpose of this design, 5 mrad is assumed for the core
of each beamlet. Beamlet steering in the horizontal
plane is necessary to obtain good transmission to the
plasma. As described below, the neutraliser and
residual ion dump are subdivided into 5 vertical
channels, and the extraction aperture array is designed
to produce 5 column beams, each made up of 4
columns of beamlets, matching the subdivision of the
neutraliser and the residual ion dump (see Fig. 2).
Each beamlet must be steered to obtain high
transmission through the appropriate channel and the
NBI duct. Fig. 4 shows the transmission of each
column of the beam through the beamline and the
NBI duct, which leads between the toroidal field coils
to the torus, as a function of misalignment of each
column. From this calculation it is concluded that
the overall alignment of each column must be within
±1 mrad.

90

80

70

60

50

40
Beamlet divergence = 5 mrad

- 6 - 4 - 2 0 2 4
Alignment / mrad

FIG. 4 Transmission of Each Column Beam versus
Misalignment of each Column Beam.

In the vertical plane geometrical steering is achieved
by tilting each of the 5 segments making up each grid
so that they are "aimed" at the magnetic axis of ITER
(23.8 m from the 0 kV grid). This minimises the
vertical beam size, and maximises the driven current
density, near the magnetic axis as it results in more
particles being born within the smaller flux surfaces
near the magnetic axis. A high driven axial current

density (>200 A/m^) is desirable for the so-called
"advanced plasma scenario"[l].

3.3 The Neutraliser

A simple gas neutraliser is chosen for the reference
design. However, unlike the common practice of
positive ion based injectors, it is essential to decouple
the neutraliser from the accelerator in order to avoid
increasing the pressure, hence the stripping losses in
the accelerator. It is also necessary to have a low
pressure downstream of the neutraliser to avoid high
reionization losses. In the present injector design
there is a gap of 2.1 m between the last accelerator
grid and the neutraliser entrance, and a gap of 0.5 m
between the neutraliser exit and the residual ion
dump. These gaps give adequate conductance to the
cryopumps which surround the beamline [7].

The gas flow from the neutraliser is minimised by
introducing the gas midway along the neutraliser, by
making the neutraliser 3 m long and by subdividing
it into 5 vertical channels, the width of which is
chosen to be the minimum possible consistent with
good transmission, 70 mm.

3.4 The Residual Ion Dump

Emerging from the neutraliser will be a beam of
neutrals, positive ions, negative ions, and a beam of
electrons. The charged fractions of the beam could
carry >40% of the accelerated power, i.e. >16 MW,
and this must be removed from the neutral beam in a
controlled way. In the present design an electrostatic
Residual Ion Dump (RID) is used, which consists of
6 vertical plates, 1.5 m long, 90 mm apart, in line
with the walls of the subdivided neutraliser. A
potential of about 25 kV will be applied between
adjacent plates, deflecting the negative and positive
particles onto opposing plates. Recent calculations
[10] show that the expected power density is
<10 MW/m2. This type of RID is compact and
gives good control over the charged particle
trajectories, and the principle has already been
demonstrated with a powerful negative ion beam [11].

3.5 Beamline Calorimeter

The beamline calorimeter is located immediately
downstream of the RID. Its purpose is to allow the
injector to be operated independently of ITER. To do
this it must be capable of intercepting the full power
neutral beam, i.e. >16.7 MW. At this location, the
expected power density from the beams is rather high,
as shown by Fig. 5.

The present design consists of a set of 5 vertical
"plates" each inclined at 8° to the beam. These are
translated into the beam so that each plate intercepts
one column of the beam. Fig. 2 shows the
calorimeter in both possible positions. The arrow
indicates the position when it is intercepting the
beam. The surface power density will be =18
MW/m2 if the divergence is 3 mrad, which can be
readily handled by the swirl tube elements used to
make up the panels.
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3. Magnetic Field Reduction System

The magnetic field within the injector must be low to
avoid degradation in the neutral beam optics, which
arises from deflection of the D" prior to
neutralisation. The acceptable magnetic field in the
volume occupied by the beam between the plasma
source and the exit of the neutraliser is =10"^ T. (The
field from ITER is £0.08 T.) A purely passive
system having 2 layers of 150 mm thick soft iron, 30
mm apart surrounding the injector vacuum vessel
plus 10 mm of mu-metal around the neutraliser is
being considered, as is a system using active field
compensation coils plus soft iron and mu-metal
shields[10,12].

200

150

100

15 20 25

Axial distance / m

F I G . 5 Peak Power Density Normal to the Beam Along
the Beam Axis. The rectangles marked N, R, C
and D indicate the positions and axial extents
of the neutraliser, residual ion dump,
calorimeter, and the NBI duct respectively.

4 Tritium and Safety

Although it is not proposed to put T2 into the
injectors, T2 will stream from the torus into the
injectors and be trapped on the cryopumps. Prior to
plasma formation the torus will be filled with neutral
gas consisting of equal parts T2 and D2. The flow of
tritium to the injectors at this time is minimised by
closing the shutter at the exit of each module (see
Fig 2), which reduces the conductance between the
injector and torus. This will be opened for the
injector operation, and closed again just before plasma
termination, and also following a disruption.

The injectors are an extension of the torus vacuum
vessel, which forms the first of the two ITER safety
barriers, so that the injectors will also form part of
the first safety barrier. As such they are designed to
be capable of withstanding the 0.5 MPa internal
pressure which could arise from a large water coolant

leak into the torus during operation. The second
safety barrier surrounds the first, and this also has to
be the case with the injectors. The cryostat, which
forms the second safety barrier around the torus (see
Fig. 1), has to withstand the 0.2 MPa which could
occur in the event of a failure of the first safety barrier
following an accident in the torus. Each injector will
be located inside an "NBI cell", which forms the
second safety barrier for the injectors [13].

5. Maintenance

ITER will produce copious neutron and gamma fluxes
into the injectors and subsequent activation of the
injector components, and remote handling techniques
will be required for injector maintenance. It is
presently foreseen that a remote maintenance cask
will "dock" with the rear of the NBI cell, and that
activated components will be moved into the cask,
and transported in the cask to a hot cell for
maintenance.

6. Planning

ITER is scheduled to produce its first plasma at the
end of 2008, and the planning of the R&D,
construction and installation foresees the neutral
injection system being available from the start of
ITER operations. A tentative schedule is shown as
Fig. 6. This planning assumes that the first NBI
module (the injector less the ion source and
accelerator) and the first set of NBI power supplies
will initially be used as an NBI test bed. All 3 ion
sources and accelerators will be tested to full
performance on this test bed prior to installation on
ITER. The test bed module and power supplies will
then be installed as the last (3rd) ITER NBI system.

7. Conclusion

Neutral beams have been the most successful
additional heating system applied to magnetically
confined plasmas. The use of neutral beams to heat
ITER raises new challenges in that not only does the
required beam energy necessitate a negative ion based
system, but a variety of considerations (not discussed
here) have limited the number of injectors to 3 very
powerful injector modules, each delivering 16.7 MW
to the plasma. This has to be achieved in an
environment with high magnetic fields, severe space
constraints and high neutron levels leading to
activation of the injectors. Additionally, reliability
and availability must be high, and the design must be
consistent with the safety levels needed for a nuclear
installation.

The design presented in this paper uses well proven
technology for the beamline, and extrapolations of
existing technology for the negative ion source and
accelerator. However, significant development is
needed before the present design can be realised, and
the reliability of the generation of 1 MeV D" beams
must be established. Additionally, much detailed
design of the interfaces with the rest of ITER is still
required.
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Magn. Shield

Valve Specification & call for tender
Fabrication

Installation

Ongoing design or R&D

Proposed design or R&D

Testing or commissioning
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Modules

First power supply used for'test bed]
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supplies

i/i ISources
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Fig. 6 Tentative Planning for the ITER Injector Construction and Installation
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OUTLINE OF APPLICATION PLANS OF
ACCELERATOR BEAMS IN JAERI

Yasuo SUZUKI

Tokai Research Establishment,
Japan Atomic Energy Research Institute. Tokau Ibaraki, 319-11, Japan

Japan Atomic Energy Research Institute (JAERI) has various application plans of accelerators such as;
Neutron Science Research Complex (NSRC), Positron Factory, International Fusion Material Irradiation Facility
(IFMIF), and Spring-8 Project. Each application plan has its own research program and its own core accelerator.
The NSRC is a multi-purpose research complex composed of seven research facilities: slow neutron scattering
facility for material science, the nuclear energy research facility like nuclear transmutation and so on.

The Positron Factory will be applied to the research of precise analysis of material structure by novel method
of positron probing. The IFMIF aims at simulating the wall loading of a demo fusion reactor by producing high
intense neutron flux. The SPring-8 is the largest synchrotron radiation source in the world. More than 60 X-ray
beam lines will be equipped for the various researches.
Keywords: application of accelerator, NSRC, Positron Factory, IFMIF, SPring-8

1. Introduction
I'm honored to be here and it is a great pleasure to

give an introduction talk of this special session.
Because I have insisted for recent ten years that the
accelerator beam is very useful for various science
research and accelerators can develop not only the
new frontier of fundamental research field but also
that of nuclear energy research field as the bulldozers
do at the frontier of the plantation field.

Today, I'd like to talk about the outline of
application plans of accelerator beams in JAERI. My
talk is composed of the answers to the following
questions and conclusion:
- What lesson have we learnt in accelerator application
in JAERI ?
- What are JAERI's application plans of accelerators ?
- What technologies are needed for the further
applications ?
- Conclusion.

We have constructed various accelerators and
have applied them to various research field

The 150 Me V electron linac was built 25 years ago
and demounted already, and we applied it to neutron
cross-section measurements of nuclei required to
development of nuclear energy source, we have
studied the electron accelerator technology and the
broad application field of accelerators with this linac

With the 20 MV Tandem and the Tandem
Booster which is a superconducting linac for
heavy ion acceleration and which is installed at the
end of the Tandem beamline, we can accelerate heavy
ions up to around 1 GeV, and we have been able to
study the heavy ion physics, such as exploring super
heavy nuclei and extra-deformed nuclei and, for
material science, the applications have been carried
out, for example, such as improvement of high
temperature superconductive materials and radiation

damage investigation.
The superconducting free electron laser (FEL) has

been developed for obtaining the technology of
superconducting accelerator and for oscillation study
of far infra-red light and quasi-constant wave. The
development of this free electron laser can be
expected to broad application field of industries.
TIARA ,which is composed of a cyclotron and other

accelerators, is used for investigation of matenal
science such as nuclear energy material and space
science materials and bio-technological science.

2. What lesson have we learnt in accelerator
Application in JAERI ?

What we have learnt are as follows :
Firstly, accelerators can generate powerful intense

energy beams of two types by recent significant
progress of accelerator technology and they can be
used for various research field, or can develop various
research field itself:
- High intensity energy beams of accelerated particles;

Electron, proton, deuteron, heavy ions
- Secondary particle beams and photon beams,

Electron - positron, photon
Proton - neutron, anti-particle, heavy ions
Deuteron - mono-energetic neutron beam
Heavy ions - radioactive ions, unknown ions
These accelerated particles themselves can also

produce secondary particles such as positron, neutron,
pion. muon and radioactive ions by nuclear reaction or
nuclide transmutation. The photon beams can also be
produced of not only gamma-ray, X-ray by collisions
with target materials, but also of all range from X-ray
and light up to micro-waves by the principle of
synchrotron radiation or free election laser.

Secondly, accelerator energy beams have various
distinct feature or merits expressed by keywords such
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as high energy, selection-ability of energy, powerful
beam, high intensity, concentricity, directionality,
polarity and so on

Or we can express the accelerator energy beam by
the other words of micro-spot size, high luminosity,
local deposition, low emittance, nuclear reaction,
nuchde transmutation which makes it possible to use
for creation of material, medical use of RI beam and
nuclear waste transmutation and, for photon beam,
coherent, brightness, polarity and so on.

3. New application plans of accelerators
The application plans of accelerators in JAERI as

follows:
Neutron Science Research Complex is composed

of an intense proton linac 1.5 GeV and 1 — 10 mA
with beam target systems producing neutron and
other secondary particles and the research facilities
according to the application plan as shown in Fig. 1.
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Neutron Scattering Research
Polymer Material Science
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Fig 1 NSRC application plan

In this 7 researches proposed, the thermal / cold
neutron research will be earned out in the neutron
research facility and the research relevant to nuclear
energy development will be done in the other research
facility. The others will be distributed and installed
together with those facilities mentioned above, or will
have their own facilities.

At present proposing stage of this project, neutron
scattering research using the thermal / cold neutron,
and neutron physics are most promising application
study. The details will be presented at next talk by Dr.
M. Mizumoto.

Positron factory plan is under feasibility study at
Takasaki establishment, aiming at producing intense
mono-energetic position beam and at investigating
more precisely the material structure. A tentative goal
of the slow mono-energetic position beam intensity is
10'°/cm2/sec, which is larger by two orders of
magnitude than those of existing strongest beams in
the world.

The position beam will be applied to super-
ftincuonal material creation, ultra-fine biotechnology

with nano- structure analysis, and positron induced
nano structure change. A part of the beam lines will be
combined with some ion beams from TIARA.
An election linac of 100 MeV, 100 kW is required to
generate the intense positron beam. An experimental
study on a new concept of target and moderator
system have been confirmed, the details will be talked
in the next but one lecture by Dr. S. Okada.
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Fig. 2 Positron Factory

International Fusion Material Irradiation Facility so
called IFMIF is considered as the most preferable
neutron source for testing of fusion reactor materials
and is now under conceptual design activities in
cooperation with the researchers of IEA framework
that is, Japan, US, EU and Russia which will continue
till January 1997 The high energy neutron flux
equivalent to 2 MW/m' (0 9X 10'Vm2sec) or more is
required and is achieved by d + Li reaction with 30-40
MeV, 250 mA deuteron beam. The two identical
powerful deuteron linacs are used to accelerate 125
mA beam for each and the beams are merged into the
same footprint of 5 X 20 cm2 on the Li target with flat
distribution.

erFLUENT VENT

GLOW! BOX AREA TOHOTCB.U

VTA/TARGET SERVICE CELL

TEST ASSEMBLY

ACCESS CELL
LITHIUM CELL
ACCESS HATCH

LITHIUM
PROCESS CELLS

INTERNATIONAL FUSION MATERIALS
IRRADIATION FACILITY (IFMIF)
PROPOSED ELEVATION VIEW

Fig. 3 IFMIF

The facility has two stations and the irradiation test
cell. When one of them is used for irradiating tests, the
other is prepared for the next experiments, and we
hope to attain the availability of the facility more than
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70 %. The details of the design will be given by Dr. K.
Noda

SPnng-8 is one of the third generation
synchrotron radiation source that covers the radiation
of the X-ray range This has been constructed at
Hanma district, the western part of Japan, m
cooperation with JAERI and RIKEN. The part of the
injector of both 1.0 Gev lrnac and 8 Gev synchrotron
will start commissioning this year and a part of
application studies will start measuring in 1997 There
are many kinds of application plan using the
synchrotron radiation. About 30 subjects are being
considered such as: the study of surface and interface
conditions, extreme environments, phase transitions,
electronic properties of solids chemical reactions,
acunides, nuclear excitation, nuclear resonance
scattering, small angle scattering, trace micro-analysis,
soft X-ray microscopy and photo-chemistry, and
medical application. The last lecture is devoted about
this project by Dr. H.Ohno.

Fig. 4 SPnng-8

4. What technologies are needed for further
applications
- Powerful injector and acceleration
- Lower spill accelerator
- Target and moderator system technology
- Handling technology in the radiation environment

The important points common to these required
items come from are 'powerful accelerator" that is to
say, Mega watt class accelerator. If 'powerful' is a key
word for the next applications of accelerators, the
following technologies are needed.
Firstly, the powerful injectors should be developed, in
case of electron linac, the powerful electron gun with
such as photo-emitter and RF pre-accelerator, and in
case of proton linacs, ion sources of minus hydrogen
ions which are developed in the field of nuclear fusion
research, and powerful acceleration methods like
superconducting cavities should be developed.

Powerful accelerators will pollute the wall of
accelerators and around by the beam spill. Lower spill
accelerators should be developed by all means from

the safe maintenance point of view.
Targets and moderators should be designed and

should be tolerable against high power injection by
means of the mechanical, thermal hydraulic
technology and nuclear engineering..

Handling technology in the radiation environment
will be necessary for the powerful accelerators
applications.

All these technologies are familiar m JAERI,
The overview about these required technologies,

tells us that JAERI has a strong competency of
accelerator energy beams Because in JAERI,

-Various accelerators facilities have already been
operated, such as TIARA, FEL's, Tandem Booster,
and SPnng-8 is under construction, so that
experiences on acceleratoi science and technologies
are integrated there.

-Many scientists are working in broad research fields
of JAERI, in the fields of solid matter physics,
chemistry, material science, molecular biology,
nuclear physics and so on

-More over, reactor engineers and chemical engineers
can develop beam target systems, shielding
technology, processing of radioactive material, and
remote handling technology of radioactive materials.

5. Conclusion
In conclusion, powerful energy beams can be

utilized for precise analysis of the structure of solid
material, polymer, and living materials as probes with
the performances of variety of beams, , nuclear
reaction, and selective interaction with nuclei ,atoms,
moleculars and materials.

Therefore, accelerator beams can contribute to
develop new frontier research fields of fundamental
sciences such as atomic physics, chemistry, matenal
science, life science, molecular biology, nuclear
physics and so on.

Powerful energy beams can create new functional
materials, new nuclide such as RI, and new materials
under severe environment, for example, high heat flux
or radiation resistive matenal, and can develop nuclear
technology with the performance of the high intensity
and high energy of the beams.

Therefore, accelerator beams can contribute to
develop new research field of applied science; new
bio-technology, medical use, new engineering and
technology, of energy science such as nuclear waste
transmutation, nuclear fuel production and nuclear
fusion materials.

- 1 7 4 -



Proceedings of the 7th International Symposium on Advanced Nuclear Energy Research
Recent Progtess in Accelerator Beam Application (March 18-20, 1996, Takasaki. Japan)

JAERI-Conf 97-003

A RESEARCH PLAN BASED ON HIGH INTENSITY PROTON ACCELERATOR
(NEUTRON SCIENCE RESEARCH CENTER)

Motoharu MIZUMOTO

Tokai Research Establishment, JAERI
Tokai-mura, Naka-gun, Ibaraki 319-11, Japan

A plan called Neutron Science Research Center (NSRC) has been proposed in JAERI. The center is a complex
composed of research facilities based on a proton linac with an energy of 1.5GeV and an average current of
10mA. The research facilities will consist of Thermal/Cold Neutron Facility, Neutron Irradiation Facility,
Neutron Physics Facility, OMEGA/Nuclear Energy Facility, Spallation RI Beam Facility, Meson/Muon Facility
and Medium Energy Experiment Facility, where high intensity proton beam and secondary particle beams such
as neutron, pion, muon and unstable radio isotope (RI) beams generated from the proton beam will be utilized
for innovative researches in the fields on nuclear engineering and basic sciences.

1. Introduction
In recent years there has been a growing interest

in new intense neutron sources for advanced fields of
basic researches and many engineering applications.
While previous neutron source development has been
mainly concentrated in basic nuclear physics and in
neutron data measurements for fission reactor
development, new sources are largely required for
applications in material sciences, fusion technology
(neutron irradiation etc.) and radiotherapy. The
energy-related applications to nuclear waste
transmutation and fuel breeding are proposed on the
basis of the intense neutron sources.

In material sciences, a large number of
investigations involve slow neutron scattering
techniques, and many of these have been carried out
at high-flux fission reactors. High-flux reactors are,
however, over subscribed by two or three times more
proposals than they can accept, so that there is an
increasing demand for additional neutron sources. In
recent years, an alternative technology for generating
neutrons based on the intense proton accelerator
started to attract the strong interest in this field.
Furthermore, the use of time-of-flight instruments
and double- or triple axis spectrometers in this field
has also led to an increasing desire for higher peak
fluxes. These fluxes cannot be achieved from steady
state fission reactors. Especially high flux reactors
are presently operated at the upper technical limit
which is determined by the overall heat deposition
released in the fission process. Proposals and their
specifications can be found in the references[l] for
many intense neutron sources based on the
accelerators in various institutions.

In 1980 s, activities have been made for high
intensity proton accelerators to apply it to the nuclear
fuel breeding and the high level radioactive waste
transmutation[2]. After the partitioning and
transmutation research program OMEGA was

proposed by the Japan Atomic Energy Agency (AEC)
in 1988, JAERI started an intensive work to study a
accelerator-driven transmutation system of minor
actinides as one of the attractive options.

In addition to development of such new basic
neutron researches and nuclear energy related
technologies on material science, neutron irradiation,
neutron physics and nuclear waste transmutation,
many potential applications for applying the intense
accelerator has been also discussed, which include
meson/muon production and spallation RI beam
(mainly for nuclear physics studies) and radio isotope
production. An idea of research complex composed
of the variety of the research facilities Neutron
Science Research Center have been proposed with
such versatile purposes[3]. The name of the research
complex is not determined in this stage, so that
NSRC is temporarily used in this paper.

Simultaneously, the development of the high
intensity proton linac (NSRC-LINAC) with an
energy of 1.5GeV and an average current of 10mA[4].
has started in 1991. In the course of the accelerator
development, R&D work has continued concerning
the initial stage components, high brightness ion
source, radio frequency quadrupole linac (RFQ), drift
tube linac (DTL) and radio frequency source (RF
source), as well as the conceptual design of the whole
accelerator components.

2. An Outline of the Neutron Science Research
Center.

Fig. 1 shows the various research applications for
NSRC, which is composed of the NSRC-LINAC and
seven research facilities as the following;

1) Thermal/Cold Neutron Facility
2) Neutron Irradiation Facility
3) Neutron Physics Facility
4) OMEGA/Nuclear Energy Facility
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5) Spallation RI Facility
6) Meson/Muon Facility
7) Medium Energy Experiment FacDity

Negative hydrogen of an average current of
10mA is accelerated up to 1.5GeV by the proton linac
with a length of nearly lkm. Full current ion beam of
1.5GeV, 10mA is mainly used in the
OMEGA/Nuclear Energy Facility, and also that of
0.6GeV in the Neutron Irradiation and the Medium
Energy Experiment Facility. The part of beam of
1.5GeV is used for the Spallation RI Beam Facility,
and transported into the beam storage ring to provide
a pulsed beam with various time structures in order to
meet various experimental requirements in the
Thermal/Cold Neutron, Neutron Physics,
Meson/Muon Facility.

( Proton Beam)

150MeV Beam

WOMeVBeam

ti-production th in target

1500MeV Beam

! OMEGA/Nuclear energy 1

Spallation thick target

r ~ i

Radiation damage
RI production
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(tedium energy exp.

* Nuclear physics
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,~p n-catalized fusion

JJSR (material study)

Meson/ituon physics

Spallation RI beam

Neutron moderator f..j

Thermal/Cold neutron

(' High Intensity Proton Accelerator )

Fig.l Applications based on the high intensity
proton accelerator

3. Experimental Facilities
Table 1 shows the outline of a preliminary plan

with the main parameters and experimental
equipment of the facilities. These parameters are not
finally determined. The potential user groups will
investigate and finalize them in more detail.
J. 1 Thermal/Cold Neutron Facility

This facility produces slow neutrons for

condensed matter physics, polymer physics,
biophysics, particle/nuclear physics, and other
various applications. The proton beam is transported
into the beam storage ring form the NSRC-LINAC to
produce the pulsed beam having various time
structure required for thermal/cold neutron
experiments. The pulsed proton beam with an energy
of 1.5GeV and the maximum current of 1mA then
bombards neutron targets to generate pulsed neutrons
from 10"7eV to lOeV. The proton beam intensity
from NSRC is expected more intensive than the
existing facilities and comparable to the proposed
one such as that of the SINQ (Swiss Intense Neutron
Source Quelle) under construction and the ESS
(European Spallation Source) planned. The NSRC
could generate a peak neutron flux of about 1017

n/cm2s-eV which is several hundreds times higher
than that of JRR-3M with pulsed operation basis. In
this facility, various researches can be performed
simultaneously with more than 20 beam lines.

3.2 Neutron Irradiation Facility
To prove the integrity of material for fast neutron

irradiation is very important to ensure life and safety
of nuclear plants. In this context, fast neutron
irradiation test for materials is an essential issue for
developing fission and fusion reactors, and several
fission reactors have been utilized for material
irradiation test.

The proton beam of average 10mA of 0.6GeV is
supplied for such facility to produce neutrons of
about 5xl014n/cm2s at 10cm and 5xl015n/cm2s at lcm
above 0.4MeV with a Pb target. The present facility
is expected to be used for material researches as
powerful neutron source to complement ion beam
accelerators and fission reactors for material
irradiation and researches.

3.3 Neutron Physics Facility
In this facility, versatile experimental data are

measured to supply accurate data base and verify
theoretical models with respect to proton and neutron
form 20 to 150MeV, pion and various secondary
particles produced by proton and neutron.

The necessity for high energy nuclear data
libraries up to a few GeV is increasing for
accelerator-based transmutation, and for medical
field, fusion material research, space exploration
research. The present status of high energy nuclear
data is not satisfactory from the level required in the
quality and quantity. Furthermore, the number of
experimental facilities is insufficient worldwidely.

The Neutron Physics Facility is expected to
become an international center in nuclear data
research in addition to the production of qualified
nuclear data.
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3.4 OMEGA/Nuclear Energy Facility
In this facility, Engineering Development

Facility is expected to be constructed for the R&D for
the OMEGA program for transmutation of minor
actinides and further the demonstration of the
transmutation test plant. In the Engineering
Development Facility, various experiments are made
to verify the design base of reactor physics and
shielding of accelerator-driven subcritical system.
Development of the spallation target system and the
beam window are also essential to make the
transmutation system be realized. This facility is
expected to be used for the R&D for future hybrid
energy production and fuel breeding reactor system
(if necessary) with proton accelerator.

The Nuclear Transmutation Test Facility should
be constructed further to demonstrate the total
engineering system after the engineering test will be
completed and the result in the Engineering
Development Facility will be fully evaluated.

3.5 Spallation RIBeam Facility
Various radioisotopes are produced through

spallation process by bombarding a target with proton
beam of 1.5GeV. In this facility, the produced
radioisotopes are separated with an ISOL (Isotope
Separator On-line), and then accelerated up to
lOMeV/nucleon by a heavy ion linac. Extremely
neutron rich nuclei which can not be approached by
the stable isotope beam can be produced and
investigated.

3.6 Meson/Muon Facility
This facility is composed of muon channels, pion

channels and a beam dump for neutrino experiment.
Muon beams for about lOkeV to several lOMeV are
produced by thin targets using pulsed proton beam
from the beam storage ring, and are provided for

various experiments through the beam lines equipped
around the target. The muon intensity may be 2-3
orders magnitude stronger than those in the existing
muon facilities of LANSCE, TRIUMF and ISIS. The
intense muon beam is used for the fiCF (muon
catalyzed fusion) and as a probe of the î SR (muon
spin resonance).

3.7 Medium Energy Experiment Facility
Proton beam of 0.6GeV is transported to the

facility to make complementary experiments for
proton beam of 1.5GeV and to develop the
technology for proton beam applications in medicine
and industry. Specially, it is expected that the intense
proton beam is useful to produce massive
radioisotopes for therapy, diagnostics and industrial
applications.

4. High Intensity Accelerator Development
4.1 General Concept
In the accelerator development, a proton linear
accelerator has been selected to meet the requirement
with such a high beam current in the range of mA to
10mA (further use for transmutation plant in the
range of several tens of mA as ultimate goal)[4].
Other circular accelerators such as cyclotron and
synchrotron can accelerate only maximum current of
about 2mA because the beam extraction can not be
done efficiently in the circular accelerators, which
will cause serious problems of high level activities in
accelerator structure.

4.2. Accelerator Development
The conceptual layout of the NSRC-LINAC is

shown in Fig. 2. In the case of high intensity
accelerator, it is particularly important to maintain
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Fig.2 A conceptual layout of the NSRC-Linac
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the good beam quality (low emittance; small beam
size and divergence) and minimize beam losses to
avoid damage and activation of the accelerator
structures. Because the beam quality and maximum
current are mainly determined by the low energy
portion of the accelerator, the R&D work for these
portions has been made as a first step in the NSRC-
LINAC development. The NSRC-Low Energy Part
consists of the high brightness ion source,
radiofrequency quadrupole (RFQ), drift tube linac
(DTL) and RF source. The first beam test was
successfully in progress at 2MeV using the ion source
and RFQ with acceleration current of 70mA and a
duty factor of 7%[5].

To meet various purposes for basic research and
an ultimate goal for waste transmutation, JAERI is
currently proposing an option of superconducting
(SC) linac which will be operated in pulse as a first
stage for the spallation neutron source and gradually
upgraded toward cw linac by increasing duty factor.
The final decision, however, will need further
intensive and detailed discussions although various
R&D activities are definitely needed to carry out
independently and accumulate solid technological
base. The prototype test for the waste transmutation
system will be made with a separate and more large
target station afterward. This present accelerator
development concept can meet two tasks
simultaneously. The length of the linac and area of
the research buildings have to be also considered to
meet the requirement from the limited size of our
laboratory site in Tokai. These are the main reasons
to propose the SC option for the linac. The
economical reasons for operating cost and the
possibility to cheap construction cost are also found
in comparison with normal conducting (NC) option.

Although the detailed accelerator parameters are
not determined yet, the preliminary ones are as
follows; The proposed energy and beam current listed
below are tentative ones and need further studies with
cost estimate and so on.

Parameters
Energy: 1.5GeV
Current: First stage, average 1mA Pulsed

(Duty 10%, 2ms, 50Hz)
Second stage, 10mA CW
(for transmutation engineering test
experiments)

Chopping factor: 60% (with intermediate pulse
length of 400ns and interval of 270ns for neutron
scattering type experiments)

Peak current: 16.7mA (lOmA/0.6)
Accelerator frequencies: 200MHz for RFQ and

DTL which are normal conducting (NC)
cavities and 600MHz for high p

structure SC elliptical cavity.

Three major R&D items are presently carried out.
1) the beam dynamic calculation in collaboration
with KEK (National Laboratory for High Energy
Physics) proton linac group. 2) the fabrication of high
power test model for CW RFQ and DTL. 3) the SC
cavity development with the KEK electron SC group.

The test stand with the cryostat 80 cm dia. x 259
cm long and clean room is under preparation and will
be ready in July, 1996. The first SC test cavity will be
fabricated and tested within 1996.

The conceptual and optimization studies for the
entire NSRC-LINAC have been simultaneously
performed with regard to mechanical engineering
consideration and RF source aspect in order to ensure
low beam loss, hands-on maintenance and low
construction cost.

4. Summary
The NSRC is aimed at exploring new science

and technology based on the intense neutron source
produced by the high intensity proton accelerator.
This research complex of the new and attractive
facilities is also expected as the main research base
for future nuclear technology. The further detailed
and comprehensive discussions are certainly needed
to facilitate the research plan among many related
people both inside and outside of the laboratory
research groups. The basic technological
development especially in accelerator and target
fields should be proceeded simultaneously and to
create sound basis for this promising future.

The author would like to thank those who have
contributed to the R&D work for the accelerator and
to the planning for the NSRC proposal.
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Table 1 An Outline of Research Facilities in Neutron Science Research Center

(The parameters for secondary beams and floor plan given in this table are all temporary values and the further
intensive studies are planned by the individual study groups which have been recently org3nized at JAERI.)

Thermal/Cold Neutron Facility
Neutron Scattering Facility

Spallation RI Beam Facility

Proton energy
Beam channel
Neutron energy
Pulse width
Peak flux
Floor plan

1.5GeV, 0.1-lmA
20
10-7 -10 eV
< 500ns
1017n/cm2s
100 x 100 m2

20 x 20 m2

Spallation RI Production Facility
Proton energy 1.5GeV, 0.01-lmA
Target/Ion source 300kV

Heavy Ion Linac
Energy
Accelerated ion
Beam intensity
Floor plan

lOMeV/u
proton - Uranium
1 ppA - 1 |ApA
100 x 40 m2 (Linac)

50 x 50 m2 (Experiment)

Neutron Irradiation Facility
Neutron Irradiation Facility

Proton energy 0.6GeV,10mA
Maximum flux 2xlO16 n/cm2s
Volume 1-21

(>100 dpa/y for SUS)
Post Irradiation Experimental Facility

Neutron & muon probes
Floor plan 50 x 50m2

Neutron Physics Facility
Nuclear Data Measurement Facility

Proton energy 1.5GeV,several(AA-mA
Secondary radiation neutrons, JI
Time of flight 50-100m (3 flights)

20-50 (3 flights)
Pulse width ns
Floor plan 50 x 50 m2

OMEGA/Nuclear Energy Facility

Engineering Development Facility
Proton energy 1.5GeV, 0.1-lOmA
Apparatus Accelerator-based

subcritical assembly
Spallation reaction experiment
facility
Fuel processing test facility
Elementary technology
development facility

Floor plan 100 x 80 m2

Nuclear Transmutation Test Facility
Proton energy 1.5GeV, 10mA
Apparatus Transmutation

demonstration facility
Floor plan 80 x 80 m2

Meson/Muon Facility
H Facility

Proton energy
Beam channel
\i energy
Pulse width
Beam intensity

JI-meson Facility
Beam channel
JI-meson energy

v-Facility
Beam channel
Floor plan

1.5GeV, 0.1-lmA
28
lOkeV-several lOMeV
50-20 ns
107 - 109/s

0.5 - lGeV/c

1
150 x60 m2 (\i)
50 x 80 m2(n)
30 x 50 m2 (v)

Medium Energy Experiment Facility
Experiment Facility

Proton energy
Beam channel

Floor plan

0.6GeV, 0.01-lmA
RI production
Multi-purpose
50 x 60 m2
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POSITRON FACTORY PROJECT

Sohei OKADA, Hiromi SUNAGA, Hirohisa KANEKO, Atsuo KAWASUSO, Shin-ichi MASUNO,
Haruki TAKIZAWA and Keiichi YOTSUMOTO

Takasaki Establishment, Japan Atomic Energy Research Institute
1233 Watanuki, Takasaki, Gunma 370-12, Japan

We have started drafting a construction program for the Positron Factory, in which linac-based intense
monoenergetic positron beams are planned to be applied for materials science, biotechnology and basic physics
and chemistry. A technical survey study confirmed the feasibility of manufacturing a dedicated electron linac of
100 kW class with a beam energy of 100 MeV, which will produce a world-highest monoenergetic positron
beam of more than 10'°/sec in intensity. A self-driven rotating converter (electrons to positrons and photons)
suitable for the high power electron beam was devised and successfully tested. The practicability of simultaneous
extraction of multi-channel monoenergetic positron beams with multiple moderator assemblies, which had been
originated on the basis of a Monte Carlo simulation, was demonstrated by an experiment using an electron linac.
An efficient moderator structure, which is composed of honeycomb-like assembled moderator foils and reflectors,
is also proposed.
Keywords: intense slow positron beam, linac, self-driven converter, multi-channel moderator assemblies

1. Introduction
It has been recognized that radiation application

plays an important role in peaceful use of atomic
energies. Especially new beam technologies with
accelerators have been emphasized recently. At the
Takasaki Establishment, Japan Atomic Energy
Research Institute (JAERI), researches on materials
science and biotechnology are in progress using a
variety of ion beams from four different types of
accelerators, which include submicron ion beams. The
research fields have stepped into a novel stage of
'quality control on matter itself at the atomic level,
which means both observation and manipulation of
the microscopic structures. Positron beam, which is
generated as 'slow' (i.e. monoenergetic) positron beam
and sometimes accelerated, is a powerful tool for this
purpose as well as ion beam. Unlike neutrons and
photons, positrons are charged, and therefore the
implantation depth in matters can be controlled by
varying the injection energy of the beam. Namely
positron and ion beams can probe the same positions
such as surfaces and interfaces of materials and
devices. On the other hand, microscopic features
observed and manipulated are different between
positron and ion beams, and consequently the
perfection could be pursued with the combined use of
the two means. An implanted and thermalized
positron annihilates with an electron, which is
dominantly followed by emission of two photons that
maintain the energy and the momentum of the initial
state due to the conservation rule. The positron is
attracted to atomic vacancies, voids and free volumes,
where the nuclear charge densities are lower, due to its

positive charge. This results in the prolonged
lifetime, which can be measured also by detecting the
annihilation radiations. Thus positron can see the
electronic structure and the absence of atoms, whereas
ion probes the existence of atoms, that is, the atomic
structure. Electrons are also charged. When an electron
is accelerated into matter, however, it loses its
identity quickly through thermalization, and thereafter
it becomes useless as a spectroscopic particle. Unlike
electrons, slow positrons are repulsed by surfaces of
solids due to their positive charge. This endows the
positron with high advantage as a topmost surface
probe to observe atomic structures by the diffraction
[1] and to detect impurity atoms by PAES (Positron
Annihilation-Induced Auger Electron Spectroscopy)
[2].

Many novel techniques[3-6] of materials
characterization using slow positron beams have been
developed during the last decade. However, a large
portion of these techniques have been waiting for
higher beam intensities to enable them to be applied
for practical use. Especially for experiments with high
space and/or time resolutions, for example to
investigate regions of micron size and to trace
transient phenomena in materials creation, more
intense positron beams than existing ones in the
world are required. Several types of intense primary
positron sources have been tried or proposed. The
most abundant technical experienced,7] for such a
source is with high energy electron linacs. Energetic
electron beam bombardment from a linac on an
electron-positron converter (e.g. tantalum) causes a
cascade shower of Bremsstrahlung and pair production
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reactions, which results in energetic positron
emission. A moderator (e.g. tungsten) combined with
the converter produces a slow positron beam through
a unique emission process due to the negative surface
work function for positron.

We have been promoting design studies for the
'Positron Factory' [8], in which linac-based intense
monoenergetic positron beams are planned to be
applied for materials science, biotechnology and new
fields of basic research. A tentative goal of the slow
positron beam intensity is 10l0/sec, which is larger
by two orders of magnitude than those of existing
strongest beams in the world. In this paper, objective
of the project and some results of the design studies
on a dedicated high-power electron linac and the target
system to generate the intense slow positron beam are
described.

2. Objective of the project
The first purpose of the project is to elevate the

stage of various methods in materials characterization
and non-destructive analysis which now suffer from
the shortage of the positron beam intensity towards
the practical use. Here the combined use of positron
and ion beams should be emphasized as a promising
trend contributing to advanced materials development.
Topmost surface sensitive analyses like PAES,
RHEPD (Reflection High Energy Positron
Diffraction), LEPD (Low Energy Positron
Diffraction)[l], PRM (Positron Reemission
Microscopy)[5,6] and Positronium Formation
Spectroscopy[3], which at present are in static or
preliminary use, could be quite effective in studying
catalyzing functions. They might contribute to
developing dreamy materials such as solar-activated
catalysts by tracing processes of the ion beam
implantation and modification. Depth profiling of
defects with Pulsed Positron Lifetime Spectroscopy
[9], which is now also in static use, would become a
powerful means to dynamically investigate ion beam
processing of future semiconductor devices. Electronic
structure analysis with 2-D ACAR (Angular
Correlation of Annihilation Radiation) might be one
of essential tools to study high Tc superconduction
mechanisms when a submicron positron beam could
be applied to the small single crystal, which has not
been tried because of the poor beam intensity.

The second is to exploit positron-induced
reactions. Slow positron has unique ionizing
channels, namely positron attachment followed by
annihilation and positronium formation. The
ionization processes, which we call 'soft ionization',

occur in the energy range of sub-eV to a few eV, and
therefore they are totally different from those in
'violent' manners by kinetic energies of other
particles. The soft ionization has a possibility to
produce new structures of materials. For example,
'slow positron sputtering' might be expected to create
an ultra-cjean surface, which otherwise would be
realized in space environment, through finding out and
'softly' eliminating adsorbed atoms on the topmost
surface. Possibly it is also useful for biotechnology.
A positron microbeam enables targeting on local parts
in biocells. The implanted and thermalized positrons
in turn act like a chemical. They attack chemically
active groups in the biomolecules that have large
positron affinities and induce specified bonding
scissions through the soft ionization. When combined
with double strand breaks by ion microbeams, we
might have two different powerful tools, 'hatchet and
scalpel', for DNA manipulation.

In addition to materials science and
biotechnology, intense positron beams have a variety
of potentials to open a new horizon in basic physics
and chemistry. Unique characters of positron in
comparison with electron, that positron does not lose
its identity in matters and it has various ionization
channels, are expected to contribute to make theories
in atomic physics and chemical elementary processes
more precise. Positron-electron plasma, which is a
most elementary many body quanta system and is
informative through annihilation radiations, will be
promising in plasma physics and studies on
phenomena in galaxy center, asymmetry of particle
and antiparticle, CP (Charge-Parity) violence etc.

3. Planned facility
An overview of the planned facility is shown in

Fig.l. Details of main equipment, an electron linac
and the target system, are mentioned in the following
section. A slow positron beam generated with a
pulsed electron linac is also pulsed. The pulsed
positron beam should be stretched to form a quasi-DC
beam for some experiments like ACAR. The 'linear
storage' technique using a Penning trap[10] can be
applied for this purpose. The storage method is
assumed to be also available to form a denseipositron
plasma in a magnetic bottle. In order to form a
submicron positron beam, the 'brightness
enhancement' technique[l 1] exploiting a positron's
unique process, reemission, is the most promising
candidate. The feasibility of these techniques was
demonstrated in the JAERI-universities cooperative
research[7] using the JAERI 100 MeV electron linac.
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Target Room
(Electron / Positron Converter & Moderator)

Experimental Room
Materials Science
Biotechnology
Basic Physics & Chemistry

(monoenergetic positron beam > 1010/s)

Klystron
Room

to Ion Beam Facility
(Combined Use of Ion & Positron)

High-Power Electron Linac
(100 MeV, 100 kW)

Fig. 1 An overview of the planned facility.

The ETL (Electrotechnical Laboratory) group
[9] successfully developed a time bunching technique
for linac-based and once stretched slow positron beams
up to several tens keV. This technique can be
transferred to the facility for Pulsed Positron Lifetime
Spectroscopy and time-of-flight experiments such as
PAES, Positron Ionization Mass Spectrometry and
Positron Stimulated Desorption. To investigate bulk
states of solids with a pulsed positron beam, the beam
energy should be elevated to near MeV. We have been
constructing a prototype of a fast (1 MeV) and short
pulsed (100 ps) positron beam[12]. The result will be
reflected in a several MeV short pulsed positron linac
that can be applied to defect analysis of
semiconductors at very low and high temperatures,
initial process study on fatigue of materials for reactor
use, irradiation effect study of bio-materials, positron
pulse radiolysis and positron channeling.

4. Design studies
4.1 Positron behavior simulation code

We have developed a Monte Carlo simulation
system named EGS4-SPG[13] on positron behavior
in matter, by combining an established code
EGS4[14] for high energy processes and the SPG[8]
that was developed by us for low energy processes. It
traces the three-dimensional positron motion from the
birth by pair production to the death by annihilation
or the rebirth as slow positrons. The system is useful
for optimal design of complex devices to generate
slow positron beams. We have used it for various

design calculations in the following subsections.

4.2 High-power electron linac
We have performed a design study[15] on a high-

power electron linac to generate an intense slow
positron beam. An optimum electron beam energy for
slow positron generation was estimated to be around
100 MeV. It was calculated that a tentative goal of the
slow positron beam intensity (10I0/sec) could be
attained with a linac of 100 kW class with the above
energy range. A technical survey study confirmed the
feasibility of manufacturing such a state-of-the-art
linac.

Fig.2 A concept of the high-power electron linac for the
Positron Factory.

Beam Energy: 100 MeV
Beam Current: 1 mA (average)
Beam Power: 100 kW (average)
Pulse Width: -3.5 us
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Further detailed analyses were carried out
concerning thermal deformation of the accelerator
structures, beam instability, reliability of the com-
ponents, down-sizing of the machine and a computer-
aided control system. A concept of the linac is shown
in Fig.2.

4.3 Electron to positron converter
If an electron beam of 100 MeV and 100 kW is

injected onto a tantalum converter with an optimum
thickness of 8.2 mm, a power of 38 kW is deposited.
For avoiding the meltdown, it is necessary to divide
the converter into several pieces and rotate in a
coolant. However a motor and a penetration may not
be available due to radiation degradation of insulating
and sealing materials. Consequently we have proposed
a 'self-driven rotating converter'[15] as shown in
Fig.3 which has pivot-type axles and bearings and
rotates by a driving force of the coolant itself. The
coolant (water) works as a lubricating material as
well.

We fabricated a pilot model and confirmed the
feasibility by an electron beam irradiation test, three
months performance test and a finite element
calculation. According to the calculation, the
maximum temperature even at the hottest point of the
tantalum disks was about 720 °C, which was far
lower than the melting point, where the cooling water
velocity and the revolution rate of the disk were 470
cm/sec and 300 rpm, respectively.

Beam Window
(electron injection)
(0.1 mm thick Ta)

Beam Window
(positron & photon ejection)
(0.1 mm thick Ta)

Pivot-Type Axle (Gap: 3 mm) Pivot-Type Bearing

Fig.3 A concept of the self-driven rotating converter.

4.4 Multi-channel positron moderator assemblies
We have proposed 'multi-channel moderator

assemblies'[15] to supply multiple slow positron
beams simultaneously as shown in Fig.4. The slow
positron yield, that is a ratio of the number of slow
positrons emitted from each tungsten moderator
assembly to that of incident electrons onto the
tantalum converter, was estimated using EGS4-SPG.
The result is shown in Fig.5. The contribution by
energetic positrons from the converter to generate
slow positrons drastically decreased at the assemblies
distant from the converter. It was deduced from
tracking of the particles that this is caused by spatial
spread of the positron beam. On the contrary, there

still were sufficient slow positron yields originating
in energetic photons, even at the rear assemblies. This
is because the photons go almost straightforward and
cause pair production reactions uniformly in every
assembly. Thus produced positrons have
comparatively lower energies, which results in higher
probabilities to be thermalized in each moderator foil.

To demonstrate a feasibility of the simultaneous
extraction of multi-channel slow positron beams, we
fabricated a set of 2 channel tungsten moderator
assemblies as shown in Fig.6. The set was composed
of 18 tungsten foil layers of 25 (im in thickness.
Slow positrons from each 9 layers were separately
extracted by 2 tungsten mesh grids. Each moderator
layer was divided into 3 parts, electrically separated
and biased to drift emitted slow positrons by sloping
the electric field toward the extraction grids. We
observed the slow positron beam profile from the
assemblies with a MCP (micro channel plate), using
a 100 MeV electron beam from a S-band electron
linac at Osaka University.

slow positron extraction
energetic
positrons &
photons

energetic
electrons V
(lOOMeV)

tantalum
(8 2mm1) 1st assembly 2nd assembly 3rd assembly

t ,

r
tungsten(50mmX50mmX25nm )X 10 foils

(gap: 8mm)

Ta converter to W moderator assembly: 27.7mm
I assembly to ssembly: 27.7mm

Fig.4 A concept of the simultaneous multi-channel
extraction of slow positron beams by multiple
moderator assemblies and the geometry for the
Monte Carlo simulation.

Slow Positron Yield (slow positrons / incident electrons)

10
-10

10,-8 10 10

1st
assembly

2nd
assembly

3rd
assembly

i t i i i 1

f'? "''i'l by positrons
~ M H by photons

ii.'••;<•!• , . , . ] by positrons

ĴPHPUUH by photons

| "] by positrons
ttttttttfttltlttflflf^^ by photons

Fig.5 Slow positron yields (ratios of the number of slow
positrons to that of incident electrons) at the
multiple moderator assemblies calculated with the
Monte Carlo simulation for the case indicated in
Fig.4. Contributions by positrons and photons
emitted from the converter are separately evaluated.
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The result is shown also in Fig.6. Three peaks
were observed in the slow positron beam intensity
profile. The largest one was attributed to slow
positrons from the first channel which was nearer to
the tantalum converter. The second and third peaks
were both attributed to slow positrons from the
second channel. It is assumed that back-scattered
positrons and pair production reactions by photons
give rise to the third peak, because thick tungsten
plates were placed at the end of the second moderator
assembly. This means that positrons and photons
passing through the first and second assemblies still
have a potential to generate slow positrons, and also
that it will be efficient to place a heavy metal at the
end in fabrication of moderator assemblies.

The intensity of slow positrons from the second
channel was smaller only by an order of magnitude
than that from the first channel, which agreed well
with the simulation result. It was concluded that such
an extra positron beam will be useful for preliminary
or potential researches which are promoted
simultaneously with main experiments using the
strongest beam.

Wdmra1) W(25 urn')

9 layers Moderator Foils

9 layers

Fig.6 Experimental setup of 2-channel moderator
assemblies for the demonstrative experiment of
The simultaneous extraction of multi-channel
monoenergetic positron beams and the intensity
of extracted slow positrons observed with a MCP.

4.5 Proposal of a new efficient moderator structure
The above result suggests usefulness of a heavy

metal plate for a reflector and importance of the
assembly structure. To evaluate the structure effect,
we calculated conversion efficiencies from energetic
positrons and photons to slow positrons for the
following three cases as indicated in Fig.7. The first
structure is a usual one, which consists of ten
tungsten foils of 25 |im in thickness parallel placed.
The second is a set of these foils whose surrounding
planes except for the positron and photon injection
side and the slow positron extraction one are enclosed
by thick tungsten plates. The third structure has an
additional set of eleven tungsten foils crossing the
above foils in the second one to make a honeycomb-
like assembly of foils enclosed by the reflectors.

a) Tungsten Foils (IOcmXIOcmX25nmt X10 foils)
(gap = lcm)

Projectile Injection
Direction
(Positron & Photon Slow Positron

Extraction Direction

b) Enclosure by Thick Tungsten c) Addition of Cross Foils
Plates (Reflectors) (Reflectors & Honeycomb

Structure)

Fig.7 Proposed new structures of positron moderator
assembly.

10 <

10 5 -

: < < 1 • | 1 1 1 1 |

• • i :
r A

-

b _ ^V]

• u *

r i T T~r-r
Positron

•

A

B

A

8
Photon

•yy-i-yy

Injection

• H ^
• ^

- A^

B •
^ o

Injection

T—i—rr

1
• i

A j
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0 1 2 3 4 5
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Fig.8 Calculated conversion efficiencies from energetic

positrons and photons to slow positrons in
positron moderator assemblies having different
structures shown in Fig.7.

Figure 8 shows the calculation result. It is
obvious that the structure effect is remarkable
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especially for higher energy projectiles. The number
of the higher energy positrons and photons emitted
from the converter is more than that of the lower
energy ones. Therefore, the slow positron yield in the
third structure is expected to increase by a few times
that in a usual one. The moderator assembly with a
honeycomb-like structure enclosed by reflectors
proposed here is promising for realizing an intense
monoenergetic positron beam of more than 10'°/sec
in intensity.

5. Conclusion
In the design study for the Positron Factory, we

demonstrated the feasibility of simultaneous
extraction of multi-channel monoenergetic positron
beams using an electron linac, by an experiment. A
more efficient moderator structure, which was
suggested by the experimental result, is proposed. The
world-highest monoenergetic positron beam of more
than 10l0/sec in intensity will be realized by the use
of a high-power electron linac of 100 kW class with a
beam energy of 100 MeV.
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INTENSE NEUTRON IRRADIATION FACILITY
FOR FUSION REACTOR MATERIALS
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Technical R&D of d-Li stripping type neutron irradiation facilities for development of fusion reactor materials
was carried out in Fusion Materials Irradiation Test Facility (FMIT) project and Energy Selective Neutron
Irradiation Test Facility (ESNIT) program. Conceptual design activity (CDA) of International Fusion Materials
Irradiation Facility (IFMIF), of which concept is an advanced version of FMIT and ESNIT concepts, are being
performed. Progress of users' requirements and characteristics of irradiation fields in such neutron irradiation
facilities, and outline of baseline conceptual design of IFMIF were described.
Keywords: d-Li stripping neutron, fusion reactor materials, RFQ, DTL, Li target, test cell

1. Introduction
Radiation damage in fusion reactors is characterized

by synergistic effects of the displacement damage and
transmutation products such as helium which are
introduced with high energy neutrons. Therefore,
intense high energy neutron irradiation facilities are
indispensable for development and testing of fusion
reactor materials. R&D of a d-Li stripping type neutron
irradiation facility was carried out in the period 1978
to 1985 in the Fusion Materials Irradiation Test Facility
(FMIT) project[l]. After cancellation of the FMIT
project, technical evaluation of a d-Li stripping type
neutron irradiation facility with energy selectivity, i.e.,
Energy Selective Neutron Irradiation Test Facility
(ESNIT), was performed at JAERI in the period 1989
to 1993, to exhibit usefulness of the neutron energy
selectivity for fusion materials testing[2]. In the same
period, several neutron source concepts for
International Fusion Materials Irradiation Facility
(IFMIF) were assessed[3], and the d-Li stripping type
neutron source with neutron energy selectivity was
selected as the IFMIF concept. The conceptual design
activity (CDA) of IFMIF was initiated in February,
1995 under IEA collaboration, in order to complete
an optimized conceptual design of IFMIF in January,
1997.

2. Progress of users' requirements for intense
neutron irradiation facilities
The primary mission of FMIT was to obtain

radiation damage data at high exposures of high energy
neutrons, which were expected to provide fission-
fusion correlation as the key to the utilization of the
large engineering data sets obtained in fission
reactors[4]. Furthermore, users' requirements were
dominantly focused on irradiation tests of structural
materials for PIE (post irradiation examination) with
accelerated damage rates. Test matrices of metallic

structural materials with miniaturized specimens for
microstructure observation, tensile and creep tests were
proposed for small test volume of high flux region
with the maximum flux of 100 dpa/fpy and very
steep flux gradient.

Major characteristics of ESNIT are 1) energy
selectivity of neutron spectra by changing deuteron
energy (10 to 40 MeV), 2) maximum deuteron current
of 50 mA which was determined by considering
technical feasibility[2]. Users' interest for fusion
reactor materials testing with ESNIT was focused on
studies on effects of neuron energies on materials
irradiation properties for advanced materials
development, in-situ tests for materials properties
during operation of fusion reactors, and lifetime tests
of ceramic breeders, ceramic insulator materials and
limited number of structural materials specimens.

Users' requirements for the neutron irradiation
field in the ESNIT are as follows:
(1) The peak energy of neutron spectra can be selected
in at least three steps (e.g., 5,10, 14 MeV).
(2) Test volume of 5X5X5 cm3 at the neutron flux
higher than 1.5X1014 n/cm2 for various types of in-situ
tests and irradiation of the miniaturized specimens.
(3)Neutron flux gradient lower than 10%/cm.
(4) Beam pose period shorter than 10'6 s to avoid
pulse irradiation effects.

During evaluation of materials irradiation R&D
items with ESNIT, it was shown that neutron energy
selectivity was useful to avoid influence of high
energy tail (high energy part of neutron spectra
exceeding 14 MeV) on fusion reactor materials
irradiation tests in d-Li stripping type irradiation
facilities, which was considered to be an issue for
ceramic materials.

In the IFMIF program, various fusion reactor
materials, i.e., structural materials, ceramic*breeders,
ceramic insulator materials, magnet materials, etc. are
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taken into account to obtain materials data for materials
development and demonstration/prototype fusion
reactor designs[5]. For irradiation tests of structural
materials, not only irradiation for PIE of various test
items (damage microstructure, tensile, fracture
toughness, creep tests, etc.) but also in-situ tests (creep,
fatigue, etc.) are considered for ferritic steel, vanadium
alloys, SiC/SiC composite, etc. In-situ irradiation tests
to examine tritium release for breeder materials and
electrical/optical properties for ceramic materials are
also considered, which are expected to be followed
by PIE. Such extensive irradiation tests require larger
test volume with moderate flux gradient which can
accommodate the larger test matrices. Furthermore,
irradiation tests of various kinds of ceramic materials
need energy selectivity by changing deuteron energy
(30-40 MeV) to avoid the influence of high energy
tail.

Users' requirements for the IFMIF are as follows:
(1) Energy selectivity by changing the deuteron energy
(30 to 40 MeV) is needed to avoid influence of high
energy tail.
(2) Required neutron flux levels for high, medium,
low and very low flux regions are higher than 20
dpa/y, 1 to 20 dpa/y, 0.1 to 1 dpa/y and 0.01 to 0.1
dpa/y, respectively.
(3) Test volume of the high flux region is required to
be larger than 0.4 liter .
(4) Neutron flux gradient should be lower than 10%/cm.
(5) A quasi-continuous operation is mandatory.
(6) Temperature ranges required in the high, medium,
low and very low flux regions are 250 C to 1000 C,
300 C to 900 C, 4 K to 500 C, 4 K to 700 K.
(7) PIE facilities at IFMIF site.

3. Neutron irradiation fields of d-Li neutron
irradiation facilities

3.7. FMIT
In the FMIT concept [6], the 35 MeV- 100mA

deuterons are injected to a 19mm-thick Li target with
the beam footprint of J x 3 cm2 and Gaussian beam
profile. The feature of FMIT design is the high current
density at the target. This produce high peak neutron
flux more than 100 dpa/y. However the test volume
at high flux region is very limited, and the neutron
flux gradient is large.

Fig.l shows neutron spectrum for d-Li reaction
measured at JAERI [7]. From the figure the peak around
14 MeV is seen only forward direction and in deflected
angles the lower neutrons are dominant in the spectra.
And also the neutron intensity strongly decreases with
angle. This means that the area only in front of the
target can be used for 14 MeV neutron irradiation.
Thus, the small high flux region is obtained with high
gradient field for this configuration.

, , . , I , , , , I , . .\. I , A i I •10
0 10 20 30 40 50 60

En (MeV)

Fig. 1 Neutron spectra due to d-Li stripping reaction

3.2. ESNIT
In the technical evaluation of ESNIT, neutron

irradiation filed was studied for the case of 50mA
deuterons injected at 10-40 MeV to the 22mm-thick
Li target with beam spot of 4 cm in diameter[81. The
main interests are variation of neutron energy and
flatness of spatial distribution of neutron flux from
stand points of users' requirements.

Since the beam footprint area is four times as
large as the FMIT, the neutron flux gradient is more
modest than the FMIT and the neutron flux intensity
is lower. By changing the deuteron energy from 10
to 40 MeV, the peak neutron energies vary from 4 to
15 MeV. For more decrease of the flux gradient in
the near target region, neutron flux distribution was
investigated for the deuteron beam with annular profile
(Fig.2).

3.3. IFMIF
In a preliminary IFMIF concept, there was a

proposal on beam-target configuration consisting of
two beams and two targets with right angle to increase
test volume. But this configuration does not lead
increase of the volume for the high flux region but
for medium and low flux regions, and loses a spectral
performance of a 14 MeV peak. Because only the
forward-emitted neutrons have a stripping reaction
peak and high generation rate. Therefore, two beams
with a small angle and single target are used in the
IFMIF-CDA, although two beams configuration is
adopted for high technical feasibility of accelerator
and target systems. The limit of the incident angle for
two beams was investigated and the angle less than
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15 degrees was found to be desired to keep the 14
MeV peak characteristics in neutron irradiation
field.[9J

Fig.2 Neutron flux distribution for 4cm diameter beam
spot with flat and annular beam profiles.

For IFMIF, the deuteron beam energy is ranged
in 30-40 MeV and the two beams of 125 mA deuterons
are injected to the single Li target with the footprint
of 5 x 20 cm2. The beam distribution profile is assumed
to be flat.

The collided neutron flux is smaller than the
uncollided flux and the decreasing factor is larger for
the region near the target. To estimate the realistic
volume for material test, neutron parameters were
calculated for the standard material loading test
module. The attainable test volumes for various
damage levels were summarized for 35 and 40 MeV
acceleration in Table 1. The 35 MeV deuteron
acceleration provides only 0.3 litter of the test volume
above 20 dpa/y for the iron sample loading, which is
less than the criterion. On the other hand, the 40
MeV operation can realize the test volume of 0.5 litter
that meets the users' requirement.

The differences among the three intense neutron
irradiation facility concepts are the total current and
the current density at the targets. The current densities
are 33 mA/cm2 for FMIT, 4 mA/cm2 for ESNIT and
2.5 mA/cm2 for IFMIF. Therefore, the peak flux is
highest in FMIT, but the test volume is largest in
IFMIF because of the total largest current. The rough

comparison of the test volume at various uncollided
neutron flux levels obtained from the three facilities
is given in Table 2.

Table 1 Test volume at various damage rate levels
for standard loading modules (cm3)

dpa/y

>40

>20

>10

Loading materials

Fe/NaK Fe/He SiC/NaK

35(110) 36(112) 86*

312(520) 320(530) 460

800(1080) 820(1100) 1060

( ) for 40 MeV, * For Si

Table2 Test volumes at various uncollided flux
levels in FMIT, ESNIT, IFMIF (35MeV)

>^eutron
NPlux

Facility^v

FMIT

ESNIT

IFMIF

1.4xlO15

n/cm2/s
(lOOdpa/y)

-10 cm1

0

0

2.5xlO14

n/cmVs
(20dpa/y)

-80 cm3

-35

-420

1.4xlOM

n/cm2/s
(lOdpa/y)

-500 cm3

-90

-1100

4. Outline of baseline conceptual design of IFMIF
4.1. Accelerator System

The IFMIF requires 250 mA, 30-40 MeV deuteron
beam which can be delivered to one of the two lithium
target assemblies. The deuteron accelerator system
consists of the identical two 125 mA modules which
can be operated in parallel. This configuration
improves the requested overall availability and relaxes
the problems associated with the high current beam
acceleration and transport, where the beam losses are
the most important design issue.

The requirements for each module are as follow:
(1) D* ion for steady operation and H,* ion for testing;
(2) 175 MHz rf linac (8 MeV cw RFQ followed by 40
MeV cw DTL); (3) 20 cm W x 5 cm H flat-top beam
distribution on target; (4) output energy chosen from
30, 35, and 40 MeV with +/-0.5 MeV FWHM
dispersion; (5) 100 % duty (cw) and <2 % duty pulsed
mode for tune-up/start-up; (6) >88 % availability
during the scheduled operation; (7) Hands-on
maintenance for accelerator components up to final
bend; (8) 40 years design lifetime [5].
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Fig.3 shows the layout of IFMIF accelerator
module, comprises of the injector and the main
accelerator. Dual injectors provide 140 mA, 100
keV dc-ion beam and one of them is used as the
backup. Ion source has to produce an estimated 155
mA beam of which only 140 mA can be transported
through LEBT. The other performance requirements
for the injector are: (1) D* and H2* ion; (2) source
lifetime >300-1000 hours; (3) normalized emittance
0.02 n cm mrad; (3) pulsed mode 100 ms to cw with
1-20 Hz. RFQ bunches and accelerates the 125 mA
beam to 8 MeV. The total length will be 12 m and is
divided into 3 segments using resonant longitudinal
coupling scheme. The main accelerator is room-
temperature Alvarez type drift tube linac with post
couplers. The total length will be 28 m and divided
into 6 tanks, and the last two tanks are used to select
the output energy from 30, 35, and 40 MeV. Main
performance requirements are: (1) beam loss < 3
nA/m goal to achieve the hands-on maintenance; (2)
normalized emittances < 0.04(transverse), <
0.08(longitudinal) n cm mrad.

The total required rf power is 10 MW provided by
11 rf power stations (RFPS). Each RFPS has 1.3
MW max. total output and uses high power tetrode as
the final amplifier and several driver amplifiers as
shown in Fig.4.

HEBT lines are arranged in the beam turning area
(29 in x 38 m) and employ the conventional FoDo
lattice consisting of quad doublets followed by drifts
and 90 deg achromatic bend to turn beam to the target
station. A series of multipole magnets are followed
to tailor the beam distribution at targets and energy
dispersion cavity is placed immediately after the final
10 deg bend.

Radio FrvqtKnc?

Qnnfrapok (RFQ)

- 11 47 n - 4

Drift Tub, LJaac (DTD
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Fig.3. IFMIF Accelerator Layout
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Two independently accelerated beams should be
combined at the surface of the lithium target with the
same footprint. The beams are injected into the
target with vertical half-angle of 10 deg. This angle
is determined from the necessity of the shadow shield
of the neutron backstream from the target as shown in
Fig.5. A final beam calibration station is placed
between the two lithium target stations and used for
beam tune-up during commissioning and maintenance
prior to beam switching onto the target. The beam
transport and tailoring system is the same as those for
the lithium target lines, but it can accept only 2 % of
full power of H,* ion beam. The beam temporal
characteristics are discussed for several operation
modes such as: (1) turn-on, (2) cw operation, (3)
recovery from routine beam interruption, and (4)
shutdown.

Accessible Area

Fig.4. RF Power Subsystem Block Diagram

Fig.5. Neut ron backs t reaming geometry

Superconducting linac is considered as the
alternatives of the main accelerator and CCDTL is
considered as the second alternative.

4.2 . Target system
The conceptual design of the IFMIF target facility

has been performed by the Target group of IFMIF-
CDA[5]. The former studies for FMIT at the HEDL
(1975-1985) and for ESNIT at the JAERI (1987-1994)
have contributed to the baseline concept of IFMIF
target facility. The facility is to provide a stable
lithium jet in the target assembly for (1) reactions
with the deuteron beam to produce high energy neu-
trons, (2) removal of beam power up to 10MW.

The reference design parameters determined for
the target system are as follows:
l)Deuteron beam conditions: 30-40 Mev, 250 mA

(125mAx2)
2)Standard deviation of nominal beam energy:

0.5 MeV
3)Beam footprint at lithium target: 5 x 20 cm2

4)Lithium jet parameters :
*Jet thickness, m 0.025
*Jet width, m 0.26
•Jet velocity, m/s 15 (range 15-20)
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* Inlet temperature, °C 250
* Outlet temperature, °C 290( for 15 m/s )
* Peak temperature, °C 400 ( for 15 m/s )
•Vacuum condition near the jet. Pa 103

The lithium target system consists of two main
components, i.e., the target assembly and the lithium
circulation loop system. The target assembly itself
must present a stable lithium jet to the deuteron beam.
The replaceable backwall-type target assembly was
adopted in the baseline conceptual design, which has
advantage in withstanding for neutron damage during
a potential 20-year lifetime with replacing the backwall
plate. This type will be practical under the vacuum
condition of 10'Pa in the test cell. The structure of
target assembly is shown in Fig. 6 Other options for
target assembly are the FMIT-type and Free jet-type
ones. The type of a final target assembly and
backwall material will be determined by testing the
above-mentioned types of target assembly and various
candidate materials during test operation period (about
2 years) in the first stage of IFMIF operation sched-
ule.

Fig. 6 Structure of target assembly with curved
backwall

The lithium circulation loop system, connecting
the inlet and outlet of the target assembly, removes
the heat deposition of beam power. This loop con-
tains the lithium purification system and impurity
monitoring system for the radiation safety and corro-
sion control.

Temperature of lithium in the target assembly has
the peak near the projected range of injected deuterons.
The lithium jet flows down along the curved backwall

and centrifugal force toward the back wall contributes
to suppress boiling of lithium jet. However, the cen-
trifugal force dose not effectively occur near the free
surface of the lithium jet. Preventing lithium boiling
at the surface is one of key issues. The boiling margin
of about 20 C can be obtained for the operation condi-
tion of lithium jet velocity of 17 m/s and 35 MeV
deuteron beam.

The surface and inside of the lithium jet should be
stabilized enough to get the stable neutron flux and to
protect the backwall damage from the direct beam
irradiation. The analysis of the thermal and fluid dy-
namics and water simulation tests have been made on
this issue. Furthermore, the beam on target test is
planned in the first stage of IFMIF operation (about 2
years) to confirm the jet stability and the safety of the
assembly.

The neutron damage level for the target backwall
is thought to be around 60 dpa/fpy. Candidate backwall
materials are austenitic steel (PCA), ferritic steel
(F82H) and vanadium alloy (V-4Cr-4Ti). The final
selection of the backwall material will be made after
the initial test operation of IFMIF.

4.3. Test cell system
Test cell system consists of test cells, a test

assembly/target service hot cells, a test module
handling hot cell, PIE facilities, etc[5].

The test cells contain the Li target assembly as
well as test assemblies to install test modules at
appropriate position in the test cells with vertical access
(VTA; vertical test assemblies), as shown in Fig 7.
The size (4mX3mX2.5m) was determined to realize
irradiation tests in wide neutron flux range, i.e., flux
higher than 20dpa/y to very low flux (O.Oldpa/y).
Atmosphere in the test cells is requested to be vacuum
of 10"1 Pa from consideration of a safety issue on
rupture of the Li target backwall: In the accident of
target backwall rupture, the vacuum in the test cell
avoids Li flow into accelerator system which leads
significant damage of the accelerator system. To
maintain vacuum in the test cells and to eliminate
nuclear heat arising from activation of the cell wall
and irradiation, the interior surface of shielding
concrete wall of the test cell is lined with thick low
activation stainless steel plate (ferritic steel). The
steel liner will be cooled by gas coolant system.
Removal shield plug (thickness; 2.2 m) with vacuum
seals is placed along the top of the test cell.

In the test cells, high flux region (>20 dpa/y) of
0.5 liter, medium flux region (1-20 dpa/y) of 6 liter,
low flux region (0.1-1 dpa/y) of 7.5 liter and very low
flux region (0.01 to 0.1 dpa/y) of the volume larger
than 100 liter are available for various irradiation tests.
For such various flux regions, seven VTA are installed
from top of the test cell into the cell. The VTA
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consist of the test module attached at the end of VTA,
stepped-shape shielding body, the temperature control
system (cooling and control system) for the test
module.

Test assembly

Beam pipe

Vacuum

Elevation section view of Test Cell.

3000 mm

Beam pipe

•— Cooled Test Cell liner

Plan section view of Test Cell.

Fig. 7 Configuration of test cell

The high flux test module, which is attached to the
high flux VTA and is made of ferritc steel, has 0.5
liter test volume for structural materials, and He cooled
system and NaK cooled systems, are considered as
specimen temperature control systems of the high flux
VTA for the temperature range 250-1000 C and 250-
600 C, respectively.

The medium flux test modules are predominantly
used for in-sit tests of creep fatigue test for structural
materials, tritium release from ceramic breeder
materials and electrical conductivity tests of ceramic
insulator materials. The specimen temperature control
is performed using He gas cooled system.

In the low flux test modules, in-situ tests of
dielectric loss measurements of ceramics and optical
properties measurements of diagnostic materials. In
most cases, the specimen temperatures are in the range
80 to 700K, and liquid N or He gas is used as coolant.
The very low flux test modules are used for in-situ
tests and irradiation for PIE of superconducting magnet
materials. Liquid or gaseous He and liquid N are

used as coolant.
The PIE facility consists of 1) high level radioactive

specimen hot cells, 2) shielded glove box laboratory,
3) tritium-contaminated high level radioactive
specimen hot cells, 4) tritium-contaminated materials
glove boxes, 5) microstructural characterization
facilities. The high level radioactive specimen hot
cells are used for metallic structural materials and
ceramic materials with no tritium contamination, which
are sufficiently activated. The shielded glove box
laboratory are useful for PIE of small or low-dose
metallic and ceramic specimens with no tritium
contamination that have relatively low gamma-ray
activation levels. For tritium-containing materials,
i.e., ceramic breeders and Li-bonded vanadium alloy
specimen, tritium-contaminated high level radioactive
specimen hot cells and tritium-contaminated materials
glove boxes are installed.

5. Conclusion
Progress of users' requirements for high energy

neutron irradiation facility for fusion materials R&D
was made, and the requirements to obtain materials
data for demonstration/prototype fusion reactors
materials development and for the fusion reactor
designs were clarified in the IFMIF-CDA. The
conceptual design of IFMIF will be completed by the
end of 1996. The engineering design phase of IFMIF,
followed by the early construction, is required to realize
development of demonstration/prototype fusion
reactors.
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SPring-8 project is going to construct a ultrahigh-brilliance X-ray synchrotron radiation facility and
commissioning of the storage ring is expected in Spring 1977. The facility will be available to scientists and
engineers of universities, national laboratories and industries not only from Japan but also from abroad. 20
proposals for public beamlines are submitted to the Beamline Committee and the ten public beamlines are
scheduled for completion by the end of 1997.
Keywords:SPring-8, synchrotron radiation, X-ray, diffraction, spectroscopy

1. Introduction
High brilliance and high intensity synchrotron

radiation sources which cover X-ray region are
increasing their importance for basic and applied
sciences. For these demands, three projects, the
ESRF (European Synchrotron Radiation Facility) in
Europe, the APS (Advanced Photon Source ) in USA,
and SPring-8 (Super Photon ring 8GeV) in Japan
have started.

The SPring-8 project is going to construct a
ultrahigh-brilliance x-ray synchrotron radiation facility
in Harima Science Park City, Hyogo Prefecture. The
project is jointly undertaken by Japan Atomic Energy
Research Institute (JAERI) and the Institute of
Physical and Chemical Research (RIKEN). The
facility consists of an 8 GeV storage ring of 1436m
circumstance with 61 beamlines, an injector linac of 1
GeV, and an 8 GeV synchrotron. The construction
was started in 1991 and the commissioning of the
storage ring is expected in spring 1997.

SPring-8 Users Society was formally established
in 1993 and 33 groups are joining for promoting the
scientific program including R&D and the detailed
design of the public beamlines.

The Beamline Committee started in July 1993 to
discuss research subjects, technological feasibility, and
construction priorities of beamlines (public
beamlines) to be provided. By now some 20
proposals are submitted to the Committee and the
first phase 10 public beamlines are scheduled for
completion by the end of 1977.

2. General features of SPring-8
The SPring-8 facilities are composed of a 1 GeV

electron/positron linac, a 8 GeV synchrotron and a 8
GeV storage ring[l-3]. The lattice configuration of
the storage ring are designed to enable future
modification of the ring to have four long dispersion-
free straight sections. The storage ring has 44

straight section and 6 of them are used for beam
injection and acceleration. The remaining 38 straight
section are able to accommodate the insertion devices,
34 of them can accommodate a insertion device of
4.5m long and the other 4 have a 30m-long free
space. Main parameters of the injectors and the
storage ring are summarized in Table 1.

Figure 1 shows the spectral brilliance from typical
undulator, wiggler, and bending magnet. Undulator
radiation in 8 GeV storage ring provides X-rays from
5 keV to 65 keV continuously by changing the gap
and choosing the 1st, 3rd and 5th harmonic radiations
[3]. In-vacuum type undulators is standard undulator
in SPring-8 and helical undulator for VUV region is
also developing to get high brilliance without
unreasonable radiation.

Table 1 Main parameters of the SPring-8

Storage ring

Electron energy 8GeV
Current

multi-bunch: 100 mA
single-bunch: 5 mA

Circumference 1435.95m
Critical photon energy

28.9 keV
Dipole magnetic field

0.679T
Straight section

normal:6.65m
long:-30m

Natural emittance
5.55nm • rad

Number of cells
normal cell:44
straight cell: 4

Beamline length
standard :80m
long:300m and 1000m

Linac

Output energy 1 GeV
Operation rate 60 Hz
RF frequency 2856 MHz
Length of ace. section

2.835m
Number of ace. section 26
Total length 140m
Klystron max. power

80MW
Emittance <1.0nm • mrad

Synchrotron

Injection energy 1 GeV
Maximum energy 8 GeV
Circumference 396.12m
Repetition rate 1 sec
Natural emittance

230nm • rad
Number of cells 40
RF frequency 508.58MHz
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3. Beamlines
Of the 61 beamlines in the storage ring, 38

beamlines will be available for high-brilliance
radiation from insertion devices. The remaining 23
beamlines will be available from bending magnet.
Average length of them is 80m. For the users who
need longer beamlines such as small angle scattering,
three lines are to be extended in the future as long as
1000m and nine, 300m long. There are about 150
laboratories for users connected to the outer wall of
the experimental hall, and two of them are allotted to
each beamline in general.

10'
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Fig.l Spectral brilliance of the typical sources of

the SPring-8

Beamlines of the SPring-8 are classified into four
groups; public beamlines, contract beamlines, JAERI
and RIKEN beamlines, beamlines for machine study
and beam monitoring and R&D studies. Public
beamlines are, in general, constructed by the SPring-8
and are opened for general users from universities,
national laboratories, and industries. Contract
beamlines are constructed by authorized organizations
with a technical support of the SPring-8 staff and used
solely or with the first priority by the staff of the
constructing organizations in a fixed period. JAERI/
RIKEN beamlines are constructed by them and by

their own expenses and used solely by JAERI/RIKEN
users. The last ones are constructed by the SPring-8
project team for machine study and beam monitoring,
and for the development and test of the beamline
components.

It has been planned that ten public beamlines are
constructed by FY 1997. The beamline committee
was formed in July 1993 to discuss research subjects,
technological feasibility, and construction priorities
associated with the provision of public beamlines.
Some 20 proposals have been submitted to the
committee. These proposals fall into five categories,
biology and medical application, X-ray and soft X-ray
spectroscopy, X-ray scattering and diffraction,
structural analysis and X-ray absorption as shown in
Table 2

Table 2 List of beamline proposals
Biology and medical application

Macromolecular small-angle X-ray scattering(U)
Time-resolved protein crystallography(BM)
Protein crystallography(U)
Medical application(MPW)

X-ray and soft X-ray spectroscopy
Soft X-ray spectroscopy of solids(THU)
Soft X-ray photochemistry(HU)
Spectrochemical analysis(U)
Atomic physics(U)
Soft X-ray CVD(U)

X-rav scattering and diffraction
High energy inelastic scattering(EMPW)
X-ray high precision diffraction topography(MPW)
Nuclear resonance scattering(U)
Surface and interface structure(U)
Diffuse scattering(U)

Structural analysis
High temperature(MPW)
Powder and thin-film diffraction(BM)
High pressure mineral physics(MPW)
Extremely dense state(U)
Highly precise molecular crystallography(U)
Structural phase transition(BM)

X-rav absorption
Broad energy band XAFS(BM)
X-ray magnetic absorption and scattering(U)
High brilliance XAFS(U)

U:undulator, HU:helical undulator
THU:twin helical undulator
MPW:multi pole wiggler
EMPW:elliptical multi pole wiggler
BM:bending magnet
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The following 10 as shown in Table 3, "bio-
crystallography","soft X-ray spectroscopy of solid",
"high energy inelastic scattering", "nuclear resonant
scattering", "extremely dense state", "physicochemical
analysis", "soft X-ray photochemistry","crystal
structure analysis", "high temperature research" and
"XAFS",were selected as the first phase of SPring-8's

public beamline construction program, which is
scheduled for completion by the end of 1997.

In 1995, the construction of these beamlines have
been started. The installation of these insertion
devices and front ends will start at the end of 1996 and
most of beamlines are able to test with synchrotron
radiation.

Table 3 1st pahse public headlines

Beamline

Bio-Crystallography

Soft X-ray
Spectroscopy of Solid

High Energy Inelastic
Scattering

Nuclear Resonant
Scattering

Extremely Dense State

Physico-chemical
Analysis

Soft X-ray
Photochemistry

Crystal Structure
Analysis

High Temperature
Research

XAFS

Research subjects

Protein crystallography

Spin polarized photoemission, Circular dichroism
Magnetic circular dichroism

Compton scattering
Spin dependent Compton scattering

Time domain Mossbauer spectroscopy
Nuclear resonant scattering process
Extremely high energy resolutions spectroscopy

Structure analysis under high pressure

X-ray magnetic absorption and scattering
X-ray micro analysis

Molecular spectroscopy
Dynamics of inner-shell excited molecules

Structural phase transition, High-resolution powder
diffraction, Critical diffuse scattering

Structures of expanded fluids
Structural studies at extremely high temperatures

XAFS

Source

Undulator(invacuum)
9-18keV(lst),
27,54keV(3rd)

TWin helical undulator
(0.5-3keV)

MPW(EMPW)
(60-300keV)

Undulator(in-vacuum)
(5-75keV)

Undulator(in-vacuum)
(5-75keV)

Undulator(in-vacuum)
(4-20keV)

Undulator(linear)
(O.5-5keV)

Bending magnet

Bending magnet

Bending magnet

4. Scientific programs
The SPring-8 Users Society was formally

established in April 1993. More than 950 members
with 34 groups are joining to discuss on the scientific
program and the design of the public beamlines.

The titles and research subjects of proposals related
to 10 public beamlines are as follows.
(l)High energy inelastic scattering;

Compton scattering, spin dependent Compton
scattering etc.
(2)Nuclear resonant scattering;

Time domain Mossbauer spectroscopy, conversion
electron spectroscopy, Nuclear resonant scattering
process under magnetic perturbation, Extremely high
energy resolution spectroscopy etc.
(3)X-ray high precision diffraction topography;

High spatial resolution (0.1mm), time resolution
( IO- ' - IO- 'S) , high angular resolution (10-7~10-9),wide
-band X-ray topography system.

(4)Surface and interface structures;
Structures of surfaces, interfaces and thin film,

phase transitions, surfaces and interfaces (chemical
reactions, magnetism, inelastic scattering), crystal
growth, etc.
(5)High temperature

Structures of expanded fluid and semiconductors,
partial structures in multi-component system, liquid-
liquid phase separation, structural studies at extremely
high temperatures, etc.
(6)High pressure mineral physics;

Structure of the earth's mantle and core, magma and
molten metals
(7)Extremely dense state;

Condensed matter in extremely dense state, metallic
properties in molecular solids, polymerization and
dissociation of molecular solids
(8)Powder and thin-film diffraction;
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High-resolution powder diffraction, accurate
structure analysis, single- and multi-layer thin films,
structure analysis with anomalous X-ray scattering,
phase transition and solid state reactions, etc.
(9)Structural phase transition;

Structure, order parameter, critical diffuse
scattering, phase transitions in thin films, fine
particles, etc.
(1 l)Diffuse scattering;

Irradiation induced disorder, intrinsic randomness in
crystals, synthetic structures
(12)X-ray magnetic absorption and scattering;

Magnetic scattering, magnetic EXAFS, resonant
X-ray magnetic scattering, X-ray Kerr effect, magnetic
absorption, X-ray magnetic Raman scattering, etc.
(13)Broad energy band XAFS;

High energy XAFS, modulation XAFS, X-ray
Raman XAFS spectroscopy, XAFS of dilute system,
etc.
(14)High brilliance XAFS;

Surfaces and interfaces in hard X-ray region, time-
resolved studies in dilute system, micro beam XAFS
with high energy resolution, etc.
(15)Soft X-ray spectroscopy of solids;

Spin polarized photoemission, circular dichroism,
etc.
(16)Soft X-ray photochemistry;

Molecular spectroscopy, dynamics of inner-shell
excited molecules

(17)Atomic physics;
Inner-shell process of heavy atoms, dynamic

process
(18)Spectrochemical analysis;

X-ray micro analysis, ultra-trace elemental
analysis, chemical state analysis, total reflecting X-
ray analysis
(19)Soft X-ray CVD;

Growth of thin film, micro fabrication by
functional material etching, clarification of the
reaction mechanics
(20)Protein crystallography;

Structural biology, protein crystallography,
polymer physics, macromolecular crystals
(21)Medical application

X-ray CT.angiography, radiography, dosimetry

5. Summary
(l)Commissioning of the storage ring is expected at
the beginning of 1997.
(2)10 public beamlines will be constructed by the end
of 1997.
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APPLIED RESEARCH WITH CYCLOTRON BEAMS AT FLNR JINR

Yu.Ts.OGANESSIAN, P.Yu.APEL, A.Yu.DIDYK, S.N.DMITRIEV, G.G.GULBEKIAN

Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russia

The Center of Applied Physics at the Flerov Laboratory carries out an R&D program comprising development
of track membrane technology, materials research with heavy ion beams and production of radioisotopes.
Experiments are performed on three cyclotrons: U-400, U-200 and IC-100 providing a wide variety of ion beams
with the energies of 1 to 10 MeV/u.
The activity on track membranes (TMs) includes studies of track formation in polymers and latent track
structure, track sensitization and etching, methods of membrane testing, development of track membranes on the
basis of new materials, surface modification of TMs, design and construction of facilities for track membrane
production.
Recent experiments on heavy ion-induced radiation damage in non-polymeric substances have been devoted to
defect creation in semiconductor and dielectric single crystals. TEM, SEM, STM and "in situ" luminescent
spectroscopy are used to investigate heavy ion effects.
Methods for producing several isotopes of high radiochemical and isotopic purity for medical, biomedical and
environmental protection applications have been developed.
Keywords: heavy ions, radiation effects, defects, tracks, track membranes, radioisotopes

1. Introduction
Ion beams from cyclotrons are sources of

radiation with extremely high linear energy transfer
(LET). Being commonly used in nuclear physics
experiments, cyclotron beams are mainly considered
as a tool for performing nuclear transformations, i.e.
basic research. On the other hand the use of the ion
beams for analysis, synthesis and modification of
materials has significantly increased over the two past
decades; this field is usually called "applied research",
though, in fact, it gives us fundamental results with
respect to the radiation physics, radiation chemistry,
and even to some domains not concerned with
radiation.

This report aims at presenting the "non-
fundamental nuclear physics" applications of
cyclotron beams at the Center of Applied Physics
FLNR JINR.

2. Cyclotrons and ion beams parameters

Totally 800 to 1000 h of cyclotron beam
time is allocated to applied science experiments and
technological applications every year.

The U-400 cyclotron (K = 600) is the main
heavy ion accelerator for physical experiments and
materials modification. The studies of radiation effects
in various materials, tracking polymeric films and
regular track membrane production are carried out by
using the ion beams from U-400. The parameters of
some ion beams are presented in Table 1.

Table 1. Specific energies E and average intensities I of
the ion beams at U-400.

Ions

E (MeV/u)

KS1)

40Ar4*

5.0

6xlO 1 2

s 'Co S t

3.9

2xlO 1 2

» C u *

4.8

1 .5x l0 1 2

M Kr n

3.6

8x10"

A two meter cyclotron U-200 accelerates
heavy ions with the charge to mass ratio q/A within
the range of 0.14 to 0.36. The maximum energy is
determined by the K factor of 145. The mode of long
time operation with a high intensity ( > 100 e|iA, 36
MeV) 4He ion beam is mainly used for the production
of isotopes. Being operated during a month U-200
provides about 1020 *He ions on the target.

A compact IC-100 cyclotron (K = 40, q/A =
0.17 - 0.185) has been built specially for applied
research. The beams of UB, " 0 , 22Ne and ^Ar with
the energy of 1 MeV/u are available at IC-100. This
set-up is used in the radiation physics experiments,
for the surface treatment of materials and for the bulk
modification of filmy specimens.

The cyclotrons are supplied with the gas
discharge ion sources. At present, U-400 is being
equipped with a 14 GHz ECR source.

3. Track membranes
The R&D activity covers the following subjects:
• studies of radiation effects on polymers relevant

to track formation and track etching processes
• track etching, development and production of

track membranes (TMs) on the basis of various
polymers
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• modification of TMs by various physico-
chemical methods

Manufacturing of microfiltration membranes
by irradiation with accelerated particles has become an
alternative to the method based on the bombardment
by fission fragment in nuclear reactors [1]. One can
outline the following advantages of the accelerated
heavy ions:
1. There is no radioactive contamination of the

polymeric foil and therefore there is no need to
"cool" the irradiated material before chemical
etching.

2. High intensity of ion beams from cyclotrons
makes it possible to achieve higher pore densities
in the membranes.

3. The identity of particles provides identity of
tracks and their etching properties.

4. Due to the higher energy of accelerated ions,
thicker films can be perforated including those
exceeding the range of fission fragments.

5. The atomic number and the energy of the
particles can be specified according to the
requirements. One can also control the angle of
incidence and use a parallel or non-parallel beam,
depending on the required structure.

At FLNR JINR in Dubna, the first track
membranes were produced on heavy ion cyclotrons in
the early seventies [2]. By 1980 the manufacturing
procedure of polyethylene terephthalate (PET)
membranes was developed and the first pilot machines
for ion irradiation, ultraviolet treatment and chemical
etching were constructed. Xenon ion beams of high
intensity from the U-300 cyclotron were used for the
irradiation of polymeric films. Since 1990 ion beams
from the U-400 cyclotron have become available for
the treatment of polymers. The scheme of the
irradiation facility installed at U-400 is shown in
Fig. 1.

There ate two modes of irradiation: a
continuous one and a start-stop mode. The continuous
mode with the film movement speeds from 0.05 to
ca. 2 m/s is normally used for homogeneous
irradiation of polymeric films with the thicknesses
from 3 to 100 (im and the width of up to 35 cm. The
irradiation set up is provided with electrostatic and
magnetic systems for the horizontal and vertical
scanning, with gauges measuring the ion flux
distribution within the irradiation zone, and with
semiconductor detectors for the ion energy
measurement

Track membranes are known as precise
porous films with a very narrow pore size
distribution. The homogeneity of the pore structure
depends first of all on the track etch to bulk etch
rate ratio which, in turn, depends on the bombarding
particles.

Vertical
deviation

plates

Horeontal
deviation

plates

Polymeric
film

Start-Stop
mode of
irradiation

Fig. 1: Schematic diagram of irradiation facility with a
scanning beam from the U-400 cyclotron used for the

treatment of polymeric foils

Fig. 2 shows the experimental data on the etch rate
ratio in two different polymers as functions of linear
energy transfer. The etch rate ratio increases rapidly
with increasing the atomic number of projectiles and
flattens out at very high energy losses. This tendency
is valid for many polymers but the slope of the
response curves can be very different for different
plastics. The best ions for creating microporous
structure in polymers are rather heavy ones (Kr, Xe).
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Fig. 2: Track etch rate to bulk etch rate ratios as
functions of the linear energy transfer in PET and

polypropylene (PP). Tracks in PET were sensitized by UV

The initial material for the TM production is
biaxially oriented PET of high quality, usually the
film thickness is 10 |xm. Recently the manufacturing
of membranes with the film thickness of 20 Jim has
become available. The ion-irradiated films are
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subjected to ultraviolet (UV) sensitization and
chemical etching [3,4]. The etching machine provides
a continuous treatment of the film with the speed of
up to 100 m/h. The finished membrane is subjected to
a rigorous testing by electron microscopy, gas aid
water flow rate methods, bubble point measurements,
and some others. The production potentialities are
determined by the available facilities: the U-400
cyclotron - for the heavy ion irradiation, six machines
for the UV treatment and four machines for the
chemical etching. Up to 100,000 square meters of
polymeric foils per year can be irradiated and
chemically treated. The pore diameter in the produced
PET TMs can be varied from 0.02 to 10 M-m.

Track membranes on the basis of other
polymers (polypropylene, polyvinylidenefluoride) are
produced on the laboratory scale. The manufacturing
procedure for these chemically resistant membranes
differs from that for the PET TMs by the methods of
sensitization and etching.

Properties of PET TMs can be changed by
grafting various monomers. The radiation-induced
grafting of styrene, methyl vinylpyridine and
vinylpyrrolidone was used with the aim to improve
chemical resistance, hydrophilicity, adsorption
properties, ionic selectivity [5]. The use of plasma
treatment for TMs modification appears to be very
promising [6].

One of the disadvantages of track membranes
is that they may contain multiple pores of larger size.
The mode of irradiation illustrated by Fig.l prevents,
to some extent, the pore channel overlapping due to
creating an angular spread of track axes. Further
improvement of track membrane quality will be
gained by increasing the number of independent track
arrays which cannot mutually interfere and by finding
a compromise between the film thickness, porosity
and parameters of the pore angular distribution.

Applications of track membranes are
predetermined by their special properties: definite pore
size, small thickness, definite threshold of particle
retention, low level of leachables. At present, the
membranes produced at FLNR are used mainly in
biology, medicine and environmental protection [7].

Nowadays the small-pore track membranes
are of particular interest. It has been observed that the
ion flow through the track membranes having narrow
pores ( < 10 nm radius) resembles the ion flow
through pores and channels in biological membranes
in several ways. Single pores in PET TMs were found
to show ion current fluctuations between high and
low conductance states which is typical for the ion
channels [8]. The ion transport is selective: the
selectivity of approx20:l for monovalent cation over
anion was observed; the flow is inhibited by divalent
cations and protons [9]. Further studies with small-

pore TMs can probably shed light on the gating
mechanism acting in biological membranes.

4. Studies and modification of materials
properties under fast heavy ion irradiation

Modem investigations of the radiation
damage in solids are oriented on formulating the
general rules and scenarios of the media response to
particle induced perturbation. Radiation damage in
materials such as semiconductor (Si, GaAs, Ge, SiC)
and dielectric (diamond, NB, A12O3, ZnO) single
crystals, metals and alloys bombarded by high energy
ions results from elastic and inelastic collisions of the
incident ions with target atoms. The elastic collisions
lead to the point defect formation whereas the second
mechanism, which is dominant, contributes to the
electronic excitation of the atoms of the bombarded
material. The dominating electron stopping
mechanism for the high-energy ions passing through
semiconductors or dielectrics is the physical basis for
the high energy ion implantation phenomena. The
most important of them seem to be the self-annealing
of the radiation damage, the increasing of the thermal
stability, the impurity migration along the ion tracks,
the formation of high pressure local regions and
creation of special quasi-one-dimensional track
structure.

Several main directions in radiation physics
of condensed media are being developed at FLNR
JINR:
• Radiation effects and radiation-anneal hardening of

pure metals and alloys [10,11]
• Investigation of semiconductor, dielectric and

piezoelectric single crystal properties after heavy
ion irradiation and post irradiation treatment [12]

• Testing electronic device radiation stability [ 13]
• Studies of surface phenomena in dielectric and

semiconductor single crystals after irradiation by
heavy ions with a high level of inelastic energy
loss [14,15]

• The use of the heavy ion luminescence method
to study the energy transfer, defect formation and
evolution processes in solids [16].

The experiments are carried out both in a "off-line"
and a "on-line" modes. A number of off-line methods
are used to measure mechanical, electrical, chemical
and surface properties. Surface structure modification
are studied by TEM, SEM and scanning tunneling
microscopy [14]. An example of the on-line methods
is the analysis of luminescence generated by heavy
ions passing through dielectrics (LiF, a-AI2O3 [16]).

- 199 -



JAERI-Conf 97-003

5. Production of radioisotopes

The main attention is devoted to the study
and production of ultra pure 237Pu, ^'Pu and B5Np
which are very convenient isotope dilution tracers in
determination of the trace amount of plutonium and
neptunium in environmental and biological samples
[17-19]. Besides, ^ P u is the only plutonium isotope
which meets the medical requirements of the
metabolism research in vivo.

a7Pu was obtained in the 235U(4He, 2n)
reaction. The enriched B5U (99.993 %) target with the
effective thickness of 20 mg/cm2 was irradiated with
27 MeV 4He ions on the inner channel of the U-200
cyclotron. The average ion beam current was 25 jiA,
the total charge of 4He* ions was equal to 9.5X103 \iA
hr. The yield of a 7Pu was estimated as 2.5
kBq/nAhr. The extraction of plutonium from the
irradiated target was carried out using the lanthanium-
fluoride method and anion exchange chromatography.
The ratio of the activities (Bq/Bq) of 23SPu/2J7Pu/238Pu
was lO'Vl/810"4. Additional enrichment of ^ P u
preparation was achieved by mass separation on the
electromagnetic mass separator YASNAPP.
Depending on the required purity the initial a7Pu was
subjected to one or two stages of mass separation.
The yield of a7Pu after one stage separation procedure
was 30 %. The a 7Pu preparation obtained after the
second mass separation is the purest reported to date
(236Pu/237Pu/2MPu < 3 10"7l/3 10"8 Bq/Bq).

^ P u preparations were produced in the
a5U(4He, 3n) and ^ ( d , n) reactions. In the first case
the scheme of production was similar to the one for
M7Pu but the energy of 4He ions was 35 MeV. The
yield of ^'Pu was 35 Bq/^Ahr. The purity of initial
236Pu was 10'2 Bq/Bq ^"Pu) and after one stage of
mass separation - better than 10"3 Bq/Bq t 2 3 8^) . In the
irradiation of ^ U with 18 MeV deuterons the yield of
^"Pu was only 7 Bq/^Ahr but the purity was 8 10^
Bq/Bq and M3Np was produced simultaneously.

The obtained M7Pu preparation is in current
use at Harwell to measure the clearance from blood,
excretion and hepatic accumulation of plutonium
following intravenous injection. The M6Pu and ^ N p
produced in this way have been used as tracers in the
determination of a9Pu and ^ N p by the (n,f) and (y,0
track methods.
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TWO- AND THREE-STEP ANNEALING EFFECTS OF METALLIC AND

SEMICONDUCTING IRON SILICIDES FORMED BY ION BEAM SYNTHESIS

Hiroshi KATSUMATA*, Yunosuke MAKITA, Naoto KOBAYASHI, Masataka HASEGAWA, Hajime

SHIBATA, Hiromitsu TAKAHASHI**, Igor AKSENOV, Akira OBARA, Shinji KIMURA,

Jun TANABE**, and Shin-ichiro UEKUSA*

Electrotechnical Laboratory, 1-1-4 Umezono Tsukuba, Ibaraki 305, Japan
*Meiji University, 1-1-1 Higashi-mita, Tama, Kawasaki, Kanagawa 214, Japan
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Polycrystalline P-FeSi2 was formed by ion beam synthesis (IBS). Annealing was made using two different

procedures; 1) two-step annealing (2SA) [(7>600 °C, 1 hr) + (7"2=900 °C, 2 hrs)], 2) three-step annealing (3SA)

[(7>600 °C, 1 hr) + (T2=\ 100 °C, 1 min) + (7"3=8OO - 900 °C, 18 hrs)]. All the synthesized P-FeSi2 layers

presented an n-type conductivity with resistivities of 0.24 ~ 0.25 Q»cm, and they showed a direct band-gap of

0.801 - 0.824 eV with a moderate contribution of an indirect band-gap which is a few tens meV lower than the

direct one. Although RBS and optical absorption measurements showed a superior crystalline quality of 3SA-

samples to 2SA-samplesi Raman scattering signals appeared only for 2SA-samples at 198 and 250 cm1 This is

explained by considering a decrease in the amount of (3-FeSi2 for 3SA-samples, which was deduced from the

results of X-ray diffraction (XRD) analysis. The most adequate annealing temperature (T3) for transforming ot-

Fe2Si5 to p-FeSi2 was found to be 850 °C, in which the transformation process was observed by XRD and

photomicroscope as a function of 7"3.

1. INTRODUCTION

Orthorhombic P-FeSi2 exhibits a semiconducting

behavior with a band-gap of about 0.8 eV and is

expected as future solar cells [1] as well as

thermoelectronics devices [2]. Heat treatment of this

material above 937 °C during a few tens seconds,

however, causes phase transformation entirely to

metallic a-Fe2Si5 with a tetragonal structure. On the

contrary, a long time annealing is needed to re-transform

a-Fe2Si5 to P-FeSi2. Ion beam synthesis (IBS) has a

potential advantage in its compatibility with present

silicon device-technology and its precise control in

impurity profile, but subsequent crystallization requires

high temperature annealing. For fabrication of |$-FeSi2

by IBS [3 ~ 6], subsequent annealing temperature is,

however, limited below - 930 °C owing to the phase

transformation. Thus, its annealing method is still

necessary to be improved. In this work, we report that

polycrystalline P-FeSi2can be formed by ion beam

synthesis (IBS). By making the subsequent annealing

procedures into two and three steps, an improvement

of crystalline quality as well as a re-transformation

process from a- to P- were accomplished, which were

confirmed by Rutherford backscattering spectroscopy

(RBS), X-ray diffraction (XRD), optical absorption,

Raman scattering and electrical van der Pauw

measurements. Furthermore, the surface morphologies

of these samples were studied with a conventional

photomicroscope, and it was found that a- and P-phase

can be easily distinguished by this observation.

2. EXPERIMENTAL

56Fe+ ions were implanted into (lOO)-oriented n-

type Si substrates (lxlO3 £>cm) at 350 °C using three

different energies and doses [50 keV (3.83 x 10lfi cnv
2), 80keV(6.67xl0 l6cnv2), and 140 keV (1.42 x 10'?

cm2)]. These values were selected to form a flat profile

extending to a depth of about 60 nm and the peak

concentration corresponds to the component ratio of

Fe:Si=l: 2. Specimens were subsequently annealed in

constant N2 gas flow with infrared gold image furnace

using two different procedures. 1) One is the two-step
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annealing (2S A), and the first-step annealing was carried

out at 7"i=600 °C for 1 hr and the second was at 7"2=900

°C for 2 hrs. The first-step annealing was effective to

suppress the diffusion of Fe atoms into the Si substrate,

while the second was made so as to form (3-FeSi2 with

good crystalline quality. 2) Another is the three-step

annealing (3SA), and the first-step annealing was carried

out at 7>600 °C for 1 hr, the second was at T2=l 100

°C for 1 min and finally the third was at 73=800 - 900

°C for 18 hrs. The second-step annealing made at 1100

°C was aimed to recover the implanted damage better

than 1), while the long third-step for 18 hrs was made

with the intention of re-transforming a-Fe2Si5 to |J-

FeSi2. The first-step annealing temperature and its

duration were kept constant at 71=600 °C for 1 hr for

all the samples. In this work, we prepared five samples

labeled as "(a) - (e)", with different annealing

procedures, and they are listed in Table I.

RBS measurements were carried out using 2 MeV

He+ ions. XRD measurements were performed using

CuKoc source for phase determination. In order to

determine the band-gap energy and the nature of the

optical band-gap, optical absorption was measured at

room temperature with BOMEM FT-IR spectrometer.

Raman scattering spectra were recorded in

backscattering geometry using 514.5 ran of an Ar+ laser.

Electrical properties were characterized at room

temperature using standard van der Pauw technique.

The surface morphologies of the implanted layers

were investigated using a conventional microscope

with polarizing filter.

3. RESULTS AND DISCUSSION

Figure 1 shows RBS-random and -channeling

spectra of the as-implanted sample (a) and two

samples, (b) with 72=900 °C for 2 hrs by 2SA and (c)

Table I. Five samples, "(a)~(e)" prepared by Fe+

implantation into Si (100) and subsequent annealing
with different procedures.

Sample Procedure Ti T,

(a) as-implanted

(b) 2-step 600 °C, 1 hr 900 °C, 2 hrs

(c) 3-step 600 °C, 1 hr 1100 °C, 1 min 800 °C, 18 hrs

(d) 3-step 600 °C, 1 hr 1100 °C, 1 min 850 °C, 18 hrs

(e) 3-step 600 °C, I hr 1100 °C, 1 min 900 °C, 18 hrs

with 7>8OO °C for 18 hrs by 3SA. Dechanneling yield

of Si was observed to decrease for the samples (b) and

(c) while that of Fe did not change, suggesting that the

crystallinity of iron silicides layers improves. In

particular, the dechanneling yield of Si for the sample

(c) was - 3 0 % smaller than that of the sample (b),

indicating that the implanted layer annealed by 3SA

has better crystalline quality compared to that annealed

by 2SA. The thickness and composit ion of the

implanted layers were estimated to be 59 nm and Si/

Fe=1.9 for the as-implanted sample (a), while for the

sample (c) , they were 79 nm and S i /Fe = 2 . 1 ,

respectively.

Figure 2 shows XRD spectra obtained from five

samples, (a) of as-implanted, (b) with 7"2=9OO °C for 2

hrs, (c) with T3=8OO °C for 18 hrs, (d) with 7>85O °C

for 18 hrs, and (e) with 7>900 °C for 18 hrs. One can

see that the polycrystalline (}-FeSi2 was formed in the

as-implanted sample (a) and the sample (b) with 7*2=9OO

°C for 2 hrs. When 7"3 is set to 900 °C in the sample (e),

only the signals from oc-Fe2Si5 are identified in spite of

the thermally stable temperature (900 °C) for P-FeSi2.

XRD spectra for the samples (c) and (d) show apparently

that re-transformation processes from a-Fe2Si5 to 0-

FeSi2 took place. In the sample (c) with 7>8OO °C for

18 hrs, a mixture of a-Fe2Si5 and P-FeSi2 is observed.

However, in the sample (d) with 7>850 °C for 18 hrs,

almost all signals arise from |3-FeSi2 These results

6 0 0

500

400

— : Sample (a) As-implanted (Random) ->FeSi, 9
: — : Sample (b)r2=900 °C, 2 hrs (Aligned)
-o- : Sample (c)T3=800 °C, 18 hrs (Random) ->FeSi2,
•• : Sample (c)r3=800 °C, 18 hrs (Aligned)

Fe

CHANNEL NUMBER

Fig. 1 RBS-random and -channeling spectra of the as-implanted
sample (a) and the samples, (b) with 7"2=900 °C for 2 hrs by
two-step annealing and (c) with 7>8OO °C for 18 hrs by three-
step annealing.
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Fig. 2 XRD spectra obtained from five samples, (a) of
as-implanted, (b) with r2=900 °C for 2 hrs, (c) with
7*3=800 °C for 18 hrs, (d) with 7*3=85O °C for 18 hrs, and
(e) with 7\=900 °C for 18 hrs.
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Fig. 3 Raman scattering spectrum obtained from the
sample (b) with 7*2=900 °C for 2 hrs by two-step
annealing. The spectrum obtained from the undoped Si
substrate is also shown for comparison.

suggest that 7*3=850 °C is the most suitable temperature

for re-transforming from a-Fe2Si5 to P-FeSi2.

Figure 3 shows Raman scattering spectra for the

sample (b) with 7*2=9OO °C for 2 hrs by 2SA together

with that for an undoped Si for comparison. An intense

signal is appearing at 250 cm1 together with a weak

signal at 198 cm1, both from (3-FeSi2 [7] indicating

the excellent crystallization of p-FeSi2. This

observation is thought to be the first for the P-FeSi2

layer formed by IBS. In contrast, no signal was

observed from the sample (d) with 7*3=850 °C for 18

hrs by 3SA in spite of its superior crystalline quality to

the sample (b) with 7*2=900 °C for 2 hrs as was aiready

found from RBS measurements. Judging from the

relative intensities of P-FeSi2 signals in XRD

measurements, presumable origin of this observation

is that the amount of p-FeSi2 for the sample (d) with

r3=85O °C for 18 hrs is smaller than that for the sample

(b) with 72=900 °C for 2 hrs. The following

decomposition process is also considered to support the

above suggestion of a decrease of the amount of p-FeSi2.

<x-Fe2Si., —> P-FeSi2 + Si (1)

Photomicrographs of the three samples, (c), (d),

and (e) with 7>800 , 850, and 900 °C by 3SA,

respectively, are shown in Fig. 4. In Fig. 4, mosaic

patterns can be seen from the sampe (e) whereas these

structures are missing for the sample (d) and the surface

keeps a mirror-like feature. On the other hand, two

parts with different features are observed for the sample

(c). One part (left hand side) is similar to that observed

in the sample (e), and another one (right hand side)

resembles the mirror-like features observed in the

sampie (d). Optical absorption spectra for these two

parts observed in the sample (c) with 7*3=800 °C are

shown in Fig. 5. It was found that the mirror-like part

displays semiconducting feature (lower curve denoted

as "Right") while the other part demonstrates no

remarkable absorption (upper curve denoted as "Left").

Consequently, we can say that the mirror-like part

corresponds to P-FeSi2 while the other one is to a-Fe2Si5

These identifieations are in good agreement with the

results of XRD measurements as are already shown in

Fig. 2.

Similarly, the optical absorption spectra obtained

from two samples, (b) with 7^=900 °C for 2 hrs by 2SA

and (d) withT,=850 °C for 18 hrs by 3SA are shown in

Fig. 6. The spectrum for the sample (d) presents a

sudden increase in absorption coefficient (a) at the

band-edge whereas that of the sample (b) demonstrates

a moderate increase. This feature indicates that there

is a contribution of band tail for the sample (b), and

consequently the crystalline quality of the sample (b)

can be regarded to be inferior to the sample (d). In other

words, this finding supports the evidence of a better

crystalline quality of the sample (d) compared to that

of the sample (b) as was comfirmed by RBS-channeling

analysis shown in Fig. 1.
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Sample (c) with r3=800 °C, 18 hrs

Sample (d) with 73=850 °C, 18 hrs

Sample (e) with r3=900 °C, 18 hrs

Fig. 4 Optical micrographs of the surface for the
samples (c), (d), and (e) annealed with three
different 73 temperatures for 18 hrs by three-step
annealing; (c) 800 °C, (d) 850 °C, and (e) 900 °C.
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Fig. 5 Optical absorption spectra of two different parts
for the sample (c) with 7"3=8OO °C for 18 hrs shown in
Fig. 4. The curves denoted as "Left" and "Right" were
obtained from the left hand and right hand side parts for
the sample (c) with 7"3=8OO °C for 18 hrs shown in Fig.
4, respectively.
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Fig. 6 Optical absorption spectra obtained from the
samples, (b) with 7"2=900 °C for 2 hrs by two-step
annealing and (d) with 7"3=80O °C for 18 hrs by three-
step annealing.

Fig. 7 (a'hv) versus photon energy measured at room
temperature, where a and hv represent the optical
absorption coefficient and the photon energy,
respectively. The data of the samples, (b) with r2=900
°C for 2 hrs by two-step annealing and (d) with 7"3=800
°C for 18 hrs by three-step annealing, were tilted by an
equation (2).

In order to determine the nature of the band-gap

and the band-gap energy for these two samples (b) and

(d), the fitting for two curves (b) and (d) in Fig. 6 was

performed by combining the standard expressions [8]

for the direct band-gap and the indirect band-gap

materials. We tentatively defined an equation (2) as

follows;

a hv = A(hv- £; J - Eph f+A'(hv- EJ
f")": (2)

Where hv and £ph is the photon and phonon energies,

respectively, A and A' are constants which are

associated with specific band structures, and

E'g
M and £g

d" are the band-gap energies for the indirect

and direct transition, respectively.

The results of the fits are illustrated in Fig. 7 and

their fitting parameters are listed in Table II. The sum

of an indirect band-gap ( E'" ) and phonon energies

(E ) was estimated to be 0.548 - 0.616 eV, and the

Table II. The results of room temperature optical absorption measurements. The constants A and
A', and the values of optical energy band-gap were determined by fitting the equation (2) to the
absorption curves (b) and (d) shown in Fig. 7.

Sample

A A'
-1 -1 -1 -1/2

(cm • eV ) (cm • eV ) (eV)

dir

(eV)

(b)

(d)

4.80 x l O 5

6.69 x l O 5

1.52 x 105

1.33 x 105

0.548

0.616

0.801

0.824
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Table III. The results of van der Pauw measurements carried out at room temperature.

Sample Resistivity (Q«cm)
Conductive type

(P or")

Carrier

concentration (cm')

Mobility

(cmW'sec)

(b)

(d)

0.239

0.249

2.66X1016

1.65x10"

777

120

slight larger direct band-gap values ( E r) of 0.801 ~

0.824 eV were obtained. These values almost agree

with the previous results of the optical absorption

measurements, suggesting the existence of both indirect

and direct band-gaps with the reported energy values

of £gnd + E^ =0.78 eV and £^=0.83 eV [3].

We measured the electrical properties of the

samples, (b) with 7*2=900 °C for 2 hrs by 2 SA and (d)

with 73=850 °C for 18 hrs by 3SA, by using van der

Pauw technique, and the results are listed in Table III.

The implanted layers of both samples presented an n-

type conductivity with resistivities of 0.24 ~ 0.25 Q«cm,

although the conventional p"-FeSi2 shows p-type

conductivity [9]. Our measured data are believed to

reflect exactly the electrical properties of the formed

p-FeSi2 layers because these values are about four orders

of magnitude lower than that of the n-type Si-substrates.

Carrier concentration for the sample (d) with 7"3=850

°C for 18 hrs by 3S A is one order of magnitude larger

than that for the sample (b) with 72=900 °C for 2 hrs by

2SA, but this origin remains at present uncertain.

4. CONCLUSIONS

Polycrystalline P-FeSi2 was formed by ion beam

synthesis (IBS). Its annealing effects were investigated

using two different procedures; 1) two-step annealing

(2SA) [(r,=600 °C, 1 hr) + (72=900 °C, 2 hrs)], 2) three-

step annealing (3SA) [(7>600 °C, 1 hr) + (T2=\ 100

°C, 1 min)+ (73=800 ~ 900 °C, 18 hrs)]. All the

synthesized |3-FeSi2 layers presented an n-type

conductivity with resistivities of 0.24 ~ 0.25 £>cm, and

they showed a direct band-gap of 0.801 ~ 0.824 eV

together with a contribution of an indirect band-gap

which is a few tens meV lower than the direct one.

Although RBS and optical absorption measurements

showed a superior crystalline quality of 3SA-samples

to 2SA-samples Raman scattering signals appeared only

for 2SA-samples at 198 and 250 cm 1 . This was

explained by considering a decrease in the amount of

(J-FeSi2 for 3SA-samples, which was deduced from the

analysis of X-ray diffraction results and the presumed

decomposition process; a-Fe2Si5 —> (}-FeSi2 + Si. In

order to transform a-Fe2Si5 to p-FeSi2, the most

adequate annealing temperature (73) was found to be

850 °C. Photomicroscopic observations of the

implanted layers enabled us to identify the oc-Fe2Si5

and (i-FeSi2 parts as non-mirror-like and mirror-like

surfaces, respectively.
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THERMAL ANNEALING BEHAVIOR OF NIOBIUM-IMPLANTED a-AI2O3

UNDER REDUCING ENVIRONMENT

Jianer ZENG*, Hiroshi NARAMOTO, Yasushi AOKI, Shunya YAMAMOTO,

Mingle GAN* and Hidefumi TAKESHITA

Department of Materials Development, Takasaki Radiation Chemistry Research Establishment,
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Thermal annealing behavior is studied in a - A l ^ implanted with 93Nb* using RBS/channeling technique and optical

absorption spectrometry. The samples with <0001> and <1120> orientations are implanted with 300 keV and 400 keV
93Nb+ ions. Thermal annealing under reducing environment(Ar+3%H2) is employed in the temperature range from 600 to

1000°C to explore unusual materials phase. The annealing up to 1000°C for an hour does not show any essential change

in RBS/channeiing spectra in two kinds of samples but the significant decrease in the visible region is observed in optical

absorption spectra. After annealing at 1000°C for 10 hours, the recovery of the lattice damage is detected by

RBS/channeling analysis especially in (1120) sample. In the optical absorption spectra, new absorption envelope appears

in the ultraviolet region. The results are related to the formation of niobium metal fine particles, and the sharp distribution

is realized especially in (0001) sample.

1. Introduction

Among the various kinds of insulators, sapphire

shows several excellent properties as electrical,

optical and chemically inert materials. For further

advanced applications, it is required to control the

electronic structures through the intended

introduction of different species at the specified lattice

sites or to realize novel phase in its matrix. For these

kinds of purposes, ion beam processing has an

advantage because the ion irradiation/impJantation

can introduce any elements at the desired depth and

position far beyond the thermal equilibrium. In the

process, the combination between implanted species

and induced lattice defects is an entity of quasi-

equilibrium phase. Under these contexts, the recovery

behavior of lattice defects with the redistribution of

implants have been studies[l-6]. Among several

unusual phases, the dispersed fine particles in trans-

parent matrix will have an advantage to control the

optical properties. The annealing behavior of 93Nb

implanted sapphire has been studied under oxidizing

environment, and the mixed compound formation

was found after high temperature annealing[7].

In the present study, a comparison is made on

suitable condition of 93Nb fine particle formation in

sapphire crystals with two different crystallographic

features((0001) and (1120) samples).

2. Experimental procedure

Two kinds of a-AJ2O3 platelets with (0001) and

(11 20) planes were purchased from Huruuchi

Chemicals. The sizes of the samples were about 12x8

mm2. Before the ion implantation, the samples were

annealed to remove the strains and impurities

introduced during surface polishing. Two pieces of

*On leave from Southwestern Institute of Physics, Chengdu, P. O. Box 432, China
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the specimens with different crystallographic planes

were implanted at 100K(400 keV 93Nb+: 7.5xl016

/cm2 ) and another two were implanted at RT(400 keV
93Nb+: 3.85xlO16 /cm2) using an ion implanter at

TIARA facility in JAERI/Takasa.ki.

The implanted specimens were annealed at 600°C,

800°C and 1000°C each for 1 hour under flowing gas

of Ar+3%H2 and once more at 1000°C for 10 hours.

The damage recovery of samples was examined using

RBS/channeling technique. The optical absorption

measurement and microscope observation were

carried out with a micro-spectrophotometer(MPM-

Carl Zeiss Microscope System).

3. Experimental results and discussion
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Fig. 1: Changes in optical absorption features of a- A12O3

implanted with 400 keV 93Nb+ followed by thermal

annealing at 800°C,lhr; 1000°C, lhr; and 1000

°C, lOhrs. (a) (1120) and (b) (0001) samples.

The optical absorption spectra of the implanted

samples are shown in Figs. la( ( l l 20)) and

lb((0001)). There appear several peaks in the spectral

region of 240 nm-250 nm by taking the difference

change between the spectra after annealing. But the

broad envelope is not associated with true optical

absorption bands. The more precise measurements

with a reasonable intensity in ultraviolet region were

made using a double beam optical

spectrophotometer(Hitachi U-3210). The absorption

band at 204 nm band is reasonably attributed to

displaced atoms[8]. Different from the published

results(for example: 4.8 and 5.4 eV bands), any other

clear absorptions were not detected[4-7].

Figs. 2 and 3 show 2 MeV He* RBS/channeling

spectra from 93Nb+(400 keV 7.5xlO16/cm2 at 100K)

implanted a-Al2O3. The spectra in Fig. 2-b and Fig.

3-b demonstrate that both of a-plane and c-plane

samples have become amorphous because that the

aligned yield is close enough to the random yield in

aluminum sublattice. In fact even in the lower dose

case(about 1.5xlO16 /cm2), the near-surface region

became amorphous. The implanted samples were

annealed at 600 , 800 and 1000 °C for 1 hour under

reducing environment(Ar+3%H2). The RBS/

channeling and optical absorption measurement were

carried out after each annealing step.

The significant change can be seen on the surface

of the samples after annealing. The absorbance

around 250 nm decreased from 1.2 to 0.35 for (1120)

sample and from 1.1 to 0.3 for (0001) sample. In fact

the absorbance has become almost zero in the whole

visible range(230 nm-800 nm). According to optical

absorption speclroscopy, the simple defects are

assumed to be annealed out but the RBS/channeling

spectra do not show any clear change (see Fig. 2c-d
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and Fig. 3c-d). After annealing at 1000°C for 10 hours, the dramatic change is taken place. In both of

0.5 1
EncijyfMcV]

Fig. 2: RBS/channeling spectra from implanted (1120) a-Al2O3 sample(400keV MNb+, 7.5xlO16/cm2, 100K) followed

by annealing in Ar+3%H2 gas. (a)virgin, (b)as-implanted, (c)annealed at 1000 °C, 1 hour and (d)annealed at 1000 °C,

10 hours.

3000

OJ 1
Energy[MeV]

OJ >
Energy [MeV]

Fig. 3: The same kind of spectra in Fig. 2 in implanted (0001) a-A!2O3 sample, (a)virgin, (b)as-implanted, (c)a*nealed at

1000 °C, for 1 hour and (d)annealed at 1000 °C, 10 hours.

the RBS-channeling spectra and optical spectra in a- could find numerous small bead-like circular

AJ2O3 crystal. The surface of the samples changed microstruclures which are rather similar to the

into a milky color. Under a microscope(100 times) we microstructures on the surface of Kapton exposed to 2
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MeV He* ions to a dose 3xlO16/cm2[9]. The mean size

of the bead-like circular shape is about 3-5 |xm in

diameter. A few of them are not rounded and the size

of the longer beards were more than 10 (Am.

The big change also occurs both in absorption

spectra and RBS/channeling spectra. The spectra of

RBS/channeling showed the definite damage

recovery in the surface region of (1120) CX-AI2O3. But

the damage recovery is not so clear in (0001) sample.

In the optical absorption spectra taken with a double

beam spectrometer, there appear new "bands"

occurring in both of the samples. The spectra are not

shown for simplicity. The "band" in (1120) sample is

around 300 nm and it has a long tail and the "band" in

(0001) sample is around 280 nm, which is much more

narrower. At the same time the line-3dimension

optical absorption topograph were taken at the

specified wavelength using a micro-

spectrophotometer. Fig. 6 gives the line-3dimension

optical absorption picture in (1120) sample implanted

Fig. 4: Three dimensional illustration of optical

absorption topograph in implanted (1120) a-Al2O3 (400

keV 93Nb", 7.5xlO16 /cm2, 100K) followed by annealing

at 1000°C for 10 hours under Ar+3%H2 gas. The

scanning was made at 250 nm step with the fixed

wavelength of 380nm.

at 100K followed by thermal annealing at 1000 °C,

10 hours. In this wavelength used, there appeared

much more overflowed points in (1120) absorption

topograph than in (0001) one. The overflow in

absorbance means that the probing light can not pass

through the measured point at all. From the

phenomena mentioned above it is sure that niobium

fine particles have been formed. The new envelope at

300 nm in the optical absorption spectra can be

attributed to the fine particle formation with 0.3 \im in

(1120) sample. When the wavelength of the probing

light is shorter than the size of the fine particle the

fine particle will reflect the incident light and it will

leave overflowed points in the topographic scanning

of optical absorption. When the wavelength of

probing light wavelength is longer enough than the

fine particle size the clear transmission may be

realized in the topographic scanning of optical

absorption. According to the same interpretation the

size of most fine particles in (0001) sample is

estimated to be about 0.28 u.m(280 nm). The results

obtained in these measurements are consistent with

the fact that the diffusional motion of atoms is more

easier on (0001) plane than on (1120) plane which is

perpendicular to (0001) plane.

4. Conclusions

Implantation of 400 keV 93Nb+ ions at 100K into

CX-AI2O3 induces the amorphous state at the dose of

-1.5xlO16/cm2. The optical absorption measurement

shows that only a 204 nm(6.1eV)band appears.

After annealing at 600°C, 800°C, and 1000°C for

1 hour, the big decrease is observed in the absorption

spectra but the no essential damage recovery is found

in RBS/channeling spectra. But after annealing at

1000°C for 10 hours, the RBS/channeling spectra
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show the complete damage recovery in (1120) sample

but not in (0001) sample. 93Nb+ fine particles or the

are formed in both of samples. The size of the circular

microstructure were from several am to more than 10

am. The circular microstructure consists of the

smaller pearls whose mean size was 0.3 am (300 nm)

for (1120) sample and 0.28 am for (0001) sample

sample. The reason why the mean size of the pearls-

like particles in (1120) sample is larger than that in

(0001) sample should be attributed to that implanted

niobium atoms can diffuse easily on (0001) plane than

on (1120) plane.
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The degradation and recovery behavior of strained Sii_xGex diodes and heterojunction bipolar transistors
(HBTs) by irradiated by protons are studied. The degradation of device performance and the generation of lattice
defects are reported as a function of fluence and germanium content and also compared extensively with previous
results obtained on electron and neutron irradiated devices. In order to study the recovery behavior of the irradiated
devices, isochronal annealing is performed. The radiation source dependence of the degradation is discussed taking
into account the number of knock-on atoms and the nonionizing energy loss (NIEL).

Key words: Sii-XGex strained epitaxial layer, Sii-XGex device, radiation damage, deep levels, recovery

1. Introduction
It is well known that Sii_xGex based

heteroepitaxial devices have an excellent performance
with respect to high speed, large current and direct
transition. The study of radiation damage in devices
based on Sii-XGex epitaxial layers is very important
for the realization of high-performance devices in
radiation-rich environments. Although results on
electron and neutron radiation damage in Sii-XGex

diodes and HBTs have been reported[l, 2], little is
known on the degradation by proton irradiation and its
recovery by thermal annealing.

In the present paper, the degradation and recovery
behavior of strained Sii_xGex diodes and HBTs,
which are irradiated by protons, are investigated as a
function of fluence and germanium content. The
radiation source dependence of the degradation is also
discussed taking into account the absorbed energy
during irradiation. Moreover, to study the recovery
mechanisms of the irradiated devices, isochronal
annealing is performed.

2. Experimental
2.1 Samples

n+-Si/p+-Sii-XGex diodes and n+-Si/p+-Sii_
xGex/n-Si HBTs fabricated on strained Sii_xGex

epitaxial layers grown on CZ silicon substrates, were
used in this study. For the diodes and the HBTs, 1 0 "
cm~3 boron and phosphorus doped substrates were
used, respectively. The active boron concentration of
the strained Sii_xGex epitaxial layers for diodes and
HBTs, which were grown on silicon substrates using
an ultra high vacuum chemical vapour deposition
system (UHV CVD) at a growth temperature of 630
°C and deposition pressure of 0.26 Pa, was about 6 x
1017 and 2 x 1 0 ^ cm"^, respectively. The germanium
content of the Sii_xGex epitaxial layer with nominal
thickness 100 nm was x = 0.08,0.12 and 0.16. Boron

implantation of boron at an energy of 55 keV was
performed to make the base contact. Holes for the
emitter region are defined after which 200 nm undoped
poly silicon is grown by atmospheric CVD at a
temperature of 610 °C. The polysilicon was then
implanted twice with phosphorus (3 x 1 0 " cm"2) at
an energy of 55 keV followed by an implant of 1 0 "
cm"2 at 20 keV. The n+ polysilicon was used to form
the n+ region for diodes. The diode area was between
102 and 10^ |im2. The emitter and base areas for
HBTs range from 1.75 x 102 to 25 x 102 urn2 and
from 0.35 x 102 to 5 x 102 ^m2 , respectively. A
schematic cross-section view of the diode and HBT
structure is shown in figures 1 (a) and (b),
respectively.

(a)

p-type SiGe
+15nm Si buffer layer

p-type Si substrate

p+-back contact

Al-contact
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(b)

AJ-contact

TBOS

n-type Si substrate

n+-back contact
Ti/Al-contact

Fig. 1. Schematic cross-section view of the diode (a) and
HBT (b) structures.

2.2 Irradiation methods
After dicing in chips of 5 x 5 map- size the devices

were irradiated at room temperature by 20 and 86-MeV
protons in the AVF cyclotron in TIARA at the
Takasaki Radiation Chemistry Research Establishment
and in the cyclotron of Louvain-La-Neuve in Belgium,
respectively. The proton fluence was varied between
109andl01 4p/cm2 .

2.3 Measurements
The current/voltage (I/V) and capacitance/voltage

(C/V) characteristics of the diodes were measured. Base
(Ig) and collector (Ic) current as a function of base-
emitter voltage (VBE) from 0 to 1 V at
collector/emitter voltage (VcE) of 1 V (Gummel plot)
were measured for HBTs. C/V measurements were also
performed between emitter and base region with
applied voltages ranging from -1 to 0 V. The hole and
electron capture levels in the Sii_xGex epitaxial layer
of the diodes were studied using deep level transient
spectroscopy (DLTS) methods. The DLTS
measurements were also performed to observe the deep
levels for HBTs. The applied filling pulse was ranging
from -1 to 0.5 V to observe electron capture levels in
the base region and from -1 to 0 V in the collector
region. The capacitance/temperature (C/T)
characteristics were recorded simultaneously with the
DLTS spectra. To investigate the recovery behaviour
of the irradiated Sii_xGex devices, isochronal thermal
anneals were carried out at temperatures between 100
and 300 °C under nitrogen flow. An annealing time of
15 min. was chosen and the temperature was varied
with steps of 25 °C with an accuracy of 1 °C.

3 . Resul ts a n d discussion
3.1 Degradation by irradiation

Figures 2 (a) and (b) show the typical I/V and C/V
characteristics for x = 0.08 diodes, with different
fluences of 20-MeV protons. From figure a it is noted
that both the reverse and forward current increase.

(a)

io-4

1 1 0 -
J

1010

1012

- 20-MeV protons
x = 0.08 diodes

- • - before
>

-A-lxl012p/cm2 J
-O- lxlO14

P/cm2 J f

-1.0 -0.5 0.0 0.5
VOLTAGE(V)

1.0

(b)

23

16

20-MeV protons
x = 0.08 diodes

10

0.0 0.2 0.4 0.6 0.8
REVERSE VOLTAGE ( V )

Fig. 2. Influence of 20-MeV proton irradiation on I/V (a)
and C/V (b) characteristics of x = 0.08 diodes.

- 213 -



JAERI-Conf 97-003

The forward current is however lower after irradiation
for a forward voltage (Vp) larger than 0.5 V. The
reason for this is an increased resistivity of the Si
substrate. It is also found from figure b that the
capacitance in the Sii-xGex epitaxial layer decreases
by irradiation due to the deactivation of active boron
atoms. The degradation of performance increases with
increasing proton fluence. This deactivation of boron
is related with the formation of interstitial boron as
mentioned below and is the main responsible for the
increase of reverse current.

Figures 3 (a) and (b) show typical Gummel plots
and C/V characteristics in the base region for the x =
0.16 HBTs with different fluences of 20-MeV protons.
It is found from figure a that I B increases by irradiation
and that Ic increases until \BE i s ° 4 v - while it
decreases above this voltage. The common emitter
current gain (hFE) decreases by this degradation of
electrical performance. From figure b, it is noted that
the capacitance in the Sii-XGex epitaxial layer
decreases. The degradation of characteristics increases
with increasing proton, fluence. The decrease of hpE
and active boron depends on the germanium content
and decreases with increasing x value similar as for the
diodes.

Assuming a linear relationship between damage
increase and fluence, one can calculate a damage
coefficient of hFE (Khp). which can be defined by the
following equation[l].

(a)

1 1
hpE(*) hpE(O)

( 1 )

<I>p is the proton fluence. h p E ^ ) m d hFE(°) a r e hFE
after and before proton irradiation, respectively.
Khp at VBE = 0 8 V for x = 0.16 HBTs irradiated by
20 and 86-MeV protons is calculated to be 3.4 x 10"13

and 1.0 x 10"13 p^cm 2 , respectively. Kn for 1-MeV
fast neutron and for 2-MeV electron is 1.8 x 10'1 3 p"
*cm2 and 2.7 x 10"16 e W 2 , respectively[1]. Thus,
Khp for 20-MeV proton is only slightly larger than
that for 1-MeV fast neutron irradiation, while it is
about three orders of magnitude larger than the one for
2-MeV electrons irradiation.

In order to investigate the radiation source
dependence of degradation, one can calculate the
number of knock-on atoms for proton irradiation
(Ndp) The average energy of primary knock-on atoms
<Ej>p> and the maximum energy for knock on atoms
<Epmax.p> a r e g i v e n b v m c n c x t t w o equations[3,4],

4A

Epp> = Ed

(2 )

(3 )

1(T -

o

10° -

i o - 8 | -

86-MeV protons
x = 0.16 HBT

= t

V C E = - 1 V

I
i •

r
-o- before
- A - 3 x 109 p/cm2

- a - 1 x 10 u p/cm2

™«- before
- A - 3 x 109 p/cm2

- * - 1 x 10 u p/cm2

J 1 {

0.0 0.2 0.4 0.6 0.8 1.0
V B E (V)

(b)

48

% 44

i4 2
y 40

U 38

36

\
86-MeV protons
x = 0.16 HBTs
Base region

Q V \ " °~ b e f o r e

- \ V v ~A~ 3 x 109 p/cm2

X \ \ -a- 1 x 1°H P/cm2

" \XN.

x\
1 1 J J 1 ^ ^

0.0 0.2 0.4 0.6 0.8
VOLTAGE(V)

1.0

Fig. 3. Degradation of Gummel plot (a) and C/V
characteristics in the base region (b) for x = 0.16 HBTs by
86-MeV protons.

where A, E and Ed are the mass of target atom, the
incident energy and the displacement energy,
respectively. Ed for both silicon and germanium atoms
is about 10 eV. From these equations, Epmax.p °f Si
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and Ge for 20-MeV protons is calculated to be 2.66 and center (vacancy-phosphorus complex), respectively[6]
1.07 MeV, respectively. <Epp> is also 124 and 115 The decrease of collector current at high forward
eV, respectively. The primary knock-on cross section voltage indicated in figure 1 (a) is thought to be caused
for 20-MeV proton (o p p(E)) is 4.5 x 10"21 and 6.5 x b v t n e increase of the resistance of the Si substrate.

10,-21
displacement concentration

respectively[3]. Then, the fractional
is given by

= °p.p(E) vp(<Epp>) ( 4 )

where vp(<Epp>) is the number of displacement
atoms per collision by one knock-on atom. Therefore,
Ndp is obtained by the product of C,j,p and the number
of atoms. Ndp of silicon and germanium for 20-MeV
is estimated to be 917 and 427 cm 3 , respectively.
With x = 0.16 for 20 and 86-MeV one obtains 883 and
259 cm"3, respectively. Nd for 1-MeV neutron and 2-

MeV electron is calculated to be 295 and 2.48 cm"3,
respectively[2]. To confirm the interpretation on
radiation source dependence of the degradation, one can
calculate the nonionizing energy loss (El)[5]. E\ can be
described the following equation.

= (N/A) <EP> ( 5 )

where N and A are Avogadro's number and the atomic
mass, respectively.
From this equation, Er for x = 0.12 Sii-XGex by 20
and 86-MeV protons is 859 x 10"5 and 251 x 10"
^MeVcn^g"1, respectively. Ei for 1-MeV neutrons and
1-MeV electrons is also calculated to be 405 x 10"5

MeVcm2g"l and 450 x 10"^ KeVcm2g"^, respectively.
The ratio of E\ and Ndfor the different radiation source
approximately agrees with the ratio of Knp value.
From these considerations, the radiation source
dependence of performance degradation is thought to be
attributed to the difference of mass and the probability
of nuclear collision for the formation of lattice defects.

Figures 4 (a) shows typical DLTS spectra revealing
the presence of electron capture levels in x = 0.12
diodes for different 20-MeV proton fluences. As shown
in this figure, electron capture levels are observed
above 1 x 10 ̂  p/cm2, while no hole capture level is
detected. Most probably the electron capture level
shown in the figure is related to an interstitial boron
complex[2]. Figure 4 (b) shows the corresponding C/T
profile. For 1 x 1 0 ^ p/cm2, a severe decrease of
capacitance due to the deactivation of active boron
atoms is observed.

In the base region of x = 0.12 HBT which is
irradiated by 20-MeV protons with a fluence of 1 x
1 0 ^ p/cm2, no hole and electron capture level are
observed, while in the collector region two electron
capture levels are induced in the n-type Si substrate by
irradiation as shown in Figure 5 (a). In figure 5 (a), the
energy level of these electron capture levels
E 1 2 B C H4_i and E 1 2 B C i i4_2 is calculated to be (Ec -
0.30 eV), and (Ec - 0.50 eV), respectively. These
levels might be associated with the divacancy and the E

(a)

s

3
Z
o
S3

S

Before 20-MeV protons
x= 0.12 diodes

1 x 1012 p/cm2

1 x 1013 p/cm2

1 x 1014 p/cm2

114-1 (Ec - 0.47eV)

± ±
50 100 150 200 250

TEMPERATURE (K)
300

(b)

17

a, 16

U
Z

SU
is

14

20-MeV protons
x = 0.12 diodes

1 x 1012 p/cm2

1 x 1013 p/cm:

14
- - • l x K r p / c m

13 L
50 100 150 200 250

TEMPERATURE (K)

300

Fig. 4. DLTS (a) and C/T (b) spectra for x = 0.12 diodes
irradiated by 20-MeV protons.
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In this figure, the C/T profile corresponding to the 3.2 Recovery resulting from thermal annealing
DLTS signal is also shown. It can be concluded from
figure 5 (b), the decrease of capacitance due to the
deacti vation of phosphorus atom is observed

(a)

3
08

U

I
U
<
<
u

E H4-1 (Ec

1 \ E12B<

20-MeV protons
x = 0.12HBTs
lxl01 4p/cm2

- 0.30 eV)

:ii4-2 (Ec - 0.50 eV)

A_
DLTS

- - Capacitance

1 1 I
50 100 150 200 250 300

TEMPERATURE (K )

Figure 6 (a) shows the impact of 15 min
isochronal anneals on the electrical performance of x =
0.08 diodes irradiated by 20-MeV protons with a
fluenceof 1 x ^ ^

(a)
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,-8
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Before irra.
-o- After irra.
-A- 100 °C
-Q-200 °C
- z - 300 °C

-0.5 0.0 0.5
VOLTAGE ( V )

1.0

(b)
(b)

9.5

a
9.0

U

z

U 8.5

8.0

20-MeV protons
x = 0.12HBTs
Collector region

before

1 x 1012 p/cm2

- A - 1 x 1014 p/cm2

_L I I I

0.0 0.2 0.4 0.6 0.8

VOLTAGE(V)

1.0

Fig.5. DLTS and C/T (a) and C/V (b) spectra in the
collector region for x = 0.12 HBTs irradiated by 20-MeV
protons.
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Fig. 6. Recovery of electrical performance and induced
electron capture level by isochronal thermal annealing f or
20-MeV proton irradiated diodes.
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Figure 6 (b) also shows the recovery of the induced
electron capture level ( E ^ J ^ J ) of x = 0.12 diodes

As shown in thesefor a fluence of 1 x 1 0 ^ p/
figures, the I/V characteristics and the deep levels
recover by thermal annealing and the recovery increases
with increasing annealing temperature.

To calculate the activation energy of recovery (Eaj)
of electrical performance , one can define the
unannealed fraction (fj) and the annealing rate (1/TJ) as
follows.

f I = ^ ,

and

^ = v o e x p ( - — ;

, 1
= exp(-—

X I

(6 )

where IAA an<i IA denote the current after and before
annealing, respectively. Ig is the current before
irradiation, t is the annealing time, k the Bolztman
constant and v o and T the frequency factor and
annealing temperature, respectively.
EaL of the deep level recovery is also calculated by the
same procedure. Based on equation 6, Eal for the x =
0.08 diodes irradiated by protons with a fluence of 1 x
1014n/cm2 is 0.35eV. EaL of x = 0.12 diodes is also
calculated to be 0.38 eV. A more detailed discussion
on the relationship between I/V characteristics and the
induced lattice defects will be presented elsewhere[6].

3. Conclusion
The main conclusions which can be made from the

present study:
1. The damage coefficients of electrical characteristics
for proton irradiation are about three orders of
magnitude larger than those for electrons. The radiation
source dependence of the performance degradation is
thought to be attributed to the difference of mass and
the probability of nuclear collision for the formation
of lattice defects.
2. For the x = 0.12 diodes which are irradiated by 20-
MeV protons with a fluence of 1 x 10*4 p/cm^, an
electron trap is observed in the Sii_xGex epitaxial
layers. For the x = 0.12 HBTs irradiated by the same
irradiation conditions, no hole and electron trap are
observed in the base region, while two electron capture
levels, which are related to the E center and the
divacancy, respectively, are detected in the collector
region.
3. The degraded performance recovers by thermal
annealing after irradiation. The activation energy of
diode current recovery at V R = -0.8 V and of the
induced electron capture levels is 0.35 and 0.38 eV,
respectively.
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ION BEAM SYNTHESIS AND CHARACTERIZATION OF METASTABLE
GROUP-IV ALLOY SEMICONDUCTORS

Naoto KOBAYASHI, Hiroshi KATSUMATA*, Masataka HASEGAWA,
Nobuyuki HAYASHI, Yunosuke MAKITA, Hajime SHIBATA and Shin-ichiro UEKUSA*

Electrotechnical Laboratory, 1-1-4 Umezono, Tsukuba, Ibaraki 305 Japan
*Meiji University, 1-1-1 Higashi-mita, Tama, Kawasaki, Kanagawa 214 Japan

New Group-IV metastable alloy semiconductors and their heterostructures based on combinations of C-Si-Ge-
Sn are recently attracting interest because of feasible new electronic and optoelectronic application in Si-
technology and here research works on synthesis and characterization of the epitaxial heterostructures of Si-C, Si-
Sn on Si fabricated by ion implantation together either with ion-beam-induced epitaxial crystallization (EBEQ or
solid phase epitaxial growth (SPEG) have been investigated.

Formations of layers of Sij.yCy (y=0.014 at peak concentration) on Si(100) have been performed by high-
dose implantation of 17keV C ions and successive IBIEC with 400keV Ar or Ge ion bombardments at 300-
400°C or SPEG up to 750°C. Crystalline growth by IBIEC has shown a lower growth rate in Si^yCySi than in
intrinsic Si due mainly to the strain existence, which was observed by the X-ray diffraction (XRD)
measurements. Photoluminescence (PL) measurements have revealed Ij or G line emissions that are relevant to
small vacancy clusters or C pair formation, respectively. The crystalline growth of Sij.zSnz layers by HOkeV
120Sn ion implantation (z=0.029 and z=0.058 at peak concentration) into Si (100) followed either by IBEEC or
by SPEG has been also investigated. IBIEC experiments performed with 400keV Ar ions at 300-400-C have
induced an epitaxial crystallization of the amorphous alloy layers up to the surface and lattice site occupation of
Sn atoms for samples with the lower Sn concentration (LC). XRD analyses have revealed a partial strain
compensation for the crystallized layer. Samples with the higher Sn concentration (HC) have shown an epitaxial
crystallization accompanied by defects around the peak Sn concentration. SPEG experiments up to 750°C for LC
samples have shown an epitaxial crystallization of the fully strained alloy layer, whereas those for HC samples
up to 750°C have revealed a collapse of the epitaxial growth around the interface of the alloy layer and the Si
substrate. Photoluminescence (PL) emission from both EBIEC-grown and SPEG-grown samples with the lower
Sn concentration has shown similar peaks to those by ion-implanted and annealed Si samples with intense I : or

li-related (Ar) peaks. Present results suggest that IBIEC has a feature for the non-thermal equilibrium fabrication
of Si-C and Si-Sn alloy semiconductors.

Keywords: alloy semiconductors, solid phase epitaxial growth, ion beam induced crystallization, ion
implantation

1. Introduction
Group-FV alloy semiconductors based on Si

have recently attracted interest because of their
attractive electronic and optoelectronic properties due
to bandgap engineering and structural modification for
Si [1, 2]. SiGe and SiGeC are typical examples
included in this category [2-4]. We direct our attention
to binary alloys of Si-C and Si-Sn, because C and Sn
have opposite influences on Si lattice variation, i.e.,
lattice contraction in Si1.yCy and lattice expansion in
Si1.zSnz. Both C and Sn atoms are, however, difficult
to be incorporated in Si due to their low solid
solubilities (10"3 to 10 4 at.% at 1200 to 1400-C for
C in Si, and less than 0.1 at.% at 1066»C for Sn in
Si)[5]. Ion implantation is a good technique for
introduction of foreign atoms and has advantages of
compatibility with present Si technology and local
process capability. Nevertheless, subsequent solid
phase epitaxial growth (SPEG) process is known to
induce C precipitation into P-SiC above 800°C for
Sij.yCy [6] and to fail in epitaxial Sij.zSnz layer

growth (for z>0.02) due to amorphous-to-
polycrystalline phase transformation [7]. On the other
hand, ion-beam-induced epitaxial crystallization
(IBIEC) is known to have an advantage of
incorporation of foreign atoms at concentrations far in
excess of their solubility limit at lower temperatures
than those required for SPEG process, which is
demonstrated for Sij.x.yGexCy/Si by our recent
investigation [8]. This paper presents the results of
fabrication for metastable alloy semiconductor layers
of Sii.yCy and Si^Snj. on Si grown by IBIEC and of
their structural properties compared with those for the
same layers grown by SPEG process.

2. Experimental
Non-doped (lOO)-oriented Si wafers (float-zone,

p >0.1Qcm) were implanted at room temperature
(RT) with 17keV 12C ions to 5.5x1015 cm-2 with a
current density of about 0.1|iA/cm2 for fabrication of
Sij.yCy on Si. An amorphous layer of Sij.yCy/Si of
about 85nm thickness was formed by this process.

- 2 1 8 -
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The peak concentration of C atoms is about 1.4 at.%,
which was observed by secondary ion mass
spectrometry (SIMS) analysis. Si wafers were
alternatively implanted at RTwith HOkeV ^ S n ions
to doses of 1.0x1016 cm-2 and 2.0x1016 cm-2 with a
current density of about lu,A/cm2 for fabrication of
Si1_2Snz on Si. The peak concentration of Sn atoms
is about 2.9 at.% for dose of 1.0x1016 cm-2 (low
concentration; LC) and about 5.8 at.% for dose of
2.0x1016 cm-2 (high concentration; HC). Layers of
amorphous Si1.zSnz/Si with thicknesses from 115 to
120nm were formed by these processes.

These samples were then subjected to
bombardments of 400keV Ar ions at 300-400°C. The
ion current density for EBIEC was maintained to be 2
fiAJcml. Solid phase epitaxial growth (SPEG)
experiments of Sij.yCy/Si and Si^Snj/Si were also
performed in a vacuum ambient up to 750°C.

Analyses of the structural properties of the
grown layers were performed by the RBS-channeling
technique using 2MeV He+ ions. C atoms implanted
were detected by i2C(d, p ) u C nuclear reaction
analysis (NRA) using 1.25MeV d beam. X-ray
rocking curve measurements with 4 Ge crystals (220
reflection) (quadruple crystal diffraction x-ray
diffraction (QCD-XRD)) using Cu Kax radiation were
performed to evaluate the properties of the strain in
formed layers. Photoluminescence (PL) measurements
at 2K for Si^yCy/Si and Si^Snj/Si samples were
performed using 514.5 nm line of an Ar+ ion laser
with an average excitation power of 50mW for
exciting light source.

3 . Results and discussion
3.L Sij.yCy/Sl

Figurel shows RBS-channeling spectra
(random and <100> channeled direction) at high
resolution glancing angle (105" to beam incidence)
depicting the crystalline growth for Sij.yCy/Si by
EBEC with 400keV Ar bombardments to 3.2x1016
cm-2 at 300°C and to 2xl0i« cm-2 at 400°C.
Crystalline growth up to the surface is observed for
bombardments at 400°C, whereas a dose more than
8x1016 cm-2 is required for the crystallization up to
the surface at 300°C. The growth rate was observed to
be smaller in the Sij.yCJSi sample than in Si [9] and
Sii-x-yGex<-VSi [8]. C atom substitutional locations
after complete crystalline growth were suggested by
NRA, by which more than 60% of proton yields from
C atoms were reduced in the <100> channeled
direction in comparison to the random yields. By
taking into account the surface C contamination
(about 20% of implanted C atoms), which was
confirmed by the depth profile of ^ C with SIMS
analysis, more than 70% implanted C atoms are
thought to reside substitutionally, although further
channeling experiments in <110> direction can give
more detailed C atom location in the lattice. Spectrum
of <100> channeled RBS that exhibits crystalline
growth of Si^yCy/Si after the SPEG process

LZOO

1000
Si^C/Si

Initial (Aligned)
Initial (Random)

— - IBIKC O.Gxl0Mem

— IDIEC a Jiio"on
— SPgC WO'QO.Jhr

4 •( 400'CKAHgned)
(Random)

' it KU'CHAIIfn«d)
•<SOX0Jnr)fAlljnedl

400 450

CHANNEL NUMBER

S5O

Fig. 1. RBS-channeling spectra representing the
crystalline growth for Sii.yCy/Si by BBBEC with
400keVAr bombardments to 3.2xlO16 cm-2 at 300°C
and to 2.0xl016 cnT2 at 400°C, and by SPEG at 450°C
for0.5hrand650oCfor0.5hr.

performed at 450 °C for 0.5hr and 650°C for 0.5hr is
also shown in Fig. 1. One observes a bump of
dechanneling yield around the interface between Si^.
yCy layer and Si, which is not observed in the DBIEC-
grown sample. This reflects defects like dislocations
or stacking faults remaining at the interface in SPEG-
grown samples.

Figure 2 shows QCD-XRD rocking curve
diffraction scans along (004) reflection planes for Six.
yCy/Si samples crystallized up to the surface by the
IBEEC process with 400keV Ar at 400°C (Si:.yCy/Si
(JBEEC)) and by the SPEG process at 450 °C for 0.5hr

ASI,.,<ySi(EBIEC}
Simulation

B SI,.TC/Si (SPEG)
Simulation

-20O0 •1000 1000 2000

A8 (axcsec)
Fig. 2. X-ray rocking curves and corresponding
simulations for (004) reflection by (A) Sij.yCy/Si
grown by EBIEC with 400keV Ar bombardments at
400'C and (B) Sii.yCy/Si grown by SPEG at 450°C
for0.5hrand650oCfor0.5hr.
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and 650°C for O.Shr (Sij.yCy/Si (SPEG)). Both
samples are the same as shown in Fig.l. The Si^
yCy/Si (EBIEC) sample denoted by A shows subpeaks
at positive angles, which exhibiting the tensile strain
in the surface Sij.yCy layer. The thin solid curve
shows a simulation obtained on the basis assuming
Vegard's law and Poisson ratio interpolated between
Si and C (diamond) and by a polygonal C profile with
a C concentration of 60% of total implanted C atoms.
The way of simulation was already described elsewhere
[8]. The Sij.yCy/Si (SPEG) sample denoted by B
shows subpeaks at larger angles than for Si^yCySi
(EBBEQ sample. The simulation curve (dotted curve)
was obtained by the same polygonal C profile with all
the implanted C atoms. Our recent observations by
positron lifetime experiments on defects for EBIEC-
grown Si layer revealed the formation of small
vacancy clusters (trivacancies and quadrivacancies) in
the grown layer [10]. The smaller strain in the Sij.
yCy/Si (IBIEC) sample would, therefore, reflect a

mechanism of partial strain compensation mainly due
to this vacancy clustering.

PL spectra observed at 2K for the samples Sij.
yCy/Si (EBIEQ and Si^yCySi (SPEG) show Ix non-
phonon peak at 1.019eV, which is frequently observed
in ion-implanted and annealed Si samples and thought
to be due to small vacancy clusters [11-13]. Another
sharp peak denoted by ^(Ar) at 1.0095eV observed in
the Si^yCy/Si (IBIEC) sample was interpreted to be
owing to incorporation of Ar atoms in the intrinsic
defects which constituting deep optical defects relevant
to Ii[14]. This is consistent with the above-mentioned
fact that EBIEC-grown sample has small vacancy
clusters. A peak at 0.969eV observed in both samples
corresponds to G peak, which has been identified to be
an emission due to Cy.Sij-Cy carbon pair (two
adjacent substitutional C atoms and an interstitial Si
atom which is distorted out from a bond-centered
position) [15]. The relatively large G peak in Si^

yCy/Si (EBCEQ can reflect that C substitutional pairs
are dominant rather than in the SPEG-grown sample.
It is of interest to study whether the smaller strain in
Si^yCy/Si (EBEQ might be also related to this C
substitutional pair but further investigation is
necessary on this issue.

3.2. Sij.gSnJSi
Figure 3(a) shows RBS-channeling spectra

(random and <100> channeled direction) at high
resolution glancing angle (105° to the beam incidence
direction) representing the epitaxial crystalline growth
up to the surface for S i^Sn^Si (z=0.029 at peak
concentration, LC) by IBIEC with 400keV Ar ion
bombardment to 3.4x1016 cm-2 at 350°C. The
observed value of xmk Ju s t below the surface in the
scattering yield from Si amounts to 8% and the ratio
of scattering yield for all the implanted Sn atoms in
the aligned direction to those in the random direction
amounts to 0.21. The increase of dechanneling yield
deeper than the 320 channel reflects defects around the
end-of-range (EOR) created by the 400keV Ar
bombardment. Channeling experiments on the <110>
direction for the same sample reveal that the
dechanneling yields in the aligned direction are
smaller than those in the random direction by 60%
for Si and by 54% for Sn, respectively. This verifies
the substitutional occupation of implanted Sn atoms
in the Sij.zSnz layers.

Figure 3(b) shows RBS-channeling spectra
(random and <100> channeled direction) representing
the epitaxial growth up to the surface for Si^Si^/Si
(LC) by SPEG after annealing at 450-C for 0.5h and
at 750°C for 0.5h. The value of xmin Jus t b e l o w t h e

surface in the scattering yield from Si amounts to
12% and the ratio of scattering yield for all the
implanted Sn atoms in aligned direction to those in
the random direction amounts to 0.17. Channeling
experiments performed on the <110> direction also
exhibit the lower dechanneling yields for Si and Sn in

(a) Slt..S«./SI (max. r»0.029) wills IBCEC (b) Slu,SaJSl (max. 1=0.029) with SPEC

350 •406 4SQ 500

CHANNEL NUMBER
55* at MO 150 400 450 500

CHANNEL NUMBER

S50

Fig.3 RBS-channeling spectra (random and <100> direction) representing the crystalline growth of SilzSnySi
(max.z=0.029) by (a) IBIEC with 400keV Ar at 350°C and (b) SPEG at 450'C for 0.5h and 750"C for 0.5h.
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the channeled direction almost to the same amount as
in the EBDEC-grown LC sample by representing the
substitutional Sn location. The SPEG-grown LC
sample annealed up to 900°C shows a better epitaxial
growth and no substantial Sn redistribution, while
the aligned spectrum shows an increase of the
normalized dechanneling Sn yield to 0.27, indicating
a decrease in the substitutional Sn fraction.

Crystalline growth for Sia.zSnz/Si (z=0.058 at
peak concentration, HC) by the EBIEC process with
400keV Ar ion bombardment to 3x1016 cnr2 at
350°C shows the epitaxial growth of the alloy layer
except for the thin surface defected layer with no
substantial loss of implanted Sn atoms. The peak
concentration is reduced to z=0.043. The ratio of
scattering yield for all the implanted Sn atoms in
aligned direction to those in the random direction
amounts to 0.29, which indicates a reduction of the
substitutional Sn fraction in comparison to the LC
sample. Channeling experiments on the <11O>
direction also show lower dechanneling yields for
Si and Sn in the channeled direction. A bump is
observed just below the peak Sn concentration both
in the Si yield and Sn yield in the <100> aligned
spectrum, which suggests formation of defects like
dislocations or stacking faults after the IBIEC
process as previously reported in SPEG process for
S i ^ C ^ / S i [16]. RBS-channeling spectra observed
under the same condition for Si1.zSnz/Si (HQ by
the SPEG process after annealing at 450'C for 0.5h

e/3

35

r
Si

i l l /

1 L
A IBIEC U 400'C (max. 1=0.023)

- Simulation (max. 1=0.015)
a SPEC « 7sa'c t w , 194.029)

- Simulation (max. xafl.030)
C IBIEC u KO'C (max. xxO.043)
- • - Simulation (max. XBO.026)

D SPEG tt TSO'C (max. x>0.05g)

-3040 -2000 -100O 0 1000 2000 3000

A8 (arcsec)

Fig.4 X-ray rocking curves and simulations for (004)
reflections; (A) Si,.xSn/Si (z=0.029) grown by IBIEC
with 400 keV Ar at 400°C and simulation with z=0.0l5,
(B) Si.^Sn/Si ((x=0.029) grown by SPEG up to 750'C,
and simulation with x=0.030, (Q Si^Sn/Si (x=0.043)
grown by IBIEC with 400 keV Ar at 350"C, and
simulation with x=0.026, (D) Si,.,SnySi (z=0.058)
grown by SPEG to 750°C.

and 750°C for 0.5h have shown an collapse of the
epitaxial growth. Sn atoms are observed to
redistribute to shallower and deeper regions and the
concentration of Sn atoms has been reduced to 88%
of the implanted concentration. Annealing at 900°C
for 0.5h has induced out-diffusion of almost all the
implanted atoms (more than 90%), although a good
epitaxial crystallization up to the surface for Si
substrate is observed. Thornton et al. have reported
an amorphous-to-polycrystalline phase
transformation in the SPEG process when the
average Sn concentration z exceeds 0.02 [7]. Since
overall agreement of the present results with the
reported results is observed in spite of the slightly
larger critical concentration in the epitaxial alloy
formation in the present work (ztO.03), it is
thought that the same phase transformation from
amorphous-to-polycrystalline has been also induced
in the present SPEG process.

Figure 4 shows QCD-XRD rocking curve
diffraction scans along (004) reflection planes for
samples of four Si^Sn.j/Si samples; (A) the LC
sample that was crystallized up to the surface by
BfEC with 400keV Ar to 2.2x1016 cm"2 at 400-C,
(B) the LC sample crystallized up to the surface by
SPEG at 450*C for 0.5h and at 750-C for 0.5h,
which is the same sample shown in fig. l(b), ( Q the
HC sample crystallized up to the surface by EBBEC
with 400keV Ar to 3x1016 cm"2 at 350"C and (D) the
HC sample that was grown up to the interface of Sij.
zSnz and Si by SPEG at 450-C for 0.5h and at 750-C
for 0.5h. Samples (Q and (D) are the same samples
as shown in fig. 2. The peaks observed in the spectra
at ae=0 are the (004) diffraction peaks from the Si
substrates.

Both IBrEC-grown and SPEG-grown S i^Sn^S i
(LC) samples (A and B) show subpeaks at negative
angles. The thin solid curve and the dotted curve
denote simulations obtained by assuming Vegard's
law and the Poisson ratio interpolated between Si and
a-Sn for reflection from the Six.zSnz/Si with a
polygonal depth profile of Sn atoms [8]. The
polygonal shape was composed of a linear increase in
concentration of incorporated atoms from a depth of
d=Q to <£=35nm, a constant concentration between
depths of d=35nm and <£=55nm and a linear decrease
from ds55 to <£=90nm. Although the best fit of
simulation to the experimental data was selected for
peak concentration z=0.03 for the SPEG-LC sample
(B), the peak concentration was taken to be z=0.0l5
for the rBDEC-LC sample (A) instead of z=0.029.
Being different from the SPEG-LC sample for which
a good agreement between the experimental results
and the simulation suggests the fully strained Six.
zSnz layer on Si, the EBIEC-LC sample shows a
strain compensation that is also observed in E3IEC-
grown S i ^ G ^ / S i samples [8]. This compensation
is tentatively attributed to small vacancy clusters
[10]. The IBIEC-LC sample grown at 350"C, where a
larger dose of Ar ion bombardment (3x1016 cm"2) was
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B SPEG 450,750'C, O-Shr
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WAVELENGTH (nm)
Fig.5 PL spectra at 2K for Si^Sn^Si (LQ samples
(max. z=0.029), grown by IBIEC with 400keV Ar at
350°C and by SPEG at 450"C for 0.5h and 750"C for
0.5h.

necessary for the full crystallization, has subpeaks at
much smaller negative angJes.

For sample (C) (DBIEC-HQ, the simulation was
fitted by taking a peak concentration of z=0.026
instead of the observed value of z=0.043. The reason
for the strain compensation might be the same as for
the sample 1BIEC-LC, but partiaJ strain relaxation
due to the formation of misfit dislocations is also
inferred because of the direct scattering peak observed
in the RBS spectrum in fig. 2(a). Sample (D)
(SPEG-HC) shows no substructure due to a lack of
epitaxial crystallization of the Si1.zSnz layer.

Figure 5 demonstrates PL spectra observed at 2K
for (A) the Si1.rSnz/Si (LC) sample grown by the
E8EC process with 400keV Ar bombardment to
3xl0ifi cm-2 at 350«C and (B) the Sij^Sn^Si (LQ
sample grown by SPEG (annealed at 450*C for 0.5h
and at 75OC for 0.5h), which is the same sample
shown in fig. 3(b). A sharp peak at 1.019eV observed
in both samples is identical to Ix (or W) non-phonon
peak, which is frequently observed in ion-implanted
and annealed Si samples and small vacancy clusters
are thought to be one of the possible candidates for
this optical center [11-13]. Trie vibronic sideband
peaks are observed between 0.975eV and 1.005eV for
the sample SPEG-LC. Another sharp peak at
1.0095eV and its sideband emissions were observed
in the IBEEC-LC sample. The [j-related peak at

1.0095eV was interpreted to be due to incorporation
of Ar atoms in the intrinsic defects which constitute
related deep optical defects [14].

Our observations using positron lifetime
experiments on defects for EBDEC-grown Si layer have
revealed the formation of small vacancy clusters
(trivacancies and quadrivacancies) in the grown layer
[10]. This is consistent with the fact that EBEEC-
grown layers show strong Ij emission, when this
peak is assumed to be due to vacancy clusters (a
trigonal tetravacancy cluster [13]) in Si. However, it
is noted that we observe the I : emission even after
annealing at 750"C in the SPEG-LC sample because
this peak is normally annealed out above 400-C in Si
[11, 14]. This implies that the defects still remain in
the SPEG-LC sample as is observed in the RBS
spectrum that shows an epitaxial growth with a
slightly larger dechanneling yield. A remaining
question is why the strain properties are different
between the DBEEC-LC sample and the SPEG-LC
sample in spite of the similar defects observed in the
PL spectra. One possible explanation is that these
defects are differently related to Sn atoms. If small
vacancies are locally surrounding the Sn atoms in the
IBIEC-LC samples, the lattice expansion wiJJ be
partially compensated by these vacancies in contrast
to the case where the vacancies are randomly
distributed.

The weak peak at 0.969eV corresponds to the G
peak, which has been identified to be an emission due
to the Cy-Si/-Cj carbon pair [15]. The appearance of
this peak suggests pair formation of C atoms that
exist originally in the substrate or were introduced in
the course of the ion beam process. However, this
might not substantially affect the present results for
Si1.zSnz alloy formation because the G-peak PL is
very sensitive to the small C concentration (the
detection limit is far less than 1016 cm-3).

4. Summary and conclusions
Successful epitaxial crystallization by the

IBIEC process was observed and compared with that
by the SPEG process for samples of Six-yCy/Si
(y=0.014 at peak concentration) and Si^Sn^Si
(z=0.029 at peak concentration) formed by high-dose
implantation of C and Sn ions, respectively. For Six.
yCy/Si, RBS-channeling, NRA and XRD experiments
have shown the epitaxial crystallization with partially
compensated strained layer properties. PL experiments
have revealed the characteristics of defects in the
grown layers. D3IEC experiments for Si1.zSnz/Si with
higher Sn concentration (z=0.058 at peak
concentration) have revealed an epitaxial growth
whereas the SPEG experiments have shown no
epitaxial growth. Although precise investigation on
defects existing in the IBIEC-grown layers is
necessary, present study on IBIEC for fabrication of
metastable group-IV binary alloy semiconductor
layers has demonstrated the attractive features for
fabrication of these materials at lower temperatures.
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Proton irradiation effects in silicon devices are studied for components fabricated in various substrates in
order to reveal possible hardening effects. The degradation of p-n junction diodes increases in first order
proportionally with the fluence, when submitted to 10 MeV proton irradiations in the range 5x10^ cm~2
to 5x10' 1 cm'2. The damage coefficients for both p- and n-type Czochralski, Float-Zone and epitaxial
wafers are reported. Charge-Coupled Devices fabricated in a 1.2 \im CCD-CMOS technology are shown to
be quite resistant to 59 MeV H+ irradiations, irrespective of the substrate type.
Keywords: proton irradiations, damage coefficients, Si junction diodes, substrate hardening, Charge-
Coupled-Devices.

1. Introduction
High energy proton irradiation damage is of

concern for space-born silicon components and
circuits, as it can limit their functional
lifetime[l],[2]. The major degradation effect is the
creation of bulk displacement damage in the Si
lattice, which causes the generation of deep traps and
hence a reduction of the carrier generation and
recombination lifetime, an increase in the dark
current of a diode and an increase in carrier trapping
effects in Charge-Coupled-Devices (CCDs).
Therefore, in recent years a lot of effort has been
spent in order to increase the proton radiation
tolerance, by hardening either the technology or the
design of the circuit. One route of technology
hardening to pursue is optimising the silicon
substrate and pretreatment. In this paper, the impact
of the substrate type and pretreatment on the damage
coefficients of diodes is reported. Additionally, the
Charge Transfer Inefficiency (CTI) and dark current
response of CCDs, fabricated on a wide variety of Si
substrates to H+ irradiations are investigated.

2. Sample description and H+ irradiations
2. / Junction diodes

Junction diodes have been fabricated in a wide
range of substrates, in a CMOS compatible planar
technology, as previously described[3]-[5]. The
devices are surrounded by a LOCOS lateral
isolation. Both n- and p-type 150 mm diameter
(100) oriented wafers have been processed.
Czochralski (Cz) grown substrates with various
interstitial oxygen content [Oj] in the range of 7 to

11x10^ cm'3 have been utilised and were subjected
to three different pretreatments[5], i.e. either no or a
low-temperature nucleation step (nucl.), or a three-
step internal gettering (IG) sequence. The main
characteristics are summarised in Table 1.

Table 1. Description of the relevant parameters of
the silicon substrates used for the junction diode
processing.
Substrate

p-FZ no
n-FZ no

p-Cz IG

p-Cz no
p-Cz nucl
p-Cz IG

p-Cz no
p-Cz nucl
p-Cz IG

p-Cz no
p-Cz IG

p/p+ epi

n-Cz no
n-FZ no

NdopC-V
(lO^cnT3)

2.1
0.8

31.1

6.8
6.3
6.3

9.9
9.7
10.0

9.1
9.4

8.9

4.9
9.3

[Oj]
(10 1 7cnr 3)

—

medium

8.0
7.4
7.3

9.3
9.2
9.2

11.1
10.8

-

medium

The doping density is derived from high-frequency
capacitance-voltage (C-V) measurements on the
reversely biased diodes. For comparison, also Float-
Zone (FZ) and epitaxial (epi) wafers have been
included in the matrix.

Diodes with different geometry have been
fabricated, i.e. both square-geometry (large
area/perimeter ratio) and meander diodes (large
perimeter/area ratio)[6]. The combination of such
diodes enables to separate the bulk leakage current
density J A which scales with the diode area, from
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the perimeter leakage current density Jp. At the
same time, it enables a simple extraction of the
bulk recombination lifetime x r e c , based on the
forward I-V intercept[7], as follows:

2

Table. 2. Average CTI versus starting material for
the linear CCDs before irradiation.

Ndop
(1)

with q the electronic charge, D the diffusion
coefficient of minority carriers and nj the intrinsic
carrier concentration. Additionally, gated diodes are
used to analyse the surface generation velocity Sg at
a reverse diode bias of 6 V[7].

Reverse current measurements are performed at
20°C and in the range 0 V to 15 V reverse bias,
whereby the current is measured between the
grounded top junction contact and the reversely
biased ohmic back contact. The leakage current
density before and after H+ irradiation is calculated
for a V R = ± 6 V. Low-frequency (LF) noise
measurements in forward operation have been
performed on mounted diodes, as described
previously [4],[8].

Finally, some dedicated bulk recombination
lifetime measurements have been performed at
Vilnius University, using the contactless
MicroWave Absorption (MWA) and the Infrared
Light-Induced Absorption (LIA) techniques[4]-[6].

2.2 Charge-Coupled Devices
Linear, 1024 element CCDs have been processed

in a 1.2 CCD-CMOS flow on a wide range of
substrates, which are described in Table 2. Cz
material with different [Oj] ranging from low-
oxygen (LO, 7 x 1 0 ^ cm'3), over medium oxygen
(MO; 9xlO1 7 cm"3), to high oxygen (HO, 10 1 8

cm'3) have been utilised. Part of the material matrix
consists of so-called C proximity-gettered wafers,
labeled by C, which have received a 10 MeV C ion
implantation to a dose of 1 0 ^ cm'^ in a 5 cm
diameter region. A twin-well approach was
followed, which allows to use both n- and p-type
substrates, with a doping density below l O ^ cm'3.
The gate oxide thickness toX=25 nm and two levels
of metal were implemented. The active CCD
elements are buried n-channel MOS transistors,
which are either fabricated in the n-type substrate or
in the n-well (for p-type starting material). The
depth of the buried channel was simulated to be 0.7
\im, corresponding to a channel doping density of
2xlO16 cm'3 . The channel width of the pixels was
W=10 jim, for the irradiated CCDs.

Before and after the irradiations, both the charge
transfer inefficiency (CTI), the dark current and the
charge capacity have been measured, and this as a
function of temperature, in the range 0°C to 40 °C.
From Table 2, excellent CTIs are derived, before
irradiation and for all starting materials.

Substrate Type
n-Cz

n/n+ epi
n-Cz HO nucl
n-Cz HO IG

p-Cz
p/p+ epi

p-Cz MO nucl
p-Cz MO IG
p-Cz LO C
n-Cz HO C

CTI (10'6)
3.4
5.0
2.5
1.6
3.2
5.2
4.2
4.8
3.8
2.3

2.3 Proton irradiations
H+ irradiations have been performed at different

energies in the range 10 MeV to 100 MeV and, for
fluences typical for space applications, i.e. in the
range 10^ to 5x10* * cm"^, using different
irradiation facilities. The junction diodes were not
biased during the irradiation. Both non-mounted and
TO-header mounded diodes have been irradiated (the
latter for low-frequency noise measurements). The
59 MeV CCD irradiations were performed under
normal operation conditions. Also 20 MeV unbiased
irradiations of CCDs have been performed.
Generally, some time elapsed between the
irradiations and the electrical measurement, allowing
for a partial annealing (recovery) of the bulk
displacement damage.

3. H+ damage effects in Si junction
diodes
3.1 I-V characteristics

In first instance, it is anticipated that the proton
irradiations create primarily displacement damage in
the silicon latticefl]. Therefore, it is expected that
the resulting increase in the reverse current is in first
instance due to excess generation of carriers in the
bulk depletion region. To validate this assumption,
it is necessary to study the leakage current as a
function of the diode area. This is shown in Figsl
to 3, for, respectively, a p-Cz, a p-FZ and an n-FZ
substrate. A scaling with device area is indeed
observed for the highest fluences at 10 MeV in
Fig.l, while it is observed even at a 0=5x10™ cm"^
for the n-FZ case (Fig.3). It is furthermore
concluded from a comparison of the three results,
that there is indeed a substrate effect on the H +

radiation response of Si junction diodes. This will
now be investigated in more detail for the matrix of
Table 1.

The response of the medium oxygen (MO) p-Cz
wafers for 10 MeV proton irradiations is illustrated
in Figs.4 to 7, showing respectively the bulk and
the perimeter leakage current density vs fluence; the
bulk recombination lifetime and, finally, the surface
generation velocity. The following conclusions can
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be drawn. First, the reverse current degrades
significantly with proton fluence, for sufficiently
large values, i.e. > 1 0 ^ cm'^. Below that, no
change at all, or even a reduction of J R and Jp can
be observed in Fig.4 and 5. This behaviour is
typical for the p-type Cz substrates studied, but not
observed for the p-FZ, the epi, or the n-type
substrates. From this it is concluded that this type
of diodes is more radiation hard for low proton
fluences, since it has also been observed for other
H + energies. A similar trend is in fact observed for
the LO and the HO p-Cz substrates of Table 1 as
well [9].

For higher fluences C», the increase in leakage
current density is not exactly proportional with O,
in Fig. 4 and 5, which can be due to an error in the
dosimetry. Therefore, the damage coefficient K A in
this case is calculated as follows[9]:

KA = ( J A 2
2

J A 0 ) - (nA/1010 protons) (2)

whereby the difference between the pre-rad (subscript
0) and the 2 x l 0 1 0 cm"2 fluence is used. The
corresponding damage coefficients are summarised in
Table 3. It should be noted that the K A values
mentioned have been normalised to the same doping
density of 2 x 1 0 ^ cm"^ of the p-FZ substrate. In
this way, account is made for the difference in
depletion width, corresponding with the same VR.

Comparing the different substrate types in Table
3, one can conclude that for the same doping
density, the p-type substrates have a tendency to be
"harder". This is also illustrated by the results of
Fig. 8. The impact of the starting oxygen content
and pretreatment is less clear and rather subtle (order
of magnitude of 10 to 20 %). However, it is clear
that the HO no p-Cz substrate shows the smallest

Table 3. Leakage current damage coefficients at 10
MeV H+, for some of the substrates of Table 1.

Substrate

LO p-Cz no
LO p-Cz nuc
LO p-Cz IG

MO p-Cz no
MOp-Cz nuc
MO p-Cz IG

HO p-Cz no
HO p-Cz IG

p/p+ epi

MO n-Cz no
n-FZ

KA

(nA/1010

protons)

1.0
0.5
0.6

0.8
0.9
0.6

0.2
0.6

0.3

1.9
1.6

KP

(pAcm/1010

_protons2

3.0
1.9
3.3

7.9
2.8
2.5

BD
2.3

2.5

7.9
2.5
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Fig.4. Bulk leakage current density for the 10 MeV H+

irradiated MO p-Cz diodes, as a function of the fluence.
The reverse current at -6 V was used to extract J^.
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degradation. In general, a compromise has to be
made between the pre-rad I-V characteristics, which
degrade with increasing [Oj][4]-[8] and the radiation
tolerance. It is also clear from Table 3 that the
epitaxial and the p-Cz HO-no substrates stand out
clearly and show the best pre- and postrad behaviour.
The difference between the leakage current response
of n- and p-type substrates is most likely related to
the fact that the dominant radiation-induced
generation levels are closer to mid-gap in n-

The bulk recombination lifetime of the MO n+p
junctions reduces with proton fluence (Fig.6),
indicating the creation of radiation-induced bulk
recombination centers[9]. As will be shown below,
the extracted damage coefficient is close to the one
obtained by more sophisticated lifetime techniques.

Finally, the surface generation velocity shows a
slight increase with fluence, for most of the
substrates studied[9], indicating the occurrence of
ionisation damage in the 600 nm LOCOS oxide and
the creation of radiation induced interface traps[12].

WS p-Cz

W17 n-FZ

W7 p-FZ

10 MeV H+
VR=-6 V
A=l mm2

1 2 3 4 5 6

Fluence (xlO 1 0 c n T 2 )

Fig.8. Increase in normalised leakage current density
JR at V R = - 6 V, as a function of the 10 MeV H+ fluence.
The diode area is 1 mm^.
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3.2 Effect on bulk recombination [lifetime
The bulk recombination lifetime shows a

pronounced degradation with fluence, as illustrated
in Fig.9. Within the expected accuracy, both the
MWA technique and the simpe I-V technique
recently proposed[7] yield comparable lifetimes.
Deviations are expected for high and low lifetime
values, where extraction becomes unreliable. One
should also keep in mind that the value extracted
from the diode I-V is representative for the near
surface bulk recombination lifetime, while the
MWA data are valid for the deep bulk (at least 15
fim has been etched of from the sample before
measurement). Another key parameter is the
injection level, which is moderate for the MWA
technique and the substrate doping densities of Table
1. Nevertheless, the damage coefficient KT obtained
from both techniques shows a good agreement
(Table 4).

Table 4. Recombination lifetime damage coefficient
at 10 MeV H + irradadiations for a number of Si
substrate types.
Substrate

MO p-Cz
p-FZ
n-FZ

Kxl-V
(10"6cm2/s))

690
2.4
5.1

K T M W A

(10-6cm2/s)

5.2
5.2

10'
tfl

o

o
u
a

06

10'

I

9 *
• 8 .

®

•

0 MWAn-FZ
• MWAp-FZ
• I-V n-FZ
* I-V p-FZ

K

9
•

-

10 20 30 40 50
Proton Fluence (10 9 cm' 2 )

Fig.9. Bulk recombination lifetime vs 10 MeV H+

fluence for 1 mm2 diodes fabricated on different
substrates. The simple I-V technique (eq. (1)) is
compared with data derived from MWA analysis.

3.3 Impact on low-frequency noise
For analog applications (detectors, sensors and

read-out electronics) the LF noise is an important
parameter. At the same time, it can be used to study
the fundamental transport properties of solid-state
devices and more in particular, the origin of the LF
current fluctuations. As such, it is strongly believed
that there exists a close correlation between the
recombination lifetime and the noise current spectral

density ST[4] , [8] . This is also illustrated by the
results of Fig. 10, which represent the noise
characteristics in forward operation of a p-FZ and a
HO no p-Cz diode at f=l Hz, before (pre) and after a
2x l0 1 0 cm' 2 10 MeV H+ irradiation. Hardly any
changes are observed for the Cz diode while a drastic
increase of the excess 1/f noise is found for the FZ
case. Similarly, no change is observed in the bulk
recombination lifetime for the HO Cz device, while
a reduction from =200 \is to =15 fis has been
measured for the p-FZ diode. In general, however,
the post-rad LF noise behaviour is more complex
than described here. As demonstrated elsewhere, no
scaling with the Non Ionising Energy Loss (NIEL)
factor is observed[I2] for H + or electron irradiated
diodes. Additionally, no good agreement with the
ionising damage (increase in Sg) is found neither.
Clearly more work is needed to understand this
particular behaviour.

10" 10' 103

Drain Current
Fig. 10. LF noise spectral density as a function of
forward current at a frequency f=l Hz and for a p-FZ and
a HO p-Cz 900 u.mx900 urn square diode, before and
after 10 MeV 2xlO10 cm"2 H+ irradiation.

4. H+ damage effects in CCDs

The proton irradiation response of the CCDs is
illustrated by Figs. 11 and 12, showing respectively
the CTI and the dark current as a function of
temperature. Comparing with the data of Table 2, a
slight increase of CTI is observed after the
irradiation. However, the degradation is in first order
insensitive to the substrate type. This is most likely
due to the fact that the buried n-channel is quite
shallow, so that the charge transfer in the CCD will
be mainly dominated by near-surface effects.
However, on the whole, the CCDs fabricated in the
n-type substrates yield better performance (dark
current). From Fig. 11 follows also a weak
dependence of CTI on temperature, suggesting that
there are no important trapping effects. If this was
the case, a serious increase of CTI at lower T would
be observed. Overall, the CTI after a total dose of

- 228 -



JAERI-Conf 97-003

5 x l 0 1 0 cm"2 at 59 MeV H + is still quite good.

n-Cz HO nucl
n-Cz HO C

59 MeV H+

6
0
270 300280 290

Temperature T (K)
Fig. 11. CTI as a function of temperature for two linear
CCDs after 59 MeV H+ irradiations, to a total dose of
10'0 cm"2 (squares) and 5x10^ cm"2 (circles).

Surprisingly, the dark current of the irradiated
devices is quite insensitive to the proton irradiations
(Fig. 12). Both before and after irradiation, the
expected thermal-activation behaviour with an
E A = 0 . 5 2 eV is retrieved.

lfT

^

a IO1

£6

Q

10c

n-Cz HO nucl pre
n-Cz HO C pre
n-Cz HO nucl lelO
n-CzHOC5el0

59 MeV H+

3.1 3.2 3.3 3.4 3.5
1000/T (1/K)

3.6 3.7

and radiation tolerance of the component at stake.
From the studies performed on the linear CCDs
fabricated in a CCD-CMOS technology it is
concluded that substrate hardening is not relevant,
for the present pre-rad performance level.
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Fig. 12. Dark current before and after 59 MeV H+

irradiations for two CCDs, as a function of temperature.

5. Conclusions
Detailed studies of the fundamental proton

irradiation damage studies in Si junction diodes have
demonstrated the impact of the substrate on the
radiation response. Substrate hardening can be
achieved taking into account the doping density and
type, the crystal growth (FZ, Cz, epi) and the heat
pretreatment (gettering steps) in this order of
importance. Generally, a compromise has to be
sought between pre-rad performance (and sensitivity)
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Beam Blanking SEM (Scanning Electron Microscope) testing technique has been applied to CMOS SRAM
devices to evaluate the occurence of soft errors on memory cells.

Cross-section versus beam current and LET curves derived from BBSEM and heavy ion testing technique,
respectively, have been compared. A linear relation between BBSEM current and heavy ion LET has been
found.

The purpose of this study was to demonstrate that the application of focused pulsed electron beam could be
a reliable, convenient and inexpensive tool to investigate the effects of heavy ions and high energy particles on
memory devices for space application.

1. Introduction

Soft errors in memory devices are caused by high
energy particles that striking on sensitive areas
produce a highly ionized track. These charges
accumulated along sensitive nodes of memory cells
induce a change of state of the transistors or the
destruction of the device itself (latch-up) in case of
non rad-hard technologies.

These phenomena, called single event upset
(SEU) and single event latch-up (SEL), are a major
concern for the reliability of CMOS technologies in
space radiation environment. Therefore the necessity
to test CMOS devices against SEU or SEL errors
impose to perform irradiation test as part of the
reliability screening process.

Cyclotron facilities as well as LINAC are
normally used to generate heavy ion beams with LET
(linear energy transfer) from a minimum of about 10
LET [meV/mg/cm2] up to 60 LET [MeV/mg/cm2].
Those facilities are very expensive to use in term of
cost and beam time availability. Therefore an
alternative testing technique has been evaluated
using BBSEM to characterize CMOS SRAM against
SEU.

2. Experimental conditions

In this paper NASDA's 64kbit CMOS SRAM
devices have been exposed to heavy ions and focused
electron beams produced by BBSEM to simulate the
effects of space radiation particles on memory
devices. The test device chosen for these experiments
was the 64kbit CMOS SRAM, qualified by NASDA
for space usage. The test device is a six transistor's
cell, composed by four n-channel and two p-channel
MOSFETs, numbered as reported in Figure 1. The
sample devices have been constructed in epitaxial
layers grown on highly doped substrate. These
devices resulted to be latch-up free from our previous
SEL irradiation tests.

The 40 keV electron beam can penetrate over the
sensitive regions of the memory cells located at a
depth of less than 10 p i from the top surface of the
chip according to [4]. As already demonstrated
[2],[5], the dose distribution near a heavy ion track is
a function of 1/r̂  in analogy with the electron-hole
pair distribution generated by the electron beam.

3. BBSEM test facility description

The facility used in this study is a Scanning
Electron Microscope able to accelerate electrons up
to 40 KeV. The fast Beam Blanking System using the
deflection method is added to the original SEM
model. The electron beam is generated when the
pulsed voltage is supplied to the deflector by the
pulse generator. The pulse generator used in these
experiments is the Type-191 manufactured by
WAVETEK. The pulse width used was 50 ns.
Electron-hole pairs generated by heavy ions inside
sensitive areas are collected in about 10 ps up to
several ns. According to [5], the distribution of
electron-hole pairs generated by the electron beam is
similar to those generated by heavy ions. The radius
of the highly ionized core generated by an electron
beam inside sensitive area of memory cell is larger
than the one generated by heavy ions by less than
1000 A. This may not have essential effects because
the radius grows quickly by diffusion up to 2000 A in
about 100 ps.

Therefore experimental simulation of heavy ion
effects could be achieved by electron beam pulses
generated by a SEM. Electron beam irradiation has
in addition the advantage to easily control the
number of electron-hole pairs simply by setting the
beam current. The standard configuration of the
experiment is schematically shown in Figure 2. The
digital scan unit moves the beam line to a specific
site of the device. The unit is controlled by the LSI
Tester through a GP-IB interface. The LSI Tester
also controls all the experiment system.
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4. Details of the BBSEM Single Event Upset
testing technique

The SEU test sequence is as reported hereafter:
(a) The digital scan unit moves the beam line to a
specific location of the sample device.
(b) The electron beam is generated when the pulsed
voltage is supplied from the pulse generator to the
deflector.
(c) Single Event Upsets are detected.
(d) Once the SEU is detected, it is recorded and the
information is sent to the SEM.
(e) The luminous spot indicating the location of SEU
(SEU image) is shown on the SEM CRT.
(f) The SEU image is superimposed on the general
SEM image, and the location of the SEU is identified
clearly.
(g) The SEU cross sections are calculated from the
SEU image [2].

A functional and parametric test has been
performed at the beginning and at the end of each
irradiation step to detect any total dose effects. The
electron beam has been focused to a spot with a
diameter of less than 1 \im. The total scanned area,
64.5x55.0 |un^, covered four memory cells. The total
irradiated area was covered by 38x38 pixels. The
scanning step for x and y axes, has been chosen equal
to 1.7 (Jim and 1.4 u.m, respectively.

The SEU test has been performed at several
values of beam current in order to investigate
threshold level of beam current and saturated values
of SEU cross section.

5. Experimental results of the BBSEM SEU
testing technique

Soft error maps have been obtained at several
values of beam current. In order to avoid to test
SRAM cells in the most radiation sensitive state, as
reported by [7], the soft error test has been performed,
on each device type, in two irradiation conditions: a)
write "00000000", b) write "11111111". Vcc was
fixed at 5V. The "1" to "0" and "0" to "1" upset
location has been found dependent upon the input
test pattern, according to [7]. In those configurations,
the state of the transistors in the memory cell was as
reported in Table 1.

In Figure 2 are reported the results of the SEU
test conducted on three memory devices irradiated by
BBSEM in the two test conditions as above reported.
In the case of BBSEM test, the calculated cross-
section, proportional to the number of single event
upsets detected, has been found dependent on the
input test pattern (see Figure 3). Cross-section versus
beam current curves, as reported in Figure 3, show
that the "00000000" test patterns results to be the
worst case. A sigma shaped curve, representing the
link between beam current and calculated cross-
section, has been found in analogy with heavy ion
irradiation test. Saturated cross-section and threshold
beam current have been determined as well as for
heavy ion tests. The saturated cross-sections,

calculated in the a) and b) test conditions respectively,
have been found equal to 1.98xlO'7 [cm2/bit] and
2.80xl0"7 [cm2/bit].

Figure 4 and Figure 5 show the SEU bit mapping
in the test condition a), input test pattern "00000000",
and b), input test pattern "11111111", respectively, at
a beam current value of 50 nA. The size of one pixel
is 1.7 x 1.4 um2, and the total area irradiated by
BBSEM test was covered by 1444 pixels. In Figures
4 and 5, the brightest spots correspond to the Single
Event Upsets detected. From Figure 4 we can observe
that the most SEU sensitive areas are the drain
junction of the N-channel MOSFET N3, which
turned its state from OFF to ON.

Figure 5 shows that, in the b) configuration, the
most sensitive region is located in the drain region of
the N-channel MOSFET N4. Those results agree
with [5], [8], [9]. At those levels of Vcc (Vcc = 5 V),
P-channel transistors turned to be not sensitive to
SEU. The sensitive areas correspond to the reversely
biased p-n junction of the drain.

6. Comparison of the results obtained by BBSEM
and heavy ion SEU testing technique

To evaluate the accuracy of the Beam Blanking
SEM test technique, we have compared the results
obtained by BBSEM test with those obtained by
heavy ion test. The heavy ion SEU test has been
conducted at the AVF cyclotron facilities of JAERI
(Japan Atomic Energy Research Institute), Takasaki.
Ion species have been used Argon 175MeV, Krypton
520 MeV and Xenon 450MeV, with a LET in Silicon
equal to 14.2, 34 and 60.6 MeV/mg/cm2,
respectively. The SEU test has been performed on
two 64Kbit SRAM devices in the two input test
pattern conditions ("00OOO000" and "11111111"), at
Vcc equal to 5V. SRAM devices have been irradiated
by a heavy ion beam whose spot area was equal to
4x4 mm2. The beam has been scanned along the
surface of the chip (total area about 30 x 20 mm2)
with a frequency of 50 Hz on the horizontal axis and
0.5 Hz on the vertical axis.

The heavy ion irradiation test results are plotted
in Figure 6. The saturated cross-section is equal to
9.89xlO-7 [cm2/bitj in case of "00000000" test
condition and 1.06x10^ [cm2/bit] in case of
"11111111" input test pattern. The test results have
been fitted by a log curve.

From a comparison between the calculated cross-
section obtained by heavy ion and BBSEM
irradiation tests, we have found out a linear relation
between heavy ion LET and beam current. The
results are plotted in Figure 7.

7. Conclusion

In our study 64kbit CMOS SRAM devices have
been exposed to BBSEM and heavy ion single event
upset irradiation test. Maps of soft error sites in
memory cells have been detected by BBSEM SEU
test.
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A comparison of BBSEM and Heavy Ions irradiation
results has been conducted in this paper . A linear
relation between LET and beam current has been
found. Moreover, BBSEM technique allows to map
SEU sites on memory cell as a function of the cell
address. SEU sites induced by electron beam on
memory cell have been compared with the SEU sites
obtained by the single-ion microprobe test method [6].
In both cases it has been found out that the most
sensitive areas correspond to the n-channel
transistors in the off-state. A strong correlation
between the input test pattern, the upset localization
and the calculated cross-section has been detected
with the BBSEM SEU test method. Effects of total
dose induced by focused electron beam on have been
investigated. The most sensitive parameters have
been measured before and after each BBSEM
irradiation. No shifts of the AC and DC parameters
have exceed the maximum limits as reported by the
manufacturer data sheets.

The linear relation found between BBSEM beam
current and heavy ion LET confirms that BBSEM
SEU test method could be useful for the hardness
assurance testing of critical devices for space
application.
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Figure 1. Layout of a 64kbit SRAM's memory cell.
N-channel MOSFET are located in the upper half of
the memory cell. P-channel MOSFET are located in
the lower half.

Input
test pattern

a)"00000000"

b ) " l l l l l l l l "

PI

ON

OFF

P2

OFF

ON

Nl

ON

ON

N2

ON

ON

N3

OFF

ON

N4

ON

OFF

Table 1. States of the p-channel (PI and P2) and n-
channel (Nl, N2, N3, N4) transistors of the memory
cell in the two irradiation test conditions.
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Figure 2. Standard BBSEM SEU Test Configuration
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DEVELOPMENT OF HEAVY-ION IRRADIATION TECHNIQUE
FOR SINGLE-EVENT IN SEMICONDUCTOR DEVICES

Norio NEMOTO, Takao AKUTSU, Ichiro NAITOH*, Sumio MATSUDA,
Hisayoshi ITOH**, Takashi AGEMATSU**, Tomihiro KAMIYA**,

and Isamu NASHIYAMA**
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Heavy-ion irradiation technique has been developed for the evaluation of single-event effects on
semiconductor devices. For the uniform irradiation of high energy heavy ions to device samples, we have
designed and installed a magnetic beam-scanning system in a JAERI cyclotron beam course. It was found that
scanned area was approximately 4x2 centimeters and that the deviation of ion fluence from the average value
was less than 7%.

I. Introduction
Semiconductor devices, which are essential

parts in artificial satellites and spacecraft, are degraded by
irradiation in space. It is well known that single-event
phenomena such as single-event upset(SEU) and latch-
up(SEL) are induced by the impingement of high energy
heavy ion on semiconductor devices[l]. Recent
electronic devices are designed to be denser integration,
work at higher speed and need lower power. This trend
makes devices more sensitive to SEU andSEL caused
by heavy ion irradiation. For the precise prediction of
the single-event phenomena occur in space, it is
indispensable to acquire the ground data of such
phenomena for semiconductor devices planned for space
application by using an accelerator like cyclotron. In
order to obtain the SEU and SEL data accurately,
uniform ion-fluence irradiation to test samples is
necessary. For this purpose, we have design a beam
scanning system and installed it in a heavy ion beam
course of a JAERI Takasaki cyclotron. By using system,
we have performed SEU testing for several
semiconductor devices.

II. Magnetic Scanning System
For the uniform irradiation of high energy

heavy ions to device samples, we have employed a
magnetic scanning method The development of this
method mainly consists of three processes. First, for the
design of scanning magnets we have performed

computer simulations of ion beam optics in a beam
course HE used for device-testing. Next, we have
designed a magnetic scanning system which can
generate a maximum magnetic field of 270 gauss.
Finally, we have examined the performance of this
scanning system by using cellulose triacetate (CTA)
films under several ion-beam irradiation conditions.

I. Computer simulations
The first order ion-beam optics calculation

was performed by using a code "TRANSPORT" in
JAERI. In this simulation, we assumed90MeV-proton
as an irradiated ion beam. Figure 1 shows the result of
computer simulation under focused and scanned beam
conditions. In figure 1, the upper side of this figure the
center shows a beam optics in the X plane, the Iowa-
side represents Y plane. Solid and dotted lines show
beam extension under a focused beam and a scanned
condition, respectively. In the latter case a beam is
scanned at 2.5 milliradian at a scanning position. From
this calculation, we obtained optimum conditions for
scanning heavy ions with the area of several centimeter
squares, which is large enough to evaluate the SEU and
SEL cross sections for test devices: The X-Y scanning
magnet system with a maximum magnetic field of 270
gauss is required to irradiate 90MeV-proton uniformly
to sample. It was also confirmed that no hit of ions takes
place on the inner wall of the beam course when this
scanning system is installed.
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scanner position magnetic coil positions sample positoin
i

2 4 6 8 10
Distance from scanner position ( m )

Figure 1 Computer simulations of beam optics for
focused and scanned beams. Beam shape is changed by
two magnetic coils.

2. Design
Figure 2 shows a scanning equipment, which

consists X and Y scanning magnets and their control
system. Scanning frequencies of the X and Y magnets
are 50 Hz and 0.5 Hz, respectively. A current waveform
both the magnets exhibits a chopping wave with 20
ampere peak to peak.. This system was installed in a
cyclotron beam course HE in JAERI Takasaki Ion
Accelerators for Advanced Radiation Application
(TIARA).

Figure 2 Scanning magnets in a beam course HE of
JAERI TIARA cyclotron.

3. Performance test
We have examined the performance of this

scanning system by using cellulose triacetate (CTA)
films under several ion-beam irradiation conditions.
Typical results of defocused beam and scanning beam are
shown in figures 3(a) and 3(b), respectively, where
52OMeV-Kr20* ions were used It was confirmed that
uniform fluence irradiation can be performed by using
our scanning system in comparison with the defocused

beam condition. The scanned area was also confirmed to
be approximately 4x2 centimeters. It was also found
that the deviation of ion fluence from the average value
was less than 7% within an areaabout 3x1.5 centimeters
which is large enough to evaluate single-event
phenomena of semiconductor devices.

3333
ADs ( a u )

3 2 1 0 •?

I 5 0 1

10 20 30 40 50
X-axis (mm)

(a) defocused beam

0
o 10 20 30 40

X-axis (mm)
(b) scanned beam

Figure 3 Fluence distribution for defocused and scanned
520MeV-Kr2°*ions. Fluence distributions at several Xand
Y points are shown on the upper and right sides,
respectively

HI. SEU Test Results
We measured SEU cross-section data of

256kbit-SRAMs developed for space usage by
irradiation of scanned 520MeV-Kr2<>t and 175MCV-AT8*
beams. Figure 4 shows the SEU cross sections obtained
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as a function of linear energy transfer (LET ) of the ions
in silicon by using scanned and defocused beams. The
cross-section data using the scanner were similar to
those obtained by defocused beam. This result can be
understood by the assertion that the upset of device
samples are not so sensitive to ion fluence in a LET
region where the SEU cross section is saturated For
obtaining threshold LETs, the scanned beam method is
required in device testing.
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Figure 4 Dependence of SEU cross section on LET for
256kbit SRAMs by using defocused and scanned beams.

IV. Summary
In order to perform the SEU and SEL testing

accurately, we have developed the irradiation technique
of heavy ions accelerated by the JAERI cyclotron to
semiconductor devices, i.e., the irradiation technique
with an uniform ion-fluence rate. For this purpose, we
design and installed an X-Y beam-scanning magnets in a
JAERI cyclotron beam course used for SEU and SEL
testing. As a result, we can use scanned ion-beams in the
area of approximately 3x1.5 centimeters, in which the
deviation of ion fluence from the average value was less
than 7%. By the use of this scanning system, more
accurate data of the single-event phenomena are expected
to be obtained.

Reference
[1] Ichiro NAITO, Takashi TAMURA, Sumio
MATSUDA, Isamu NASHIYAMA, Toshio HIRAO
and Hisayoshi ITOH, JAERI TIARA ANNUAL
REPORT, Vol. 3(1993).8
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PHOTOLUMINESCENCE IN LARGE FLUENCE RADIATION IRRADIATED
SPACE SILICON SOLAR CELLS

Tadashi HISAMATSU, Osamu KAWASAKI, Sumio MATSUDA and Kazuyoshi TSUKAMOTO*

National Space Development Agency of Japan (NASDA),

2-1-1 Sengen, Tsukuba-city, Ibaraki 305, Japan

'Matsushita Technoresearch, Inc.

3-1-1, Yagumo-Nakamachi, Moriguchi, Osaka, 570 Japan

Photoluminescence spectroscopy measurements were carried out for silicon 50um BSFR space

solar cells irradiated with 1MeV electrons with a fluence exceeding 1 X1O16 e/cm2 and 10MeV

protons with a fluence exceeding 1 X1013 p/cm2. The results were compared with the previous

result performed in a relative low fluence region, and the radiation-induced defects which cause

anomalous degradation of the cell performance in such large fluence regions were discussed. As

far as we know, this is the first report which presents the PL measurement results at 4.2K of the

large fluence radiation irradiated silicon solar cells.

1. Introduction

Radiation tolerance is one of the important

property for space solar cells. When a space

solar cell is exposed to radiative particles, a

large amount of lattice damage are formed and

it result in a gradual degradation of cell

performance. Since the power of solar cell

panels dominates the life of artificial satellites,

the radiation damage and degradation properties

of the cells have been investigated and

published by many research workers for many

years.1' However, the most of these

investigations were carried out under the

conditions based on the radiation environment of

the geostationary orbit of a satellite. Namely, in

many cases, 1MeV electrons with a fluence up

to 1 x 1016 e/cm2 and 10MeV proton with a

fluence up to 1 X 1 0 1 3 p/cm2 have been used

conventionaly to evaluate the radiation tolerance

of space solar cells until now and that has been

sufficient.

NASDA launched Engineering Test Satellite

VI (ETS-VI) on August 28.1994 by an H-ll rocket.

However, ETS-VI could not be placed in the

planned geostationary orbit because of a failure

in the liquid-fueled apogee engine.2' As a result

of strenuous endeavours, ETS-VI was placed in

an elliptical orbit instead. Since this orbit passes

through the Van Allen belt, ETS-VI's solar panels

were exposured to unprecedented amounts of

radiation, and the power decreased rapidly. Then

NASDA reconsidered the experimental plans of

ETS-VI. To make the best use of this satellite, it

was necessary to estimate the expected power

of solar panels under the large fluence radiation

conditions.

The solar cells on ETS-VI were 50um thick

Si BSFR (back surface field and reflector) cells

manufactured by SHARP Corporation.3' Using

this type cells, we conducted 1MeV electron

irradiation tests with a fluence up to 1 x 1017

e/cm2 and 10MeV proton irradiation tests with a
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fluence up to 3X1014 p/cm2 in cooperation with

Takasaki Laboratory of the Japan Atomic Energy

Research Institute (JAERI). As a result of these

tests, we found the anomalous degradation of

the cell performance which could not be

predicted with previous data. Fig.1 shows the

relationship between the remaining factors of

cell performance and the incident radiation

fluence obtainted by these tests.41 The

anomalous degradation due to the large fluence

irradiation is characterized by a slight increase of

short circuit current Isc (at fluence of about 7x

1016e/cm2 for electrons, about 7X1013 p/cm2 for

protons) and a sudden drop of maximum power

Pmax (at fluence of about 1 x 1017e/cm2 for

electrons, about 1X1O14 p/cm2 for protons). In

order to clarify this anomalous degradation

mechanism, research has begun in various

aspects.

In this paper, we present the

photoluminescence (PL) spectroscopy

measurement results at 4.2K of the cells

irradiated with 1MeV electrons with a fluence

exceeding 1 x 1016 e/cm2 and 10MeV protons

with a fluence exceeding 1 x 1013 p/cm2. PL

spectroscopy is a useful technique for analyzing

impurities and defects in semiconductor

materials and has recently been used to

characterize the radiation damage in space

silicon solar cells due to relative low-fluence

electron irradiation.6' We compare our results

with this previous report and also discuss the

difference between the effect of the electron

irradiation and the effect of the proton irradiation

on the cells.

2. Background

2.1 Silicon Space Solar Cell

Fig.2 shows the structure of 50um silicon

BSFR cell carried on ETS-VI. A thin n* layer

(about 0.15um) was formed by a phosphorous

diffusion on a p-type CZ silicon single crystal

substrate (boron doped, about 10Qcm, (100)

plane). The thickness of the cell was about 50pm

to reduction in weight. Metallurgical electrodes

were deposited on each side of the cell and an

anti-reflective coating was deposited on the

incident surface (n* surface). When the photons

with an energy equal to or greater than the band-

gap energy enter the cell, electron-hole pairs are

produced in the silicon. Minority carrier electrons

generated in the p substrate diffuse toward-the

pn junction and flow to the n* layer. Similar

phenomena occur for the minority carrier holes

generated in the n+ layer. These photo-

generated currents crossing the junction

constitute the output current. The output current

when both sides are short-circuited is called the

short circuit current Isc; the output voltage in

which both sides are open-circuited is called the

open circuit voltage Voc; and the maximum

output power which can be taken out from the

cell with the ideal load impedance is called the

maximum power Pmax.

Generally, when the radiative particles

bombard the cell, they cause a large amount of

defects which usually act as recombination

centers and reduce the minority carrier lifetimes

and diffusion lengths in the cell. This damage

results in a gradual degradation of the electrical

performance of the cell.

2.2 Characterization of Radiation Damage in

Silicon Solar Cells by PL

PL spectroscopy is a useful tachnique for

qualitative and semi-quantitative analysis of

impurities and defects in semiconductor

materials. Tajima et al. measured the PL spectra

at 4.2K of BSFR cells made from CZ silicon

before and after irradiation of 1MeV electron
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with a fluence varying from 3X1013 to 1X1015

e/cm2.5' The 1.09eV bound exiton line

associated with dopant boron and a 0.79eV line

were observed. The intensity ratio of the 0.79eV

line to the 1.09eV line was examined to

compensate the fluctuation due to the

measurement condition. They have published

that the relationship between this intensity ratio

IR and the electron fluence $ is expressed as IR

oc o 0 6 and this relative intensity of the 0.79eV

line can be used to evaluate the electron-

induced defects of the silicon space solar cells.

3. Experiments

The samples used for PL measurements

were small silicon chips which have the same

structure of the 50um BSFR cell. The

specifications of materials of the samples were

the same to these of the cell. 10MeV protons

and 1MeV electrons were irradiated by the AVF

cyclotron and the cockcraft-walton type

accelerator respectively at Takasaki Laboratory

of JEARI. The fluence rate was about 1X1013

e/cm2-sec for electrons and about 4 x 1010

p/cm2*sec for protons. Measurements were

carried out after annealing ( 6 0 1 , 24H) for

stabilty.

The spectroscope used was a Fourier

Transform Photoluminescence Spectrometer

PL9000 System by Japan Bio-Rad Laboratories

Inc. The reproducible wavelength accuracy was

ensured by using a Helium-Neon reference laser.

The resolution of this measurement was about

0.5meV. For the measurements, samples were

immersed in liquid helium in a cryostat. As the

light source, The 488nm line of an Ar ion laser

with an excitation intensity of about 50mW was

used. A liquid nitrogen cooled Germanium

photodiode detector was used as a detector.

4. Results and Discussion

Fig.3 shows the PL spectra of the electon

irradiated and non-irradiated samples at 4.2K.

Since a sample holder was inclined a bit to

obtain a high S/N ratio in the measurements, we

cannot compare the intensity of a specific line of

each sample. In the non-irradiated sample, the

1.09eV boron bound exiton line was observed as

the main line. In the irradiated samples, the

0.79eV lines were observed furthermore. This

0.79eV line is known as the C-line, and the origin

of the line has been identified as a complex

which consists of an interstitial carbon atom and

an interstitial oxygen atom.6' With the increase

of the electron fluence, the intensity of the

1.09eV line decreased and became scarcely

distinguished at a fluence of exceeding 3X1016

e/cm2. The intensity of the 0.79eV line and the

broad background increased.

To compensate the intensity fluctuation due

to the sample setting, the intensity ratio of the

0.79eV line to the 1.09eV line was examined. As

shown in Fig.4, the intensity ratio IR increased

with the electron fluence 0 and this increase

was expressed as

IR °c 4>.

This result suggests that the following process

reported by Tajima et al. in the relative low

fluence region continues to fluences exceeding 1

X1016 e/cm2. Namely, incident electrons create

vacancies (V) and interstitial silicon atoms (Sii).

The Si| displaces a substitutional carbon atom

(Cs) into an interstitial site (C|):7)

e' + Si - * V + Si,

Si, + Cs =* C|.

The C| is captured by an interstitial oxygen atom

O|, resulting in a formation of a C rO| complex:

C| + 0, - * CrO|.

Generated V and/or C rO| must be concerned

with the lowering of minority carrier lifetime and
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diffusion length, and must cause the degradation

of cell performance. As shown in Fig.4, our

intensity ratio increased more than in Tajima's

result. We think the reason for this phenomenon

is ascribed to the difference of measurement

systems.

Fig.5 shows the PL spectra of the proton

irradiated and non-irradiated samples at 4.2K. In

addition to the 0.79eV and the 1.09eV lines

shown in Fig.3, new lines of 1.018eV were

observed. A similar line of 1.018eV has been

reported as the Inline in the PL spectra of the

ion-implanted silicon and the like. It has been

identified as recombination radiation at a five-

vacancy-cluster defect which was constructed

with five vacancies and silicon atoms adjacent to

them.8' The model of this defect has been

presented by Y.-H.Lee et al..9) Large numbers of

vacancies and interstitial silicon atoms

generated by the proton bombardment

simultaneousy should react with each other and

form these defects.

In Fig.6, the intensity ratio of the 0.79eV

line to the 1.09eV line and that of the 1.018eV

line to the 1.09eV are shown. These ratios

increased with the increase of the proton fluence

up to 3 x 1013 p/cm2, but at 7 x 1013 p/cm2

I1.018/I1.09 increased remarkably and I0.79/I1.09

decreased. This phenomenon can be explained

in terms of the suppression of the recombination

radiation of C rO| by the formation of the five-

vacancy-clusters.

Similar to Fig.3, the broad backgrounds are

shown in Fig.5, but these shapes are unlike

those in Fig.3. These broad backgrounds

suggest the generation of large amounts of mid-

gap states with various energies by radiation

bombardment.

Needless to say, it is difficult to explain the

anomalous degradation of the cell performance

only by the PL spectroscopy measurement

results. We therefore intend to supply the data of

other aspects.

In conclusion, we think that the anomalous

degradation of the cell performance due to the

large fluence irradiation can be seen in a PL

spectrum as an extinction of the 1.09eV line and

an appearance of broad background. These two

phenomena are ascribed to the minority carrier

recombination through the generated large

amounts of traps mainly related to the C rO|

complex. Especially, with regard to -the

difference of the electron irradiation and the

proton irradiation, the effect of the large fluence

proton irradiation is characterized by an

appearance of a 1.018eV line, e.g., a generation

of five-vacancy-cluster defects and they

dominate the minority carrier recombination, we

think.

Acknowledgement

In order to understand the anomalous

degradation phenomena in detail and clarify the

radiation mechanism of silicon space solar cells,

a committee chaired by Dr. H. Okamoto in

Osaka University has been established and

research in various aspects has been begun

since autumn of 1995. The authors would like to

thank this committee: Committee for Study of

Radiation Damage Mechanism of Solar Cell.

1) For example, H.Y.Tada, J.R.Carter.Jr.,

B.E.Anspaugh and R.G.Downing: "Solar Cell

Radiation Handbook," Third Edition, JPL

Publication 82-69, 1982.

2) H.Kitahara, S.Tanaka, Y.Kanamori and

T.ltoh: "Engineering Test Satellite Vl's

Experiment Results," 46th International

Astronautical Congress, Oct.2-6, 1995, Oslo,

Norway.

- 240 -



JAERI-Conf 97-003

3) S.Matsuda, T.Matsutani, T.Saga and

A.Suzuki: "Development of Ultrathin Si Solar

Cells," 17th IEEE Photovoltaic Specialists

Conference, (1984), p123-127.

4) Y.Yamamoto, O.Kawasaki, S.Matsuda and

Y.Morita: "Radiation Effects of Solar Cells for

Space Use," Proceeding of the European

Space Power Conference, Poitiers, France,

4-8 September 1995, esa SP-369, (1995),

P573-578.

5) M.Tajima, M.Warashina, T.Hisamatsu and

A.Suzuki: "Characterization of Radiation

Damage in Silicon Solar Cells by

Photoluminescence Technique," Proceedings

of the 18th International Symposium on

Space Technology and Science, Kagoshima,

1992, p.2595-2599.

6) J.Wagner, K.Thonke and R.Sauer:

"Excitation spectroscopy on the 0.79-eV (C)

line defect in irradiated silicon," Physical

Review B, Vol.29, Num.12, (1984), p.7051-

7053.

7) G.Davis: "The Optical Properties of

Luminescence Centres in Silicon," Physics

Reports, Vol.176, Nos.3 & 4,(1989),p83-188.

8) C.G.Kirkpatrick, J.R.Noonan and

B.G.Streetman: "Recombination

Luminescence from Ion Implanted Silicon,"

Radiation Effects, (1976), Vol.30, p97-106.

9) Young-Hoon Lee and James W.Corbett:

"EPR Studies in Neutron-Irradiated Silicon: A

Negative Charge State of a Nonplanar Five-

Vacancy-Cluster (V5')," Physical Review B,

Vol.8, Num.6, (1973), p2810-2826.

10" 10" 10" 10' 10"
Fluence (/cm2)

Fig.1 Normalized electrical performance versus fluence for Si BSFR Solar cells.4'
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Fig.2 Structure of BSFR Si Space Solar Cell.
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ABSTRACT

In this paper, we propose a method to evaluate the depth profile of trapped charges in an oxide layer on

SiC. Using this method, 6H-SiC MOS structures with different oxide thickness were fabricated on the same

substrate under the same oxidation condition, and the depth profile of oxide-trapped charges before and after
60Co-gamma ray irradiation were obtained. It is found, from the depth profiling, that the trapping mechanism of

electrons and holes in the oxide strongly depends on the bias polarity during irradiation, and these charges are

trapped near 6H-SiC/SiO2 interface. We believe that this method is very useful for estimation of the oxide-trapped

charges in 6H-SiC MOS structures.

1. INTRODUCTION

Technology of silicon (Si) devices is advancing

quite remarkably and modern sophisticated Si LSIs are

widely used in many kinds of electronic components.

Recently, there has been a great demand for the

application of semiconductor devices to electronic

components used in automobiles, airplanes, artificial

satellites, and nuclear reactors. For this application, it

is important to develop new semiconductor devices

working reliably in severe temperature and radiation

environments, in which Si devices are not applicable.

Hexagonal silicon carbide (6H-SiC) is a

promising material for electronic devices used in these

severe environments'" because it has an extremely high

thermal and chemical stability, and excellent electrical

properties""3*, e.g., a wide band-gap of 2.9eVat room

temperature (RT), a high saturation electron drift

velocity, and a fairly large electron mobility, etc. As

insulated layers (SiO2) can be grown on 6H-SiC

substrates by conventional oxidation processes^6', it is

very easy to fabricate 6H-SiC metal-oxide-

semiconductor (MOS) structure. This leads to a great

advantage in device applications.

For the fabrication of 6H-SiC MOS devices

operated in radiation fields, knowledge of generation

mechanism for oxide-trapped charges and 6H-SiC/SiC^

interface traps induced by irradiation are very

important*31. The capaci tance-vol tage (C-V)

measurements are often carried out for getting the

information of those factors.

Generally, assuming that oxide-trapped charges

exist near the interface between semiconductor and

oxide layer, the density has been calculated. In many

cases, this hypothesis is a good approximation.

However, when the trapped charges are broadly

distributed in the oxide layer by hot carrier injection,

ionizing radiation, etc., it may cause the serious errors

because the influence of trapped charges depend on the

location in the oxide. Therefore, it is very important to

evaluate the depth profile of the trapped charges in the

oxide layer.

In this paper, we have applied the slant etching

method71 to an oxidized 6H-SiC substrate for fabrication

of MOS capacitors with different oxide thickness, and

obtained depth profiles of the trapped charges in the

oxide layer before and after "Co- gamma ray irradiation.

2. SLANT ETCHING METHOD

Figure 1 shows the schematic illustration of slant

etching method. When an oxidized 6H-SiC substrate is

dipped into diluted hydrofluoric acid of 10% at a

constant speed, the oxide layer is etched gradually. Since
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Fig. 1 The method of slant etching.

the thickness of remaining oxide layer depends on the

etching time, the oxide layer with graded thickness is

obtained. By attaching small gate electrodes on this

oxide layer, MOS capacitors with different oxide

thickness, as shown in Fig.2, are fabricated. Measuring

C-V characteristics of these 6H-SiC MOS capacitors

formed on the same substrate under the same oxidation

condition, we can obtain the depth profile of oxide-

trapped charges.

0.2mm

1.0mm

Side view Top view

Fig.2 6H-SiC MOS structures with different oxide thickness

on the same substrate
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Fig.3 The thickness of remaining oxide layer for 6H-SiC

MOS structures as a function of the location of the

gate electrode.

Figure 3 shows the remaining oxide thickness as

a function of the location of the gate electrodes. The

initial oxide thickness was about 100 nm. The oxide

thicknesses were calculated from the maximum

capacitance i.e. oxide capacitance (Coi) on the C-V

characteristics. We confirmed that the thickness of the

oxide layer changes gradually with the location of the

gate electrode.

Oxide feta/

etched oxide layer

0 tox tini

Fig.4 One-dimensional model of the charge distribution in

the oxide layer for a MOS structure under mid-gap

condition.

An example of the charge distribution in the oxide

layer for a MOS structure under mid-gap condition is

shown in Fig.4. In this figure, O^ is the surface charge

density of a semiconductor, p (x) the density of oxide-

trapped charges and trt the initial oxide thickness. When

the oxide thickness is tM, the gate voltage corresponding

to mid-gap condition, i.e., the mid-gap voltage (V )

can be described as<7):

V « ) = *« + *" ~ ̂ QB -jLf™ P (*)(*„ -*>&

(1),

where ®m is the potential of the metal-semiconductor

work-function difference, M/
B the surface potential of a

semiconductor under mid-gap condition ande the

dielectric constant of the oxide layer. The second

derivative of V^t^) with regard to toi gives the oxide-

trapped charge density at t as follows :

rf2v.
mg Vox)
dti

(2).

This equation indicates that if trapped charges exist,

Vn%gdoes not decrease linearly with the increase in the

oxide thickness. By measuring Vm at each oxide
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thickness, depth profile of oxide-trapped charges can

be determined.

3. EXPERIMENTS

MOS capacitors used in this study were

fabricated on C-face of production grade, n-type 6H-

SiC substrates with doping concentration of 5.5xlO7cnr
3 ( CREE Research Inc.). Prior to the oxidation, the

samples were treated in trichloroethylene (TCE),

acetone in order to degrease of the substrates. Next,

they were dipped into nitric acid (60%) and diluted

hydrofluoric acid (10%) to remove the natural oxide

layer. After oxide removal, the samples were rinsed in

deionized water, and dried in pure nitrogen gas. The

thermal oxidation was performed in wet (pyrogenically)

at 1100°C for 30 minutes to grow an oxide layer of the

approximately lOOnm. The gas flow-rates of hydrogen

and oxygen were about 1 1/min (ryO2=l). After the

oxidation, the oxide layer on the Si-face was removed

completely to make an ohmic contact on this side, and

the slant etching was carried out to obtain the slanting

oxide layer on the C-face. Aluminum (Al) gate

electrodes of size 0.2x1.0mm were fabricated by

vacuum evaporation and photolithography technique.

To fabricate the ohmic electrodes, the bare Si-face of

the 6H-SiC substrate was metarized by vacuum

evaporation of Al. Thus we got the 6H-SiC MOS

structures with different oxide thickness.

6H-SiC MOS capacitors without carrying out

slant etching were irradiated with '"Co- gamma ray to

total dose of 190 kGy (SiO2) with dose rate at 5kGy

(SiO2) /h under argon ambient at room temperature

(RT). During irradiation, the bias voltages of-10V or

+10V were kept applying to the gate electrodes. After

the irradiation, both of the electrodes were removed by

phosphorus acid (98%), and using the above processes,

6H-SiC MOS capacitors with various oxide thickness

were obtained.

To evaluate the values of V , the high-frequency

C-V characteristics of these capacitors were measured

with a HP 4275A LCR meter (Hewlett Packard) at

1MHz under the dark condition at RT. The gate voltage

was swept from negative side to positive side, i.e., from

deep depletion layer to accumulation layer without any

holding time at the deep depletion layer. The step delay

time was 0.1s.

4.RESULTS

a. before irradiation

Figure 5 shows the C-V curves measured at

different location of the gate electrodes for 6H-SiC

MOS capacitors before irradiation. The closed circles

in this figure mean the capacitance corresponding to

mid-gap condition (C^JCJ) on the C-V characteristics.

The same measurements were also carried out for 6H-

SiC MOS capacitors after the irradiation.

I
-20 -15 -10 -5 0

Gate voltage
5 10

Vg(\)
15 20

Fig.5 C-V characteristics of 6H-SiC MOS structures with

different oxide thickness before irradiation.

u
ex
a

a.a
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I
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no trapped charges
in the oxide s .

N.

20 40 80 100 12060
t ( nm )

Remaining oxide thickness

Fig.6 The mid-gap voltage for 6H-SiC MOS structures as a
function of the remaining oxide thickness before
irradiation.

The mid-gap voltage (V ) versus oxide thickness

for 6H-SiC MOS capacitors obtained by using this

method is shown in Fig.6. The dotted line means the

change in V derived theoretically when no trapped

charges exist in the oxide. The experimental fact that

the slope of the Vm changes near the 6H-SiC/SiO2

interface and at remaining oxide thickness of

approximately 40nm indicates the presence of oxide-
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trapped charges in these regions.

In evaluating the depth profile of oxide-trapped

charges, it is very difficult to calculate p(x) using eq.(2)

on account of the unavoidable error of the experiment

data. Therefore, assuming that these charges in the oxide

layer are expressed by the combination of Gaussian

distributions, we carry out the curve fitting using eq.(l)

to the plots of V in Fig.6, and evaluate the depth profile

of oxide-trapped charges from the fitting curves shown

as the solid lines in this figure.

The plots of Vraa for the oxide thickness of

approximately 110 nm are the measurement data before

the slant etching. The plots are almost located on the

fitting curves. This indicates that there is no influence

of the slant etching on the depth profile of oxide-trapped

charges.

SiOa/A!

Positive charges

Negative charges

80 100

Fig.7

Distance from 6H-SiC/SiO2 interface ( nm )

Depth profile of the trapped charges in the oxide layer

for 6H-SiC MOS structures.

Figure 7 shows the depth profile of the trapped

charges in the oxide layer before irradiation. It is found

that the negative and positive charges locate near the

6H-SiC/SiO2 interface and around 40 nm, respectively.

From the depth profiling, the number of the trapped

charges are estimated to be 4.2x10"cnr2 for near the

6H-SiC/SiO2 interface, and 2.4x10"cnr2 for around 40

nm.

b. after irradiation

Figure 8 shows the mid-gap voltages (K^) versus

the oxide thickness for 6H-SiC MOS capacitors after

irradiation. The values of V before irradiation were

also shown in this figure for a comparison (the closed

triangles). The open and closed circles in the figure

show the values of V after irradiation under -10 V

bias and +10 V bias, respectively.

The slope of Vm after irradiation changes only

at near the 6H-SiC/SiO2 interface. This indicates that

the oxide-trapped charges around 40nm combined with

electrons generated by irradiation. It is found thatV

shift with increasing the oxide thickness strongly

depends on the bias polarity during irradiation. In Fig.8,

there are no change in the slope of V after irradiation,

and the measured data points are not on the broken line.

These results suggest that oxide-trapped charges exist

only near the 6H-SiC/SiO2 interface.

15

40 60
t (nm)
OX

Remaining oxide thickness

Fig.8 The mid-gap voltage for 6H-SiC MOS structures as a

function of the remaining oxide thickness before and

after irradiation.

0.50

before Irrsdlilion

ggle bias -10V

gale blu +10V

Distance from 6H-SiC/SiO> interface ( nm )

Fig.9 Depth profiles of the oxide-trapped charges for 6H-SiC

MOS structures before and after irradiation.

Figure 9 shows the depth profiles pf trapped

charges in the oxide layer before and after irradiation.

The positive charges around 40nm disappeared after

irradiation. The negative charges, which exist near the

6H-SiC/SiO2 interface before irradiation, increased with
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the bias of-10V applied to the gate electrode during

irradiation. But the negative charges decrease with the

bias of+10V. From the depth profiling, the number of

the trapped charges near the 6H-SiC/SiO2 interface are

estimated to be l.OxlO^cnr2 for the negative bias (-

10V), and 1.5xlO"cnr2 for the positive bias (+10V).

5. Discussion

a. Negative charges near the 6H-SiC/SiO2 interface

According to P.A.Ivanov et al.(", the relaxation

time (x) of the carriers trapped interface states as

follows:

fEe/2-AEt
z-1=atvnt«KV^ * kJ.

(3),
where a, is the capture cross section for the interface
traps, v the thermal velocity of the carriers, n the
intrinsic carrier density, Eg the band-gap energy of the
semiconductor, and AEt the energy position of the
interface traps in the band-gap based on the conduction
band. In the 6H-SiC semiconductor, assuming that the
value of ot, v», and n. are 1016cmJ, 107 cm/s and 10'cnv
3 at RT, respectively"', we obtained the estimate that
the relaxation time is 10'5 s at the middle of the band-
gap. This value indicates that the interface traps near
the middle of the band-gap are extremely difficult to
exchange the carriers at RT. However, these interface
traps can exchange the carriers at elevated temperature
owing to decreasing the band-gap and the thermal
excitation of the carriers. We measured the C-V
characteristics at elevated temperature (data not shown),
and confirmed that the C-V curve is stretching out
gradually with the increase in the temperature. This
behaving is caused by increasing the carriers
exchanging between the interface states and the 6H-
SiC substrate.

It is suggested that the part of the negative charges
(shown in Fig.7 ) exist near the 6H-SiC/SiOj interface
as the carriers trapped interface states, with a long
relaxation time, behaving just like the fixed oxide
charges.

b. Difference of depth profile in bias polarity
Electron-hole pairs, which are generated in the

oxide by 60Co-gamma ray, are separated and drift by
the strong electric field in the oxide. Arriving at near

the interface, these carriers cause increasing the

interface traps and oxide-traps^1.

Figure 10 shows the schematic illustration of

energy band applying the bias voltage of -10V to the

gate electrodes during the irradiation. Following the

electric field, electrons and holes generated in the oxide

drift toward near the 6H-SiC/SiO2 interface and the gate

electrode, respectively. Arriving at near the interface,

electrons cause increasing the interface traps and oxide-

traps, and are captured by these traps. As the results,

the negative charges accumulate near 6H-SiC/SiO2

interface.

Al-gate

Vg=-10V

S1O2

— electron

6H-SiC

accumulation of
electrons

/

60

Ec
Ei

•Ev

'Co-gamma rays n o l e

Fig.10 .The schematic illustration of energy band applying

the bias voltage of -10V to the gate electrodes during

the irradiation.

Al-gate SiO2

electron
6H-SiC

accumulation
of holes

hole
^Co-gamma rays

Fig. 11 The schematic illustration of energy band applying
the bias voltage of+10V to the gate electrodes
during the irradiation.

Figure 11 shows the energy band in case of the

bias voltage for +10V. Holes generated by irradiation

arrive at the interface and electrons are transported to

the gate electrode. As these traps may capture the holes

more than the electrons, the negative charges.which
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exist near the 6H-SiC/SiO2 interface before irradiation,

are reduced.

6.Conclusions

For evaluating the depth profile of trapped

charges in the oxide layer, we have applied the slant

etching method to 6H-S1C MOS structures. Using this

method, it is found, from the depth profiling, that the

negative charges and positive charges locate near 6H-

SiC/SiO2 interface and around 40nm before irradiation,

respectively. The number of these charges are estimated

to be 4.2xlO"cnr2 for near the 6H-SiC/SiO2 interface,

and 2.4x10''cm2 for around 40 nm. The part of the

negative charges may be the carriers, with a long

relaxation time, trapped interface states. The depth

profiles of oxide-trapped charges after irradiation

strongly depend on the bias polarity during irradiation.

The positive charges around 40 nm before irradiation

disappeared. Oxide-trapped charges after irradiation

exist only near the 6H-SiC/SiO2 interface. The number

of these charges are estimated to be l.Oxl0Jcnr2 for

the negative bias (-10V), and 1.5xl0"cnr2 for the

positive bias (+10V). We believe that this method is

very useful for estimation of the oxide-trapped charges

for 6H-SiC MOS structures.
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STUDY OF TRANSIENT CURRENT INDUCED BY HEAVY-ION
MICROBEAMS IN Si AND GaAs

Toshio HIRAO, Isamu NASHIYAMA, Tomihiro KAMIYA, and Tamotu SUDA

Takasaki Radiation Chemistry Research Establishment ,
Japan Atomic Energy Research Institute, Takasaki, Gunma, 370-12, Japan

Heavy-ion microbeams were applied to the study of mechanism of single event upset (SEU). Transient current
induced in p+n junction diodes by strike of heavy ion microbeam were measured by using a high-speed
digitizing sampling system.
Keywords: Single-event, collected charge, funneling, microbeam

1. Introduction

Single-event upset (SEU) is triggered when an
amount of electric charges induced by energetic ion
incidence exceeds a value known as a critical charge
in a very short time period. Therefore, accurate
evaluation of electric charges and understanding of
basic mechanisms of SEU are necessary for the
improvement of SEU tolerance of electronic devices.
We have examined to observe directly a ultra-fast
current transient waveform through a sampling
measuring technique with a heavy micro-ion beam
accelerator equipment. Several attempts have been
made for the direct measurements of extremely fast
transient currents induced by single ion strikes on a

p+n junction, and charge collection mechanisms such
as drift, funneling, and diffusion effects have been
studied. 1,2,3,4,5,6)

In the present work, we apply microbeams of 15
MeV-carbon, -silicon, -oxygen and 6 MeV-helium
ions in order to measure picosecond current transients
in a p+n junction diode under various bias conditions.
Total collected charges are evaluated from the current
transients.

We have obtained detailed information about the
charge collection mechanism of SEU.

2. Experimental Method

In order to attain an incident-ion positioning
accuracy better then lum for current transient
measurements, ion microbeams of about 1 \im in
diameter were provided using a high-energy ion
microprobe system connected to the 3 MV tandem
accelerator at JAERI Takasaki 7> 8>).

The experimental setup is schemat shown in
Figure 1.

Transient currents were measured using wide-
band coaxial cables of 50 Q impedance and a 50
GHz wide-band sampling oscilloscope (Textronix
model CSA803) ,a high-bandwidth (40GHz) bias tee,,
coaxial cable, connectors, and a super conducting
delay line. The beam size of the microbeams was
about 1 \im in diameter and beam intensity was
chosen as low as 200-500 ions/sec in order to reduce
the effect of radiation damage 9).

As shown in Figure 2, the test samples used in the
present experiments were low-capacitance silicon p+n

Vacuum Chamber

SEU Diode

, Beam Sizes Ipm

Focusing Lens

Heavy Ion Beam

Presllts

S8Q

Sampling
Oscilloscope
CSA803(40GHz)

Amplifier

Fig.l Schematic diagram of an energetic heavy-ion microbeamline and wide bandwidth digitizing sampling
system used for the measurement of single-event current transient
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junction diodes and GaAs schottky diodes with
junction areas of 50 \t$ and 110 x 5 (im, respectively.

In addition, a silicon 3-Finger structure pn junction
diode specially designed in order to separate prompt
and diffusion components of transient current as
shown in Figure 3. The sample diode was mounted
on a chip carrier with a 50 Q double-ended
microstripline^).

Sample Si-SSD
junccbn Aie 50

Sample GaAs Bluk schottky diode

bonding p»dd(8CW»)
sdiottky junction

n type GIAI substrate

(8 .6xl0 1 5 an' 3 )

AuGe/Ni

Fig.2 Schematics of Si and GaAs p+n junction
diodes for single-event upset experiments

Sample Si-3 Finger junction diode

juaction ite>

Fig.3 Schematic of silicon 3-Fingerpn junction diode
for single-event upset experiment

3. Results and Discussion

The whole current waveform is explained by the
superposition of the prompt (drift and tunneling)
component and the delayed component with a
nanosecond decay time. The drift current is due to
charges collected from the inside of the depletion
layer of the p+n junction diode. The funneling current
is due to charges collected beyond the depletion layer
from the electron-hole plasma column created along
the trajectory of incident ions. The delayed
component is due to diffusion of the excess minority
carriers induced outside around the plasma column.

We introduce a funneling factor defined by Qm/Q],in
order to make clear the effect of the funneling, where
Qm is the total amount of collected charges which can
be obtained from the time integral of the current
waveform by applying a correction factor related to
an attenuation of the signal intensity through the
cable. The ideal amount of charges, QL, collected
from the depletion layer are derived by the following
equation,

QL=qLET-p(Si)L/G=LET-p(Si)1.6xlO-19L/G (C)

where, q is unit charge, LET linear energy transfer in
MeV/(mg/cm2), p(Si) the density of silicon in g/cm3,
Lthe depletion layer thickness, and G is the electron-
hole generation energy for the target material (3.6 eV
for Si and 4.6 eV for GaAs).

Figure 4 shows the typical measured normalized
transients for 15 MeV carbon-, oxygen and 6 MeV-
helium ions on silicon diode at -5 V bias. The
collected charge increases with increasing the linear
energy transfer LET of the incident ion. and the
FWTH of the transient current waveforms increasing
with increasing the linear energy transfer LET of the
incident ion. The curve for oxygen shows
significantly decay compared with the other curves,
which is explained by the fact than the penetration
depth of 15 MeV O-ion in silicon is less than the
depletion layer thickness, and therefore the transient
current consists of only prompt drift component
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Fig.4 Current Transient induced by the incidence of
energetic ion on a pn junction diode at -5 V

which terminates within a relatively short period of
time

Figure 5 shows the comparison of the current
transient waveforms for 15 MeV C- and 3 MeV He
ions, normalized by the peak current. The collection
time in the current transients C ions is observed to be
about 2 times longer than that for He ions. Transient
current is known to be composed of drift, funneling,
and diffusion components. To separate the effect of
drift and funneling, we tried to make a setup of the
two cases concerning depletion width and ion range
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with varying reverse bias of p+n junction for low
substrate concentration sample.
TTie first case (a ) is that the ion range is larger than
the depletion layer width and the second case (b) is
that the range is smaller than the depletion layer
width. In the former case, both drift and funneling
may be observed, while in the latter case only drift
may be observed.

t
d 15 MeV C-lon:Blis -15 V

Colected Time:833pa

4.0 6.0
Time(ns)

iao

Fig.5 Effect of ion range cm transient current induced
by 15 MeV carbon-ion and 3 MeVhelium-ion

Figure 6 shows the experimental comparison of
current waveforms for two cases, normalized by the
peak current. It is clearly seen that collection time for
the case (a) is about two time longer than the case (b).
This indicates that longer collection time is need for
funneling. Because the funneling is the current
collection process occurred in the deeper region than
the original depletion layer region, this experimental
observation is reasonable.
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Fig. 6 Bias dependence of the transient currents

To separate the effect of diffusion, we examined
current waveform measurement as a parameter of the
position of micro-ion beam irradiation from the edge
of the p + diffusion of pn junction. A diffusion current
is considered to become dominant with the increase in
the distance of irradiation position from the junction.
Figure 7 shows the relation between collected charge
and position of incident ion from the junction. This

clearly shows that the peak current component caused
by drift and funneling disappears and broad waveform

200

150

• U..........I.......U....I,
-10 0 10 20

Irradiation points
10 8 10

Fig.7 The relation between collected charge and
position of incident ion from the junction points.

is observed, which may be a diffusion current
component. In the C-ion irradiation, broad current
waveform due to diffusion is observed within about 3
Hm apart from the p+n junction edge for the
irradiation position.

Figure 8 shows the typical measured normalized
current transients for 15 MeV carbon-ions on silicon
and GaAs diode at -10 V bias. The rise time of the
transient current waveforms of GaAs found very short
than transient current waveforms of Si. The rise time,
fall time, the full width at half maximum (FWHM),
and collected time of the transient currents for Si and
GaAs diode shows in Table 1.

3.0

Time (ns)
Fig.8 Comparison between the wave forms of the

single-event transient currents measured
by Si and GaAs

It is clearly seen that the rise time, fall time,
FWHM, collected time, and collected charge for the
Si is about two time longer than the GaAs.
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Table 1. Comparison of Experimental Results
for C-ion in SI and GaAs

Rise Time
Fall Time

FWHM

Collected Time

Collected Charge

4. Summary

SI

215ps
1.02ns

385ps

1.0ns

255.85fC

GaAs

113 ps

450ps

226ps

611 ps

105.30 IC

By applying high energy helium-and heavy-ion
microbeams and a wide bandwidth digitizing
sampling technique, we successfully measured SEU
current transients. We measured prompt decay times
and total collected charges of the transients, and
found that both of them increase with increasing LET.

Fast current transient measuring system is
successfully implemented for observing heavy ion
induced current in semiconductor devices.

Longer collection time is found to be needed for
heavier ion irradiation. The difference in current
transient waveform among drift, funneling and
diffusion is shown experimentally.

We found that irradiation effects on the total
collected charges can be explained by the introduction
of displacement atoms calculated using Coulomb
potential and Kinchin-Pease model. In order to avoid
the radiation damage, a single-ion hit technique
seems necessary for SEU experiments.
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STUDY OF DEFECTS IN RADIATION TOLERANT SEMICONDUCTOR SiC
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Isamu NASHIYAMA, Hajime OKUMURA*. and Sadafumi YOSHIDA*

Japan Atomic Energy Research Institute, 1233 Watanuki, Takasaki, Gunma 370-12, Japan
*Hectrotechnical Laboratory, 1-1-4 Umezono, Tsukuba, Ibaraki 305, Japan

Electron spin resonance (ESR) was used to study defects introduced in n-type 6H-SiC by 3MeV electron
irradiation. Two ESR signals labeled A and B related to radiation induced defects were observed. An ESR signal
B can be explained by a fine interaction with an effective spin S=l. The g and D tensors of the signal B were
found to be axially symmetric along the c-axis. The principal values of the g were obtained to be g//=2.003 and
g±=2.008, and the absolute value of the D was 3.96xlO~2cm"* at 100K for this signal. It was also found that
the value |D | decreased with increasing temperature. Isochronal annealing showed that the A and B centers have
annealing stages of ==200°C and =800°C, respectively. Tentative structural models are discussed for these ESR
centers.
Keywords: ESR, SiC, electron irradiation, defect, annealing

1. Introduction
A wide band-gap semiconductor SiC has received

considerable interest in recent years in connection
with its application to electronic devices used in
strong radiation fields such as in nuclear reactor and
space environments. Knowledge of the structure,
electronic level, and annealing behavior of radiation
induced defects in SiC is necessary for its application
to radiation tolerant devices. This information is also
important to develop fabrication processes of SiC
devices using electron and ion beams, e.g., electron
beam lithography and ion implantation. Although
radiation induced defects in SiC have been investigated
for more than 20 years [1,2], understanding of the
microscopic structure of such defects is still rather
poor. This may be caused by the fact that impurities
were not controlled sufficiently during SiC growth.
Nowadays, high quality 6H-SiC in which dopant
impurities are well controlled has been produced
commercially due to progress in the crystal growth
technique. The fabrication of device structures using
these 6H-SiC crystals are now in progress.[3] Study
of defects produced in recent high quality SiC crystals
by fast particle irradiation is very important not only
for understanding of point defects but also for their
technological application.

We have performed electron spin resonance
(ESR) measurements of n-type 6H-SiC irradiated with
3MeV electrons in order to clarify the structure and
annealing behavior of point defects in SiC. In this
paper, we show several ESR signals arising from
radiation induced defects. On the basis of the angular
dependence of the ESR signals observed, the structural
models are discussed. In addition, we show the
annealing behavior of the ESR centers induced by
electron irradiation.

2. Experimental procedures
The samples, commercial n-type 6H-SiC single

crystals with the carrier densities of 5xlO^/cm^ at
room temperature (RT), were irradiated with 3MeV
electrons at electron fluences up to lxlO^e/cm2. A
fluence rate of electrons was 4.2xl013e/cm2s. The

samples were mounted on a water-cooled holder so
that temperature of the samples was kept below 70°C
during irradiation. ESR measurements were performed
at a temperature range between 4K and RT with an X-
band microwave incident upon a TE011 cylindrical
cavity. Isochronal annealing of irradiated samples was
made for 5 minutes in flowing pure Ar gas up to
1300°C.

3. Results and discussion
Figure 1 shows ESR spectra at 100K for n-type

6H-SiC irradiated with 5xl017e/cm2 when the
magnetic field was applied parallel to the c-axis, i.e,
the [0001] axis. In as grown n-type 6H-SiC, N-related
hyperfine (hf) structures [1,4] were clearly observed.
The intensity of these hf structures decreased by
electron irradiation, which is interpreted by the capture
of N-donor electrons by radiation induced defects. In
the samples irradiated with electrons, two ESR
signals labeled A and B were observed. An ESR

e-irrad. 5x1017e/cm2

T=100K
H // c-axis

(a)

0.25mT

(b) J

F i g . l ESR spectra at 100K for n-type 6H-SiC irradiated
with electrons when the magnetic field was applied
parallel to the c-axis. Radiation induced ESR signals A
and B are represented by arrows in Figs.l(a) and l(b),
respectively.
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F i g . 2 Angular dependence of the signal B at 100K when
the magnetic field was rotated in the (1120) plane.

signal A having a g-value of 2.003, which is shown
in Fig. 1 (a), was observed in a wide temperature range
from 4K to RT. A similar signal was reported in
neutron irradiated 6H-SiC.[l] The g-value and signal
shape of this signal agreed well to those of the Tl
center [5,6] which arises from vacancies at silicon
sublattice sites (Vsi) in 3C-SiC. This fact suggests
that the signal A results from Vsi in 6H-SiC. An
ESR signal B consists of a pair of ESR lines
separated at =85mT in the case of H//[0001], as
shown in Fig.l(b). This signal was observed in a
temperature range from 30K to RT. Since the signal
B was not observed in as grown samples, this signal
is thought to arise from defects induced by electron
irradiation as well as the signal A.

The position of ESR lines of the signal B was
found to depend on the magnetic field applied. Figure
2 shows the angular dependence of this signal when
the magnetic field was rotated in the (1120) plane.
The abscissa indicates the angle between the magnetic
field and the [0001] axis. The angular dependence
observed is well represented by a fine interaction
between two electron spins. The spin Hamiltonian 9C
in this case is described as

5 ^ p S g H + S-D-S , (1)
with an effective spin S=l. The first term represents
the electron Zeeman interaction and the second the
fine interaction. On the basis of the angular
dependence obtained for the signal B, the g tensor was
found to be axially symmetric along the [0001] axis.
The principal values gll and g l were obtained to be
2 003 and 2 008, respectively It was also found from
the angular dependence of the ESR line separation in
the signal B at 100K that the D tensor exhibits an
axial symmetry along the [0001] axis and that the
absolute value of D was S^xlO^cm"1 . These
results suggest that two electron spins interacting
each other are aligned along the [0001] axis in the 6
center Assuming that the fine structure is mainly due

5.04A

F i g . 3 Tentative structural model for the B center. Si and
C vacancies at hexagonal sublattice sites are aligned
along the c-axis.

to the magnetic dipole-dipole interaction, the value
| D | is represented as

iDl^uoCgp^/Sj i r 3 . (2)
The average distance of electron spins r was estimated
to be 4.04 A from the value | D | obtained at 100K.

One possible structure of the B center is a
vacancy-vacancy pair aligned along the c-axis, which
is shown in Fig.3. The distance between two
vacancies, i.e., Vsi and Vc, is estimated from the
lattice constant of 6H-SiC to be 3.15A, which is
close to the distance of two electron spins obtained. A
small difference between the distance of two electron
spins and that of Vsi - VQ is thought to be mainly
due to a Jahn-Teller distortion. Here, the possibility
that the B center includes N impurities can be ruled
out because 14N (natural abundance 99%) hf structure
was not observed in the signal B.

It was found that the position of two ESR lines
of the signal B are dependent on temperature. That is,
the separation width of the two ESR lines became
narrow by elevating temperature. Temperature
dependence of the absolute value |D' | (D'=D/gP) is
shown in Fig.4, indicating that the value |D |

0 50 100 150 200 250 300
TEMPERATURE (K)

F i g . 4 Temperature dependence of the fine interaction
parameter D' (D'=D/gp") for the B center.
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Fig.5 Change in the intensity of the signals A and B by
isochronal annealing.

decreased with increasing temperature, e.g.,
iDMOlxlO^cm"1 at30K and i D l ^ ^ x l O ^ c m 1

at 290K. This phenomena can be accounted for by
change in the average position of atoms forming the
B center due to the increasing amplitude of the
thermal vibration in an asymmetric potential well.
Similar results were reported for radiation induced
ESR centers with S=l in diamond.[7] Further
investigations are needed to identify the structure of
the B center and to clarify the origin of the
temperature dependence of the D tensor.

Figure 5 shows the result of isochronal
annealing of the A and B centers. The intensity of the
signal A decreased by 100°C annealing and this signal
disappeared after 300°C annealing. The intensity of
the signal B was not changed significantly by
annealing up to 600°C, and decreased above this
temperature. After 1000°C annealing, most of the B
center was annealed out. It was found from this result
that the A and B centers have annealing stages of
=200°C and ^800°C, respectively. It was reported that
VSi was annealed at 150°C, 350°C, and 750°C stages
in 3C-SiC.[8] It was also suggested that Vs;
interacted with other defects such as interstitials at
150°C and 350°C stages. The stage obtained for the A
center is very similar to the first annealing stage of
Vsi in 3C-SiC, suggesting that the A center is
annealed mainly due to capture of interstitials by this
center.

4. Conc lus ions
We have performed ESR measurements of

3MeV electron irradiated n-type 6H-SiC to study the
structure and annealing behavior of point defects in
6H-SiC. Two ESR signals labeled A and B were
observed in electron irradiated samples. The signal A
having a g-value of 2.003 is attributable to silicon
vacancies (Vsi) on the analogy of the Tl ESR signal
arising from Vsi in 3C-SiC. The signals B is
interpreted by a fine interaction of two electron spins
with an effective spin S=l. It was found that both the
g and D tensors of the signal B are axially symmetric
along the [0001] axis. The principal values of g for
the B center were obtained to be g//=2.OO3 and
gj. =2.008 from the angular dependence of this signal.
The absolute value of D is also obtained to be

at 100K, indicating that the average
distance between two electron spins is 4.04A. These
results suggest that the signal B is ascribed to a
vacancy-vacancy pair, i.e., a Vgj-Vc pair aligned
along the c-axis. It was also found that the value | D |
decreased with increasing temperature, e.g.,
iD l^ .Olx lO^cm 1 at30K and |D|=3.42xlO-2cm-1

at 290K. This fact is interpreted by thermally induced
change in the average position of atoms in this center.
Isochronal annealing of irradiated samples indicated
that the .A and B centers have annealing stages of
=200°C and =800°C, respectively.
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Recently, we have found the anomalous degradation of electrical performance in silicon solar cells irradiated
with charged particles in a high-fluence region. This anomalous phenomenon has two typical features, which
are sudden-drop-down of electrical performances in a high-fluence region and slight recovery of the short circuit
current Isc just before the sudden-drop-down. These features cannot be understood by a conventional model
coming from the decrease of minority-carriers life-time. We introduce this anomalous degradation of the
electrical performance in Si solar cells irradiated with electrons or protons. We also report the result of
simulation for the faience dependence of the /sc, and discuss the mechanism of this anomalous phenomenon.
Keywords: Si solar cell, electrical performance, charged particles, anomalous degradation

1. Introduction
Crystalline silicon (Si) and gallium arsenide

(GaAs) solar cells have applied to primary power
supplies in the satellite system. In the strong space
radiation environment, their electrical characteristics
are significantly degraded due to directly exposure to
energetic charged particles. In order to determine the
life-time of the satellites, it is very important to
predict degradation of solar cells. Radiation damage
in various solar cells has been extensively studied in
the past thirty years[l-4]. From these studies, we
obtained a result that electrical performance vs.
fluence curve is well reproduced by a semi-empirical
logarithmic equation! 1]. This experimental result is
theoretically understood by considering the decrease
of minority-carrier life-time in their base layer by the
irradiation with charged particles.

But, all the past experimental and theoretical
studies have been made for low and middle fluence
region up to 1013 p/cm2 for protons and 1016 e/cm2 for
electrons. Recently, we have found the anomalous
degradation of electrical performance in Si solar cells
designed for space use in the fluence range around
lxlO14 p/cm2 (ixlO17 e/cm2)[5]. This anomalous
phenomenon has two typical features, i.e., the
sudden-drop-down of electrical performance in this
fluence region and the slight recovery of the Isc just
before the sudden-drop-down. These features cannot
be explained by the conventional radiation effect
model based on the decrease in minority-carrier life-
time due to proton or electron irradiation.

In this paper, we introduce the anomalous
degradation of the electrical performance in silicon
solar cells due to proton or electron irradiation.
Furthermore, we report the result of simulation for the
fluence dependence of the 7SC, and discuss the
mechanism of this anomalous phenomenon.

2. Experimental Procedures
In the present experiments, we used silicon solar

cells which are qualified by National Space

Development Agency of Japan (NASDA). These cells
(size: 2 x 2 cm2) have back surface field and reflector
structure (Si BSFR), and these thicknesses are 50, 100,
and 200 urn. Cover glasses were not applied because
cover glasses were broken by electron irradiation and
electrical performance cannot be measured in the case
of high fluence region (above 3xlO15 e/cm2). Table 1
shows their pre-irradiation electrical characteristics
which were measured at 28 °C under air mass 0
(AM0). Fig. 1 shows schematic diagram of Si BSFR.

Table 1 Electrical performance of Si solar cells designed
for space use

lOQcm
50um
lOQcm
lOOum
lOQcm
200M.m

Voc
(mV)

605

609

607

Isc
(mA)

160

172

170

PMAX
(mW)

76.5

81.0

79.5

TI (%)

14.1

15.0

17.5

normalized
electrical

performance"
0.78

0.70

0.67

All measurements were carried out at 28°C in air
mass 0 (AM0).
* 1 MeV electron with lxl 015 e/cm2

p-substrate

• n-electrode
». surface anti-reflection

coating

• n+-layer

p+-layer

back surface reflector

p-electrode

Fig. 1 Schematic diagram of Si BSFR
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Protons (energies between lMeV and 10 MeV)
were irradiated to the silicon solar cells using AVF
cyclotron and Tandem electrostatic accelerators at
Japan Atomic Energy Research Institute Takasaki
(JAERI Takasaki). In order to obtain high-uniformity
of fluence, proton beams were scanned magnetically
in the region of 10cm x 10cm (AVF cyclotron) or 4cm
x 4cm (Tandem electrostatic accelerators). As a result
of using scanning beam, Error of fluence uniformity
was kept within 3 %.

Electron irradiation (between 0.5 and 3.0 MeV) to
solar cells were carried out by using Cockcraft-
Walton type or Dynamitron Cascade type accelerators
at JAERI Takasaki. By using scanning electron beam,
error of electron fluence uniformity was also kept
within 3 %.

Electrical performance of solar cells was measured
under AM0. In the case of proton irradiation to solar
cells, electrical performance can be measured
simultaneous with proton irradiation in vacuum
chamber because solar cells were illuminated by
pseudo-sunlight during proton irradiation. In the case
of solar cells irradiated with electrons, electrical
performance was measured at 28 °C after electron
irradiation at each fluence.

3. Experimental Results
Fig. 2 shows typical data on normalized electrical

performance of Si BSFR irradiated with 10 MeV-
protons. This cell thickness is 50 urn. Electrical
performance was measured simultaneous with proton
irradiation. The values corrected by using
temperature-factor at 28°C are plotted in Fig. 2. The
closed triangles, open squares and open circles
indicate Jsc, Voc and PMAX, respectively.

From previous experiment 1], it is known that
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Fig.2 Normalized electrical performance vs. radiation
fluence (10 MeV-protons) for Si BSFR 50 |̂ m solar cell
designed for space use.

electrical performance of solar cells shows
logarithmic degradation with increasing fluence.
According to the conventional model, the degradation
of electrical performance occurs due to decreasing the
minority-carrier life-times (%, and TP) by charged
particle irradiation, and the logarithmic manner is
explained by considering following equation; 1/r2 =
\lxo + Kfl>, where T2 and x0

2 are the minority-carrier
life-times after and before irradiations, respectively,
and Kt is the damage coefficient[l]. Below 10 i

proton/cm2, all the three curves in the figure are
represented by a well-known logarithmic manner.
This phenomenon is well explained by the
conventional model.

It should be noted that Voc , / s c and PMAX dropped
suddenly around lxlO14 p/cm2. Especially, as for Isc,
slight recovery showed before the sudden drop in the
fluence range between 3xl013 and lxlO14 p/cm2. This
anomalous phenomenon cannot be explained by the
conventional radiation effect model based on the
degradation in minority- carrier life-time.

In the electron irradiation, similar degradation
behavior was observed. Fig. 3 shows normalized
electrical performance of Si BSFR (cell thickness;
200 um) vs. fluence (1 MeV-electrons). Below 6xlO16

e/cm2, all the three curves are represented in a well-
known logarithmic manner, and above 5xlO16 e/cm2,
Voc , he and PMAX dropped suddenly.
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B
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20
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•
- • - v o c

X pA~*MAX

i L
101 1015 1016 1 0 "

Electron Fluence (e/cm2)

101

Fig.3 Normalized electrical performance vs. radiation
fluence (1 MeV-electrons) for Si BSFR 200 (xm solar cell
designed for space use.

4. Model of the Anomalous Degradation
In order to understand the anomalous degradation

in electrical performance of irradiated Si BSFR, we
solved the minority-carrier continuity equation for
solar cells (p-n junction). In the /'-layer except the
depletion region, due to the absence of electric field,
the minority-carrier continuity equation for electrons
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is described as,

(1)

In the depletion region, it is possible to neglect the
term related with the diffusion current because the
drift current is very large comparing with the
diffusion current, and the minority-carrier continuity
equation for electrons is represented as,

where Sn is a surface recombination velocity.
In the case of holes,

(d) At the boundary between the depletion layer and
the //-layer, hole concentration derived from eq.
(3) is the same as that from eq. (4).

(e) At the boundary between the depletion layer and
the w-layer, hole current derived from eq. (3) is the
same as that from eq. (4).

(f) And at the front surface, recombination of carriers
Sp takes place in the manner.

SP(pn-pno) = Dnp\d(pn-pn0)ldx} (6).

dx
= 0 (2),

where Dnp, \im, E, F and a are a diffusion constant, an
electron mobility, an electric field, a photon
concentration and an absorption coefficient,
respectively. (np - np0) is an electron density supplied
by photons.

As for holes in «-layer except the depletion layer,
the minority-carrier continuity equation is
represented as,

(3)

And the equation in the depletion layer is
represented as,

M-P*)
etc

(4)

where Dpn and \ip are a diffusion constant and a hole
mobility, respectively. (pn - pn0) is hole concentration
supplied by photons.

In order to solve these differential equation,
following boundary conditions were applied.

In the case of electrons,
(a) At the boundary between the depletion layer and

the p-layer, electron concentration derived from
eq. (1) is the same as that from eq. (2).

(b) At the boundary between the depletion layer and
the^-layer, electron current derived from eq. (1)
is the same as that from eq. (2).

(c) At the back surface, the recombination of carriers
Sn takes place in the manner,

Sn(np-np0) = -Dnp[d(np-npO)ldx\ (5),

Isc is determined as the sum of electron current
reaching to the w-layer and hole current reaching to
the p-layer.

Fig. 4 shows the simulation result derived from
the mentioned above. In this simulation, the
minority-carrier life-times were applied as parameters
depending on the fluence, and another parameters
were used as constants. Thus, this simulation is the
same as the conventional model. The values for
parameters used in this calculation are written in the
figure. Relations between life-time and fluence <1> are
represented in the figure. The minority-carrier life-
times before irradiation for electrons xn0 and that for
holes xpo are used at 1.5xlO"5 and 4.0xl0"7,
respectively. These are consistent values for
crystalline silicon solar cells[6]. Kn and Kp are
damage coefficients for electrons and holes,
respectively. The simulation results using various

Dnp=36.Dpn=1.295.

^=1390,^=200,

a=500, F=lxlO19

, Tn=1.5xl0"5
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Fig.4 Simulation results of fluence dependence of
normalized he for Si BSFR 50(xm solar cell designed for
space use. (the conventional model)
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5, Kn=2.5xl0"*,
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Mp-200, K^-

^ = 3 6 , 0 ^ 1 . 2 9 5 ,

a=500, F=1.0xl019
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o 10* 1010 1011 1012 1013 1014 1015

Radiation Fluence <!> (p/cm2)
Fig. 5 Simulation results of fluence dependence of
normalized Isc for Si BSFR 50jim solar cell designed for
space use. ( Our Model)

values for damage coefficients were represented in the
figure. With increasing the damage coefficients, the
decrease in ISc starts in the lower fluence, because in
the case of larger damage coefficient, degradation of
life-time is larger. As for shape of these curves, all
curves decrease gently, and anomalous degradation
does not appear. This result suggests that the
anomalous degradation cannot be explained by the
conventional model.

Fig. 5 shows the simulation result of ISc vs.
radiation fluence. In this simulation, we use both hole
concentration in the /"-substrate and the minority-
carrier mobilities as parameters depending on the
fluence in addition to the minority-carrier life-time.
As for the fluence dependence of the minority-carrier
mobility \iu we use a equation l/\x.i=l/\i.io+Klx^>, where
K^, is a damage coefficients of minority-carrier
mobility, \ii0 is a minority-carrier mobility before
irradiation, and <t> is fluence. u.l0 for electrons and
holes are used at 1390 and 200 Vs/cm2, respectively,
in this calculation. These are consistent values for
crystalline silicon solar cell[61. As for K^ we used
2xlO"17 for electrons and 7xlO"V for holes. As for the
majority-carrier concentration pn, pn=pn<fixp(-Knp<P)
was used as the fluence dependence of the hole
concentration, where pn0 is the majority-carrier
concentration before irradiation, Knp is a carrier
removal rate. Value of Knp for each curve is written in
the figure. Due to comparing with our model, a result
obtained by using the conventional model is
represented as a solid line in the figure.

All curves in the figure show the same fluence

dependence below 1012 p/cm2 because both effects of
the decreases of the hole concentration and the
minority-carrier mobility are very small, and the
effect of the decrease of the life-times is dominant
below 1012 p/cm2. Thus, in this region, the results
obtained by using our model is almost same as the
result obtained by using the conventional model.
But above 1012 p/cm2, all curves obtained by using our
model show different degradation behavior from that
of the conventional model. The sudden-drop-down
and the slight recovery just before the sudden-drop-
down appear. With increasing carrier removal rate,
the slight recovery is larger and appears in the lower
fluence. The Isc recovers about 10% and recovery
appears at lxlO13 p/cm2 in the Kcarner at 1.5x10"' ,
however, / s c recovers very little in the Kcamer at 4x10"
14. As for the sudden-drop-down, with increasing
Keener, the sudden-drop-down appears in the lower
fluence. In the Kcarr,er at 1.5x10" , sudden-drop-down
appears at 4xlO13 p/cm2, and in the Kcarrier at 4.0xl0"14,
it appears at l.lxlO14 p/cm2. In the Kcarner at 6.0x10"
1 4 , the sudden-drop-down appears at lxlO14 p/cm2

and begins about 60% of 7SC This simulation curve
almost agrees with the experimental result, although
that slight recovery behavior is a little different from
the experimental result.

From this simulation, we propose the following
mechanism for degradation behavior in crystalline
silicon solar cell.
(i) In the low-fluence region, the electrical

performance degrades by the decrease of the
minority-carrier life-time due to the generation
of radiation defects. This degradation
mechanism is the same as the conventional
model and the degradation curve is well
reproduced by a semi-empirical logarithmic
equation.

(ii) In the medium-fluence region, due to the carrier
trapping effect induced by the radiation defects,
the majority-carrier concentration in the p-
substrate decreases, and the p-substrate becomes
to intrinsic-like (Fermi level shift). As a result,
the depletion region extends, and Isc shows
slight recovery because of increasing the
charge-collection region.

(iii) In the high-fluence region, the degradation
behavior is strongly influenced by the decrease
of the drift length u£x. This drift length is very
important in the depletion layer, and the carrier
can move without an annihilation for a distance
of the drift length in the depletion layer. When
the drift length becomes shorter than the length
of the depletion layer, the minority-carrier
cannot reach to the other side through the
depletion layer, and Isc decreases. In this fluence
region, the depletion layer extends suddenly,
and,the drift length also decreases suddenly, so
sudden-drop-down of Isc occurs. Fig. 6 shows
simulation result of the fluence dependence of
the drift length for electrons and the length of
the depletion layer. This simulation was carried
out by using the same values in Fig. 5. As for
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Fig.6 Simulation result of the fluence dependence of the
drift length for electrons and the length of the depletion
layer.

Kcorrie, 6.0xl0'14 was used in this simulation.
The depletion layer is about 0.9 ^m below
3xlO12 p/cm2, and extends suddenly above
lxlO13 p/cm2. The drift length is about 350 cm
before irradiation, and decreases with increasing
fluence ( ~1 cm at lxlO13 p/cm2, ~1 mm at
lxlO14 p/cm2). The drift length becomes smaller
than the length of the depletion layer at lxlO14

p/cm2. And lSc also shows the sudden-drop-
down at lxlO14 p/cm2, as shown in Fig. 5.

From capacitance-voltage measurement for silicon
solar cells irradiated with protons, we obtained the
results that the hole concentration in the p-substrate
decreased with increasing fluence, and the depletion
layer extended rapidly above 1013 p/cm2. This
experimental results support our degradation model.
As for the minority-mobility degradation, in the case
of the simulation result obtained by using the
minority-carrier mobility as a constant, / s c began to
decrease suddenly, however, the decrease of ISc
became gently under 30% for 7SC, and Isc did not
show zero above lxlO15 p/cm2. Thus, we consider that
the sudden-drop-down of the electrical performance is
also influenced by the degradation of the minority-
carrier mobility.

5. Summary
We have found the anomalous degradation in

electrical performance of crystalline silicon solar cells
irradiated with electrons or protons. This anomalous
behavior cannot be explained by the conventional
degradation model. We simulated the degradation
behavior of lsc by solving the minority-carrier

continuity equations with appropriate boundary
conditions. In order to understand the anomalous
behavior of the electrical performance in the high
fluence region, we applied two new parameters
having fluence dependence, which are carrier
concentration and minority-carrier mobility, in
addition to the minority-carrier life-time. The slightly
recovery and sudden-drop-down of lsc were
reproduced by using this two parameters. From this
simulation, we propose that the anomalous
degradation originates from the extension of the
depletion layer induced by the carrier removal effect,
and the degradation of the drift length.
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Flexible amorphous silicon(fa-Si) solar cell module, a thin film type, is regarded as a realistic
power generator for solar power satellite. The radiation resistance of fa-Si cells was
investigated by the irradiations of 3,4 and 10 MeV protons. The hydrogen gas teatment of the
irradiated fa-Si cells was also studied. The fa-Si cell shows high radiation resistance for
proton irradiations, compaired with a crystalline silicon solar cell.

Introduction
The plan of a Solar Power Satellite

named SPS 20001) is made as a
conceptual design for a 10 MWatt scale
satellite at ISAS. It aims to demonstrate
the feasibility of a SPS as an energy
system with whether it will resolve the
problems of the global environment
and energy. The shape of SPS 2000 is
considered to be a trigonal prism with
a length of approximately 300m each
side as shown in Fig. 1. The solar cell
arrays are attached to the upper two
planes of the prism, while the power
transmitting antenna is installed at the
bottom plane. The generated power is
converted to the microwave(2.45GHz)
power beam and transmitted to the
ground.

The solar cell array consists of 180
rolls of 3 m x 300 m strips of solar cell
panel, operated at 1000 V. For SPS 2000,
the deployable flexible amorphous
silicon (fa-Si) solar cell, a thin film
type developed for ground use, is
selected as a potential candidate for its
power generator, because of light
weight, and conveniences of
transportation from ground and
assembly on orbit. And, amorphous
Silicon(a-Si) solar cell is extremely
thin so that it has a higher specific
power per unit weight(~kwatt/kg)
than the other types.

A circular orbit of 1100km
equatorial has been selected for SPS

2000, and is relatively low space
radiation which is consisted of
electrons and protons. In the design of
the SPS, the degradation of the power
generator is assumed to be less than
10% during 10 years. Amorphous-Si
solar cells have not used before in
space, owing to their photodegradation,
and low conversion efficiency
compared with those of crystalline
silicon solar cells. However, as a high
conversion efficiency over 10%2) was
achieved in recent development of a-Si
solar cells, the studies of radiation
resistance of a-Si solar cells come to be
reported for the purpose of using in
space^).

In this report , the radiation
resistance of the fa-Si solar cells,
which is very important problem in
the realization of the SPS 2000 plan,
was studied by the irradiations of 3,4
and 10 MeV proton beam and 1 MeV
electron beam.

Experimental
The flexible amorphous silicon (fa-

Si) solar cells(Sanyo Elec. Co., Ltd.) used
in this experiment are size of
113x120x0.25mm3. In the irradiations
of 3 and 4 MeV protons, the fa-Si cells
were cut into a small size of 3Ox3Omm .̂
The typical electrical performance of
the fa-Si cell is following: Isc(short-
circuit current density); 210.15mA,
Voc(open-circuit voltage); 6.93V, Pmax
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(maximum output-power); 811.8mW,
conversion efficiency; 4.5~5%(after
sun light aging). Fig. 2 shows the
structure (cross section) of the fa-Si
cell used in this experiment. The cell
was deposited on polyethylene-
terephthalate(PET) film (0.1mm thick)
by chemical vapor deposition(CVD)
method. A thickness of a-Si layer is as
very thin as about l^m. Crystalline
s i l i con( c-Si) so lar ce l l (s ize :
20x20x0.Imm3, Sharp Co., Ltd.) was used
as references for the fa-Si cell.

The irradiation of protons to the fa-
Si solar cells was carried out by
scanning 0.5~lcm«j> spot beam
(8O~5OOnA) in area of 20x20mm2 for 3
and 4 MeV by tandem accelerator, and
lOOxlOOmm2 for 10 MeV by AVF
cyclotron. The electric output power
(Pmax= (IxV)max) of the fa-Si cells was
measured by an instrument of I-V
measurement system at 25°C or 28°C
after the irradiation of the fa-Si cell
and the c-Si cell samples.

Results and Discussion
Fig. 3 shows energy loss and range

of trajectory by 4 MeV proton, which
are obtained by calculation of TRIM
code, in the fa-Si solar cell. Both the
maximum energy loss and the range of
proton beam are within the rear PET
film, i.e., in this case, the damage of a-
Si cell layer is relatively low in
comparison with the case that the
maximum energy loss is within the cell
layer.

Fig. 4 shows the energy loss of
protons in the a-Si cell layer,
calculated by TRIM code. The energy
losses in the cell layer are 35 eV/nm
for 3 MeV proton, 18 eV/nm for 4 MeV,
and 7 eV/nm for 10 MeV, that is, the
energy loss of 3 MeV proton in the cell
layer is 5 times larger than that of 10
MeV protons.

Fig. 5 shows relative retentions of
Pmax of the fa-Si and the c-Si solar
cells, which were irradiated by 3,4 and
10 MeV protons. The results of 10 MeV
proton irradiation indicate that
radiation resistance of the fa-Si cells is
180 times higher than that of the c-Si
cells. One of the reasons for the higher
radiation resistance could come from

extremely thin structure of the a-Si
cell layer.

In 3 and 10 MeV irradiations, the
relative retensions of Pmax decrease
monotonously with the fluence. The
ratio of retension degradation for 3 and
10 MeV irradiations is consistent with
that of the energy losses in the a-Si
cell layer for the protons with these
energies. On the other hand, although
the numbers of the test cells are
limited, the data of 4 MeV proton are
appreciably different from those of 3
and 10 MeV proton. The relative
retentions of Pmax in 4 MeV
irradiation indicate over 100% in the
fluence range from 2x10^2 to
7xl0l3p/cm2, and increase almost 50%
near the fluence of lO1^ p/cm2. As
seen in Fig. 3, the maximum energy
loss of 4 MeV irradiation on the fa-Si
cell is within the rear PET film. Among
evolved gases from PET irradiated by
gamma rays^), the largest is the
amount of hydrogen gas. Hence,
hydrogen gas is evolved from the rear
PET in the fa-Si cell by the irradiation
of 4 MeV proton. Therefore, it is
considered that hydrogen gas causes
for the retentions of Pmax to become
over 100%.

Fig. 6 shows the recovery of Pmax of
the irradiated fa-Si cells after storing
them under pressure of hydrogen
gas(0.4 MPa) at ambient temperature.
The recoveries of Pmax are 23~36% for
800h in the fa-Si cells irradiated by 1
MeV electron, and treated by hydrogen
immediately after the irradiation. In
the same irradiation and storing
conditions, Pmax of the c-Si cell
samples do not recover at all. The
degradation of the fa-Si solar cell is
caused by formation of Si dangling
bonds that are generated by the
scission of Si-Si and Si-H bonds in a-Si
by the irradiation. As these dangling
bonds react with hydrogen introduced
under the pressure, or generated by
the irradiation of PET, and become S-H,
it is considered that the degradations of
Pmax in the irradiated fa-Si cells
r ecove r r a p i d l y at ambient
temperature.

Fig. 7 shows the equivalent damage
fluence during 1 year for electrons
and protons to SPS 2000 on 1100 km
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equatorial orbit. The effect of protons
is larger than that of electrons in this
altitude range. The equivalent fluence
during 1 year to SPS 2000 is estimated
as 6.4x10^e/cm^ at 1 MeV electron
irradiation, which is calculated for c-Si
solar cell referring to the Solar Cell
Radiation Hand-book by NASA-JPL5).
The relative damage coefficient of 1
MeV electron to 10 MeV proton for a-Si
cell is 1/25, obtained by comparing the
fluence of both irradiations at 75% of

). Hence, the equivalent fluence
at 10 MeV proton is estimated as
2.6x1012p/cm2 during 1 year for SPS
2000. The fa-Si cells tested are degraded
typically by 10% with the fluence of
6x10*3 p/cm2 a t 10 MeV proton from
Fig. 5. This fluence corresponds to the
total fluence for SPS 2000 during 23
years. If the c-Si solar cell is adopted

for the SPS, the fluence(7xlO10 p/cm2)
at 10% degradation of the Pmax in the
c-Si cell corresponds to the total
fluence for the SPS 2000 during under
1 month.

Conclusion
In the high energy proton(3,4 and

10 MeV) irradiations, the fa-Si cell has
a higher radiation resistance than the

c-Si cell. And, the relative retentions of
Pmax of the fa-Si cell in 4 MeV
irradiation become over 100% in the
fluence range from 2x l0 l 2 to
7xlO13p/cm2.

The Pmax of the fa-Si cell recovered
by t rea tment under hydrogen
pressure. Therefore, it is considered in
4 MeV proton irradiation that
hydrogen generated by the irradiation
of the PET film in the fa-Si solar cell
causes the recovery of Pmax.

For SPS 2000, it is concluded that the
fa-Si solar cell is quite promising for
SPS use if the conversion efficiency
and a photodegradation are improved
as is now expected.
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FORMATION OF OXIDE-TRAPPED CHARGES IN 6H-S1C MOS STRUCTURES
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The silicon and the carbon faces of hexagonal silicon carbide (6H-S1C) substrates were oxidized pyrogenically
at 1100°C, and the metal-oxide-semiconductor structures were formed on these faces. The MOS capacitors
developed using the silicon and the carbon faces were irradiated with 60Co gamma-rays under argon
atmosphere at room temperature. The bias voltages with the different polarity were applied to the gate electrode
during irradiation to examine the formation mechanisms of the trapped charges in the oxides of these MOS
capacitors. The amount of the trapped charges in the oxide were obtained from capacitance pulse voltage
characteristics. The generation of the trapped charges are affects with not only the absorbed dose but also the
bias polarity applied to the gate electrodes during irradiation. The formation mechanisms of the trapped
charges in the oxides were estimated in conjunction with the surface orientation of 6H-SiC substrates.
Keywords: MOS, SiC, silicon face, carbon face, gamma-ray, irradiation, C-V characteristics, absorbed dose,

bias polarity, absorbed dose, oxide-trapped charge

1. Introduction
Single crystalline silicon carbide (SiC) is expected

to be an excellent material for making electronic
devices used in severe environments such as strong-
ionizing radiation fields[l] or high temperature
atmosphere. These features are ascribed to its wide
band gap (2.86 eV for 6H-SiC and 2.20 eV for 3C-SiC
at 300 K), large saturation drift velocity (2xlO7 cm/s),
moderate electron mobility (from 500 to 1000
cm2/V*s)[2-4], and high heat conductivity. For the
applications of SiC to electronic devices used in
ionizingradiation fields, it is important to know the
formation mechanisms of interface traps and trapped
charges induced by irradiation in the oxide of metal-
oxide-semiconductor (MOS) structures.

For the gamma-ray irradiation of 3C-SiC MOS
structures, we found that the formation mechanisms
are quite similar to those for Si MOS structures[5].
However, there are little reports regarding the
formation mechanisms of the radiation-induced
trapped charges in the oxide of the 6H-SiC MOS
structures.

In this paper, we show the absorbed dose and bias
polarity dependences on the generation of the trapped
charges in the oxide of 6H-SiC MOS structures. We
compare the generation of the trapped charges in the
oxide on the carbon face with that on the silicon face
before and after irradiation, and discuss the
formation mechanisms of the radiation-induced
trapped charges in the oxide grown on the silicon and
the carbon faces of the 6H-SiC substrates.

2. Experiments
6H-SiC substrates used in this study were made by

cutting from an n-type wafer of 1 in. in diameter
which was supplied commercially by Cree research.
The silicon face of a 6H-S1C substrate was oxidized
pyrogenically for 1 h at 1100 °C to make oxide layers
of 20 run in thicknesses. At the final stage of the
oxidation, the 6H-SiC substrate oxidized were pulled
out from the furnace tube to be cooled down to room
temperature quite rapidly for interrupting the
chemical reactions near the 6H-SiC/SiC>2 interface.
No post oxidation annealing was carried out.
Immediately after the oxidation, aluminum was

E
u

Z 4
+

Z 2

0 0.02 0.04 0.06 0.08 0.1 0.12

Distance from interface ( urn )

Fig. 1 Depth profile of uncompensated donor

density (Ni
+-Ni') in a 6H-SiC substrate

near 6H-SiC/SiO2 interface.
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Fig.2(a) Pulse C-V characteristics of the MOS
structure on the silicon face of a 6H-SiC
substrate irradiated up to 530 kGy(SiC>2)
under the positive electric field of +1x106

Vlcm.

deposited on the oxide to form gate electrodes of 10
run in thickness. In order to make an ohmic contact,
the oxide layers grown on the backside of the 6H-SiC
substrate were removed, and aluminum was
evaporated on the bared surface of the 6H-SiC
substrate. The same preparation processes were also
carried out for the carbon face of the 6H-SiC
substrate, and the MOS structures on the carbon face
were obtained.

The 6H-SiC MOS capacitors developed using the
silicon and the carbon faces were irradiated with
60Co gamma-rays in argon atmosphere at room
temperature. The irradiation dose rate was 8.8
kGy(SiO2)/h. The bias voltages were applied to the
gate electrode during irradiation.

Capacitance-Pulse voltage (Pulse C-V)
characteristics were measured at a frequency of 1
MHz under dark condition at room temperature. The
net number of radiation-induced trapped charges in
the oxide per unit area (AN,*) was estimated from the
shift along the gate voltage axes of the pulse C-V
characteristics before and after irradiation. The depth

profiles of uncompensated donor density {MA
+-M,) in

the 6H-SiC substrate near the 6H-SiC/SiO2 interface
unirradiated were also examined from the C2-V plot
obtained by the pulse C-V characteristics. Figure 1

shows the depth profile of Nd
+-N, of a 6H-SiC

substrate. The uncompensated donor density was in
the range from 5xlO17 to 6.\1017 cm'3.

3. Results
Figure 2(a) shows pulse C-V characteristics of the

MOS structure on the silicon face of a 6H-SiC
substrate irradiated up to 530 kGy(SiO2) under the

300-

u.
Q. 200-

o

100

Ideal C-

26-260kGy(SiO2)

-1x106 V/cm

0 10

vg ( V)
Fig.2(b) Pulse C-V characteristics of the MOS

structure on the silicon face of a 6H-SiC
substrate irradiated up to 260 kGy(SiO2)
under the negative electric field of -1x10*
V/cm.

positive electric field of +1x106 Won. The broken
line in the figure is the ideal C-V curve calculated
assuming the uniform concentration of
uncompensated donors of 6xl017 cm'3. The notations
in the figure, Cft, and Cmg, indicate the capacitance
values corresponding to flatband and midgap
conditions, respectively. The C-V curve shifts to the
negative voltage side by irradiation, though the
significant change in slope, i.e., the stretch out
between Cft, and Cmg, was not observed.

Figure 2(b) shows pulse C-V characteristics of the
MOS structure on the silicon face irradiated up to 260
kGy(SiO2) under the negative electric field of -lxlO6

Vlcm. The notations in the figure is the same as those
in Fig.2(a). It is found that the shift along the gate
voltage axis as well as the stretch out is not observed.

Figure 3(a) shows pulse C-V characteristics of the
MOS structure on the carbon face of a 6H-SiC
substrate irradiated up to 452 kGy(SiO2) under the
positive electric field of+5xl05K/cm. The notations in
the figure is the same as those in Fig.2(a). The C-V
curve shifts to more positive gate voltage side by
irradiation. No significant stretch out is observed
except for the C-V curve irradiated up to 452
kGy(SiO2).

Figure 3(b) shows pulse C-V characteristics of the
MOS structure on the carbon face irradiated under the
negative electric field of-5xlO5 Vlcm. Though the C-
V curve shifts to more positive gate voltage side by
irradiation, the shift of the C-V curve for the MOS
structure irradiated under the negative electric field is
smaller than that under the positive electric field in
Fig.3(a).
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Fig.3(b) Pulse C-V characteristics of a MOS
structure on the carbon face of a 6H-SiC
substrate irradiated under the negative
electric field of -5xlO5 F/cm

4. Discussion
It is reported that the lateral non-uniformity of the

trapped charges in the oxide (LNU) may exist in
the oxide of 6H-SiC MOS structures unirradiated{6].
However, we ignore the effects of LNU on the
change of pulse C-V characteristics due to irradition
in this study, because no significant stretch out is
observed for the pulse C-V characteristics of the MOS
structures irradiated, and the shape of the C-V curves
in Fig.2 and 3 is identical to that of the ideal C-V

curve which, is calculated using Nd
+-Na obtained in

the previous section.
The value of AiVot is calculated from the following

equation as

qA
( i )

where the subscript "post" and "pre" denote after and
before irradiation, the value of {V -Vm ) is the
midgap voltage shift due to irradiation, q, A, and Cox

are unit electronic charge, gate electrode area, and
oxide capacitance of a MOS capacitor, respectively.

4.1 Trapped charges in the oxide on the silicon face
Figure 4 shows AM* as a function of the absorbed

dose for the oxide grown on the silicon face of a 6H-
SiC substrate. The value of AA^ increases
significantly above 10 kGyCSiOj) for the irradiation
under the positive electric field of +lxlO6 V/cm,
however, it is almost suppressed under the negative
electric field of -lxl06 K/cm. The absorbed dose and

the bias polarity dependences for the MOS structures
on the silicon face is quite similar to those for Si MOS
structures and 3C-SiC MOS structures[5]. These
suggest that the radiation-induced positive charges (
holes and/or H* ions, probably) in the oxide migrate to
the 6H-SiC/SiO2 interface by the positive electric field
and interact to the precursors of the trapped charges
in the oxide grown on the silicon face of the 6H-SiC
substrate, as in the case of Si MOS structures.

5.0

4°
3.0

2.0
1.0

o-o

-1.0

Absorbed dose D ( kGy(SiO2))

Fig.4 Absorbed dose dependence on the generation of
radiation-induced trapped charges in oxide
( AAW of a 6H-SiC MOS structure developed
using the silicon face.
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Fig.5 Absorbed dose dependence on the generation of
radiation-induced trapped charges in oxide
( ANot) of a 6H-SiC MOS structure developed
using the carbon face.

Further investigations are needed to examine the
generation mechanisms and the origin of negative and
positive charges in the oxide induced by irradiation.

5. Summary
We examine the orientation dependence on the

generation of radiation-induced trapped charges in the
oxide grown on the 6H-SiC substrate by use of
capacitance-pulsed voltage characteristics. The value
of ANM in the oxide of 6H-SiC MOS structures on the
silicon face increases significantly above 10
kGy(SiO2) for the irradiation under the positive
electric field, however, it is almost suppressed under
the negative electric field. The absorbed dose and bias
polarity dependencies for the oxide grown on the
silicon face are quite similar to those for Si MOS
structures and 3C-SiC MOS structures. The value of
ANo, in the oxide of 6H-SiC MOS structures on the
carbon face, however, decreases significantly above
10 kGy(SiO2) for the positive and negative electric
fields. The absorbed dose and bias polarity
dependencies on the caron face are quite different
from those for the MOS structures on the silicon face.

4.2 Trapped charges in the oxide on the carbon face
Figure 5 shows AN0, as a function of the absorbed

dose for the oxide grown on the carbon face of a 6H-
SiC substrate. The value of AA ,̂ decreases above 10
kGy(SiO2) for the irradiation under the positive and
the negative electric fields. These indicate that the
fairly large amount of the negative charges
accumulates in the oxide near the 6H-SiC/SiO2

interface, and suggest that the negative as well as
positive charges (electrons, holes, and H+ ions
probably) induced by gamma-rays in the oxide are
related to the generation of the negative trapped
charges in the oxide on the carbon face of a 6H-SiC
substrate. The absorbed dose and the bias polarity
dependencies for the MOS structures on the carbon
face are quite different from those on the silicon face.

The generation mechanisms of the negative trapped
charges are not known at present. It is reported,
however, the 6H-SiC/SiO2 interface fabricated on the
silicon face has significant radiation tolerance to
gamma-ray irradiation as compared with that on the
carbon face [7], On account of the report and our
experimental results, the amount of negative charges
in the oxide near the interface induced by irradiation
might depend strongly on the surface orientation of the
6H-SSC substrates.
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Distribution of Products in Polymer Materials
Induced by Ion-Beam irradiation
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The depth profile of double bond formed in low density polyethylene (LDPE) sheet by ion beams irradiation was
observed by a micro FT-IR spectrometer in order to investigate the linear energy transfer (LET) dependency on
radiation effects to polymer materials. The distribution of double bond formation in LDPE by irradiation of light
ions as H+ was found to be same with the dose distribution calculated from TRIM code, and the yield was also same
with that by gamma-rays irradiation, which means that the LET dependency is very small. However, the
distribution of double bond to depth was much different from the calculated depth-dose in heavy ions irradiation as
Ar and Kr. Then, the dose evaluation was difficult from the TRIM code calculation for heavy ions.
Keywords: ion beam, irradiation effect, polyethylene, LET, micro-FT-IR

1. Introduction
On ion irradiation effects of polymer materials, the

linear energy transfer (LET) dependency has been a
matter of vital concern. In general consideration, high
LET radiation as ion deposits the energy with high
density in polymer matrix along the ion path, then the
chemical reactions will be different from that of low
LET radiation such as gamma-rays or electron beams.
A lot of research works for supporting above model
were reported as well known.1'2'

Recently, the overall changes as a change of
mechanical properties by ion beam irradiation for
several polymer materials showed little difference
between light ions and gamma-rays or electron
beams(Sasuga et al.3), Kudoh et al.4) ). For the
understanding in detail, it is necessary to study the
micro range analysis of polymer materials by
irradiation with the various types of ions.

The micro FT-IR technique was applied to the
analysis of product in polyethylene produced by ion
beam irradiation of different ions from light and heavy
ions.

Table 1. Characterization of the ions.

2. Experimental
Polymer material was low density polyethylene

(LDPE), which was molded to sheet with 2mm
thickness. For ion beam irradiation, the sheet was cut
into a size of 20mm x 20mm.

The ion beams generated by a AVF cyclotron
machine (TIARA) installed in JAERI Takasaki were
exposed to LDPE sheet to perpendicular of sheet
surface under high vacuum. The ion beam was scanned
in a size of 100mm x 100mm on the sample surface
with a scan speed 50 cycle in horizontal and 0.5 cycle
in perpendicular. The angle of scanning beam was 0.7
degree at maximum, so the beams are assumed to be
almost parallel injection in the sample. The ion beam
current was checked by faraday cup before and after
ion exposure, and the accumulation of exposed ions
was monitored by an ion current integrator during
irradiation. As a reference of ion irradiation, ^'Co
gamma-rays irradiation was carried out under vacuum
at three different temperatures. The characterization of
irradiated ions was listed in table 1.

Ion

H+

He2t

C5*
o6*
Ne8

Ne7

Ne6

Ar13+

A r m

Ar8+

Kr20*

Y-ray

mass

1
4

12
16
20
20
20
40
40
40
84

Energy
MeV
10
20

220
160
350
260
120
460
330
175
520
1.1, 1.3

Beam Current
uA
0.2
0.1
0.1

0.05
0.03
0.05
0.05
0.02
0.05
0.05
0.02

il.iGy/s*3

S.P. /surface •'
keV/ urn

4.6
32

101
286
288
361
632

1167
1429
2016
4763

0.15

Depth
um

1190
342

1230
334
715
433
126
264
163
70
98

S.P. / max. *2

keV/ urn

103
283
975

1301
1659
1659
1659
3308
3308
3308
6256

* S.P./surface : Stopping power at ion incidence.
*2 S.P./max.: Stopping power at Bragg peak.
•3 Dose rate in Co-60 Y"ray irradiation.
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FT-IR measurement was carried out at room
temperature in air after irradiation as shown in Fig.l.
The slit of IR photon path is 10-30 jim, and the
spectrum is observed by a stepwise translation of each
specimen with 10-30 \im to ion beam depth direction.

Polyethylene

IR beim

Sample

scan

2 m m

Fig.l. Ion beam irradiation to LDPE and FT-IR
measurement.

3. Results and discussion
Figure 2 shows the micro FT-IR spectra observed

in depth direction for LDPE after irradiation of H+

(lOMeV). The absorption at wave number 964 cm1 is
assigned to trans-vinylene double bond of
polyethylene. The intensity increases with the depth
from surface and shows the maximum at around 1200
\im. This is the depth profile of the double bond
produced in LDPE along the H+ injection.

Wgvenumber (cnr1)

Fig.2. Micro FT-IR absorption map in depth of
LDPE sheet irradiated by H+ (lOMeV).

The absorption increases with the ion
accumulated current, that is the absorbed dose, but the
intensity tends to saturate with increase of dose. So,
the relations between the absorption and the dose
were measured for same LDPE specimens irradiated
by MCo gamma-rays under vacuum at room
temperature (40°C), 70°C, and 100°C. The results
are shown in Fig.3. Until 500kGy the absorption
increases with dose and the intensity is the higher at

the higher irradiation temperature. Beyond around
500kGy, the absorption saturates with dose and the
irradiation temperature dependency become small.
The curves of absorption-dose relations show the non-
linearity, which may be caused from the non-linearity
in absorption-double bond concentration or in the
double bond yield-dose relations. Although, at present,
it is not clear what is the main reason, the relations
between absorption and dose in Fig.3 is reproducible
and reliable data.

0.2

0.15 -

0.1 -

1
0.05 -

-

• • • • 1 •

fi RT
D 70°C
V 1()O"C

> i i 1 i .

500 1000 1500

Dose (kGy)

-1

2000 2500

Fig.3. FT-IR Absorption (964cm , Double bond) of
LDPE irradiated by gamma-rays under vacuum at
room temperature (~40°C), 70°C, and 100°C.

_ 0-8

8

O 0.31MGy
A 0.51
• 0.82

—-Calculated hy TRIM

2 a

500 1000
Depth (Mm)

1500

Fig.4. Depth-IR absorption and calculated depth-
dose profiles for LDPE irradiated by H* (lOMeV).

Figure 4 shows the depth profile of double bond
absorption and depth-dose profile for LDPE
irradiated by H+ up to three different doses (0.31,
0.51, and 0.82 MGy). The IR absorption intensity at
higher value was corrected by the data of gamma-rays
irradiation at room temperature in Fig.3. The doses
are calculated from product of ion current and the ion
stopping power determined by TRIM code 5> and the
doses are adjusted to the dose at the surface part of
LDPE specimen, that is, the dose at ion injection part.
The absorption is well accordant with the dose
through depth except the surface part and a small area
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at Bragg peak. As the IR photon path has a size of 30
jim in IR measurement, the absorption at the surface
and Bragg peak area shows the deviations from the
calculation as shown in Fig.5.

200

£160

1100

.s
6-

50

IR beam profile
1: 30|i width rectangle
b : 30|i half-width of gaussian

original
(TR1M95)

- 1000

- 800

- 600(5-

- 400 '

- 200

1300

Fig.5. Calculated depth-dose profile and IR
absorption profile for LDPE irradiated by H+

(lOMeV).

These results mean that there is no difference
between gamma-rays and H+ ion beams in the double
bond formation though the LET (stopping power) is
different by 30 - several 100 times. It was reported
that the changes in mechanical properties of various
polymer materials by proton irradiation were nearly
same with those by gamma-rays and electron beams.
Then, the LET effects on polymer materials by proton
irradiation are very small by comparing with low LET
irradiation as gamma-rays or electron beams. In a
case of He24 ion irradiation, the relationship between
the absorption of double bond and the dose calculated
by TRIM code was almost same with those of proton
irradiation in Fig.4.

0.3

I
8 0.2

i

1 r- '

° Ne** 120MeV
* Ne 260
o Ne 350

Calculated by TRIM

/ /A
a

- 0.5

200 400

Depth (urn)

600 BOO

Fig.6. Depth profiles of IR absorption by double
bond and of dose from calculated by TRIM code for
LDPE by Ne ions irradiation.

For Ne6+, Ne7\ and Ne8+ ions irradiation to
LDPE, the depth profile of the absorption of double
bond is shown in Fig.6 with the calculated dose. The

absorption is same with the calculated dose at the
surface of specimen, but deviates from the dose at the
deep depth and the peak position is also different. In
a case of Ar ions (Ar8+, Arll+, Ar13+) irradiation as
shown in Fig.7, the absorption deviates much from
the dose calculated in the intensity at surface and in
the profiles. A considerable absorption is observed in
the deeper depth beyond the calculated one, which
means the penetration into LDPE is large than the
TRIM code calculation.

400

Fig.7. Depth profiles of IR absorption by double
bond and of dose from calculated by TRIM code for
LDPE by Ar ions irradiation.

0.15

O 1.70MGy
° 2.14

Calculated hy TRIM

o

200

Fig.8. Depth profiles of IR absorption by double
bond and of dose from calculated by TRIM code for
LDPE by Kr20* ions (520MeV) irradiation.

For Kr20+ ion irradiation, the profile is shown in
Fig.8. The deviation between the absorption and
calculation is very large, and the observed ion depth
is about two times of the calculation. Namely, the
profiles of the absorption in LDPE irradiated by
heavy ions is much different from the dose of TRIM
code calculation. Especially, the fact that the
absorption is observed in the depth beyond the
calculated penetration depth indicates that TRIM
code calculation could not be applied for the
estimation of absorbed dose.
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The absorption of double bond formed in LDPE
by irradiation of various ions was plotted against
absorbed dose in Fig.9. The absorbed dose for all ions
irradiation was the surface dose calculated from
TRIM code. The relations between the absorption and
dose are well coincident for any ions when the
absorption was equivalent with calculated dose at the
surface even if LET is different. Of course, the
absorption deviated from the calculated dose shows
the other relations in the case of Ar and Kr ions.

0.15

I"|
I 0.05

O IOMCV-H"
A MMeVlfc"
O 220MCV-C3*
V IMMeV-O*"
a IMMeV-Ne"
* 260McV-Nc"
O 350MCV-NC1'
II HSMeV-Ar"1

4 SMMcV-Ar"*
T «0McV-Ar" -

» i20McV-Kr'°'

500 1000
U)SC (kGy)

1500 2000

Fig.9. IR absorption vs. accumulated dose for
LDPE irradiated by various ions.
Dose : calculated from TRIM code

4. Conclusion
The LET effects in the formation of double bond

in LDPE were not observed among the ions from
proton to Ne ions. For Ar and Kr ions, the depth
profile was much different between the observed
absorption and calculated dose by TRIM code, so the
absorbed dose could not determined. The LET of
heavy ions as Ne is larger by several thousands than
that of gamma-rays, but the chemical reactions
induced by the high LET radiation are nearly same
yield with very low LET radiation. The ion energy
would be distributed to a wide range in polymer
matrix, so the chemical reactions do not so localized
in small area along the ion path.
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HIGH ENERGY ION IRRADIATION EFFECTS ON POLYMER MATERIALS
- LET dependence of G value of scission of polymethylmethacrylate (PMM A)

H. Kudoh, T. Sasuga and T. Seguchi

Japan Atomic Energy Research Institute,
Takasaki Radiation Chemistry Research Establishment,

Takasaki, Gunma 370-12 Japan

Linear energy transfer (LET) dependence on the probability of main chain scission of polymethylmethacrylate
(PMMA) was investigated. The probability was obtained from decreases in molecular weight measured by the
gel permeation chromatography (GPC), and LET was evaluated by TRIM code. The scission probability as a
function of LET was almost constant in the low LET, and decreased in the high LET ion irradiation. The
mechanism was interpreted from the model of spur-overlapping along an ion's path.

INTRODUCTION

Irradiation effects on polymeric materials have
been assumed to depend on linear energy transfer
(LET) of radiation, the energy deposited to materials
along ion's path. The LET effect in radiation
chemistry of polymers has been an important subject
for a long time and is not completely elucidated. In
this report, the probability of main chain scission of
polymethylmethacrylate (PMMA) was investigated by
ion irradiation with different LET. PMMA is well
known to undergo main chain scission upon gamma
or electron radiation under vacuum (for example,
Dole 1973). The G value of main chain scission
(G(s)) was reported to decrease continuously with
increasing LET (Schnabel and Klaumunzer 1991,
Yates and Shinozaki 1993). The flexural tests on
PMMA plates showed an identical deterioration
behavior as a function of dose among irradiations of
gamma-rays, 45-MeV protons and 30MeV-protons
(Kudoh et a]., 1994). The object of this report is to
examine the behavior of G(s) as a function of LET.

On the other hand, it was reported that under high
LET radiation, crosslinking of polymers were
enhanced (for example, Aoki et al. 1988, Lee et al.
1993). Sasuga et al. (1989) found that bis-phenol A
polysulphone, which undergoes scission by electron,
can make gel by proton irradiation. This means that a
scission-type polymer by gamma-rays or electron
beams crosslinks under high LET irradiation.
However, it was found that the crosslinking of the
polysulphone exceeds the chain scission above the
glass transition temperature (Tg) by gamma-rays
irradiation (Garrett et al. 1991). Though the
interpretation on these observations is still
controversial, the ratio of crosslinking to scission may
change by LET. These changes in chemical reactions
may bring a new possibility of ion application for
polymers.

EXPERIMENTAL

Commercial PMMA plates (3 mm thick) and thin
films of PMMA (aproximate 0.01 mm) were
irradiated. The film was prepared from the plates by
dissolving into chloroform. The plates and films were
placed on graphite holder in an irradiation chamber
(Sasuga et al. 1996) attached to the cyclotron of
JAERI Taksaki, and irradiated by ions under vacuum
with beam scanning in a awide area(100 mm x
100mm). Ions used were summarized in Table 1. The
stopping powers of PMMA for protons were
calculated based on Bethe's formula (Bethe and
Ashkin, 1953) and the table by Seltzer and Berger
(1982). For C and O ions, the stopping powers and
ranges were calculated by TRIM code (Ziegler et al.
1985). Dose was evaluated as product of the stopping
power and ion fluence, and the fluence was corrected
by ion charge per irradiated area. PMMA plates were
also irradiated by Co-60 gamma rays under nitrogen
gas atmosphere.

Molecular weight of PMMA was measured by gel
permeation chromatography (GPC). The machine
(Tosoh Co. Ltd., type HLC-8020) was operated at 40
°C using chloroform as the solvent. The PMMA
molecular weight was 7.8 x 10 in the number
average (Mn) and 2.5 x 10" in the weight average
(Mw), respectively. It was confirmed that the
molecular weight was unchanged after the solvent
cast.

Table 1. Stopping powers of PMMA to ions and the
ions' penetration range in PMMA.

Ion (energy) stopping power* penetration
(MeVcm g~ ) range (mm)

H+ (45MeV)
H+ (30MeV)
C5+ (220 MeV)

Co-60 y ray

11.5
16.3

1010

i°J9-
1.7**

19.2
9.02
1.03
0.135
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• polymer surface
*• stopping power for 2MeV electron

RESULTS and DISCUSSION

The figure means that G(s) is constant up to a certain
LET. The constant G(s) in this lower LET region
agrees with the reported values for gamma rays
(Yates and Shinozaki, 1993).

Figure 1 shows the change in molecular weight of
PMMA irradiated to gamma rays, H+ of 45 MeV and
H+ of 30 MeV as a function of dose. Figure 2 and 3
show the changes when irradiated to C of 220 MeV
and O 5 + of 100 MeV, respectively. Lines in the
figures were obtained by the least square
approximation. In all cases investigated, molecular
weight decreased with dose and the reciprocal
molecular weight increased linearly with dose. It
means that the scission predominates upon irradiation.
The decreasing behavior is identical among gamma
rays, 45 and 30 MeV H+.

The molecular weight decrease becomes less for C
ions of 220 MeV and O ions of 100 MeV compared to
gamma rays and protons, though the dose range in
the case of O ions is low. The identical decreasing
behavior in lower LET region agrees with the
identical deterioration of flexural strength of PMMA
among gamma ray, 45 MeV proton and 30 MeV
proton (Kudoh et al. 1994).

0.4 -

I

0.2 -

-

-

_

Mn y'

°/

J^ Mw

i . . . .

A

A

* ^ -

-

1 . . . .

0 0.1 0.2

Dose (MGy)

Figure 1. Changes in molecular weight of PMMA irradiated
to gamma rays ( O , &), protons of 45 MeV (A, A ) and
protons of 30 MeV ( • , • ) . Open symbols mean the
number average molecular weight (Mn), and closed
symbols mean weight average molecular weight (Mw),
respectively.

From the following formula (for example, Dole
1973), we can caluculate the G value of scission for
each ion: (l/Mn)D= (l/Mn)o+l.O37xlO7G(s)D, where
suffix D and 0 mean after and before irradiation, D is
dose. Figure 4 shows the LET dependence of G(s).

I

"o

0 0.1 0.2

Dose (MGy)

Figure 2. Changes in molecular weight of PMMA irradiated
to C ions of 220 MeV. Open symbols mean the number
average and closed symbols mean the weight average
molecular weight, respectively.

0.04 -

s

0.02 -

0.01 0.02

Dose (MGy)

0.03

Figure 3. Changes in molecular weight of PMMA irradiated
to O ions of 100 MeV. Open symbols mean the number
average and closed symbols mean the weight average
molecular weight, respectively.

In the region where LET is not high, the initial
reactive species are formed along an ion's path, and
sited separately (isolated) as same as in the case of
gamma-rays. When the final products as the chain
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scission were formed within the isolated area, the
G(s) was not affected by the LET. At higher LET,
G(s) decreases with further LET as seen in Fig. 4.
The behavior of G(s) with LET roughly agrees with
that of works by Schnabel and Klaumunzer (1991).
The low yield of scission under high LET is ascribed
to the less number of active species due to the
deactivation in high probability. It is worth noting
that this deactivation occurs in an ion's path, not from
track-track interaction. Though the inter-track
interaction also can occur in high fluence region
(Kurushev et al. 1993, Taguchi et al. 1995), we
neglect it in this work. The assumption that there is
no interaction among the tracks would be appropriate
because figures 1-3 show good linearity.

§

LET(eV/nm)

Figure 4. G value of scission for PMMA as a function of
LET.

To consider this longitudinal overlapping, the
radius of spurs and spur-spur distance are necessary.
The spur radius for electron is around 1 - 1 . 5 nm
(Mozumder and Magee 1966). We assume tentatively
that the spur radius is constant for any ion, and also
presume that a spur require approximate 70 eV
(100/G(s) = 100/1.4) to contribute a scission for
gamma rays. The distance between spurs along an
ion's path is the ratio of the energy per spur to the
LET. Then the distance between spurs should be 350
nm for gamma-ray, 5.1 nm for H+ (45 MeV), 3.6 nm
for H+ (30 MeV), 0.6 nm for C5+ (220 MeV) and 0.15
nm for O5+, (100 MeV), respectively. Then the spurs
do not overlap for gamma rays, 45 and 30 MeV H+,
and do overlap for C5+ and O5+. Based on this idea,
overlap should begin at 23 - 35 (70/3 - 70/2, the
energy to form a scission divided by the spur-
diameter ) eV/nm. This estimation roughly agrees
with our observatioin in Figure 4.

Upon overlapping, the spurs can be recognized as
track structure and the spur radius should be treated
as track radius. It is expected that some active species
are deactivated and G(s) decrease. G(s) became 0.7
times of gamma rays for C5+. It may mean that 30 %
of active species are deactivated. In the same manner,
the 70% may deactivated for Os+, which gave 0.3
times smaller G(s) than gamma. However, the
distances and radii obtained above give the heavily
overlapped spheres : that is, the ratio of the common
volume in three spheres of 1 nm radius separating by
0.6 nm each (220 MeV C5+) is approximate 92 % of a
sphere. Radius of 1 nm and 0.15 nm separation (100
MeV O5+) give 99.9 % overlapping. So the degree of
decrease in G(s) is much smaller compared to the
overlapping of spurs. Though spurs contain
intermediate species inside, the species are localized
at somewhere in the spur, so that overlapping of spurs
does not always result in deactivation. Then the LET
effects appear much slowly than spur overlapping.
Table 2 summarizes the parameters.

Table 2. Parametrs to discuss the overlapping (on
the assumption of constant spur-radius).

Ion LET d(nm)1) r (nm)2> degree3*
(eV/nm) of overlap

y (electron)
H 45 MeV
H 30 MeV
C 220 MeV
O 100 MeV

0.2
1.37
1.94

120.6
481.0

350
5.1
3.6
0.59
0.15

1-1.5 No
No
No
91.9%
99.9 %

1) the distance between centers of neighbouring spurs,
the energy per scission (eV) / LET (eV / nm) =[100 /
GY] / LET, Gr is G value for gamma rays (= 1.4 ).
2) the spur radius, Mozumder and Magee 1966.
3) when d<2r, then overlapping occurs. In the case
that d<r, the degree of overlapping (the ratio of
overlapping volume to the total volume of a sphere-
shaped spur) is given as (see Figure 5)
[4 J rdn 7i(r2-x2)dx - 2 J" r

d 7t(r2-x2)dx]/[47tr3/3] =1-
(3/8)(d/r)3

eee d>2r

r<d<2r

d<r

Figure 5. Illustration of spur-overlapping. The distance
between neighbouring spurs, d, varies with LET as
d=100/(GyS), where S is LET. In the figure, r is spur-radius.
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Figure 6. The unoverlapped fraction, fl[S) in a spur as a
function of LET. LET is normalized by 100/(Grr). l-f(S)
gives the overlapped fraction of a spur.

On the other hand, if we do not assume the
constant spur-radius, and assume that the change in
chemical yield is proportional to the degree of
overlapping, we can estimate the spur radius for each
ion. The degree of overlapping is caluculated as

2-(3/2)[100/(GyrS)]+(l/8)[100/(GyrS)]3

when r<d<2r [that is, 50/(GYr)<S<100/(Gyr)]
(overlapping degree changes from 0 to 0.375), and

l-(3/8)[100/(GyrS)]3

when d<T [that is, S>100/(Gyr)] (overlapping degree
changes from 0.375 to 1), respectively (where S is
LET) as shown in Figure 6. For C5+, where the
degree of overlapping should be 0.3 since G(s) is 0.7
times of gamma, the spur radius is 0.4 nm. For O5+,
where the degree of overlapping is 0.7, the spur
radius is 0.1 nm. However, these value are too small,
therefore this procedure may be inappropriate, and
the former idea that chemical yield changes slowly
than the degree of overlapping may be reasonble.

CONCLUSION

Based on LET by TRIM code, LET dependence of
G(s) of PMMA was studied. G(s) was constant up to
approximate 20-40 eV/nm and decreased with further
high LET. The constant G(s) was attributed to
isolated spurs, and decreasing was ascribed to
overalpping of spurs along an ion's path, resulting in
deactivation of active species. The deactivation
probability is appreciably smaller than the degree of
spur overlapping.
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Heavy Ion Irradiation Effects of Polymer Film on Absorption of Light
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Ion irradiation effects on the absorption of light for three types of polymer films; polyetylene-terephtalate
(PET), polyethyIene-naphtaIate(PEN), and poIyether-ether-ketone(PEEK) were investigated by irradiation of
heavy ions with Ni4+(15MeV), O6+(160MeV), and Ar8+(175MeV), and compared with electron beams(EB)
irradiation. The change of absorption at 400nm by a photometer was almost proportional to total dose for ions and
EB. The absorption per absorbed dose was much high in Ni4+, but rather small in O i+ and Ar8+ irradiation, and the
absorption by EB irradiation was accelerated by the temperature of polymer film during irradiation. The beam
heating of materials during ion irradiation was assumed, especially for Ni ion irradiation. The heavy ion
irradiation effect of polymers was thought to be much affected by the ion beam heating than the linear energy
transfer(LET) of radiation source.

Keyword: Heavy ion, Polymer film, Irradiation effect, Light absorption, LET effect, Electron beam

1. Introduction
Polymer films are applied for housing materials

to control the temperature in a satellite, where the
materials are exposed to high energy radiation such as
electrons, protons and heavy ions under high vacuum.
The physical and chemical properties of polymer film
are changed with the radiation exposure, and the
characteristics of the thermal control should degrade.
For the evaluation of radiation resistance and also the
selection of the materials, heavy ion irradiation effects
were investigated for several types of polymer film on
the point of the absorption of light. The studies of ion
irradiation effect on polymeric materials have been
reported by many researchers. The mechanical
properties and the probability of chain scission and/or
crosslinking were investigated by irradiation under
vacuum with proton, helium, carbon ion beams[l,2],
and the changes were scarce between electron beam
and these ions beam irradiation. However, the heavy
ion irradiation effects are not clear.

The polymer films used in this study were
aromatic polymers with radiation resistance and all
transparency film. The effects of heavy ion irradiation
were measured by light absorption, and compared
with the electron beams(EB) irradiation.

2. Experimental
Polymers for the experiment were polyethylene-

terephtalate (PET), polyethylene-naphtalate (PEN),
and polyether-ether-ketone (PEEK), and the films of
various thickness from 1 to 100 u.m were supplied
from Teijin Co.Ltd. The polymer films and the
characteristics of irradiated ions and electrons are
shown in table 1.

Ion irradiation was carried out at TIARA facility
in JAERI Takasaki. Ni*+ ion beams of 15 MeV and 5
nA from Tandem accelerator were irradiated

uniformly to polymer film under vacuum. The
polymer film was put on a cylindrical holder (50 mm
diameter and 60 mm length made of Aluminum)[l],
which was rotated at 120rpm, and moved repeatedly
along the rotational axis with a speed of 12 cm/min
during irradiation. O6 + , Ar8+, and Ar13+ ion beams
from AVF cyclotron accelerator were 160 MeV, 175
MeV, and 460 MeV, respectively, and were
irradiated uniformly to polymer film put on carbon
plate under vacuum by beam scanning in a area of 80
mm x 80 mm with 50 Hz in horizontal and 0.5 Hz in
perpendicular direction. For electron beam
irradiation, 2 MeV electron beams from EB
accelerator at JAERI Takasaki were irradiated to
polymer film in a vacuum vessel by beam scanning
with 200 Hz in 120 cm width.

The absorbed dose by ions irradiation was
determined from the multiplication of ion stopping
power and ion fluence(number ion/cm2) into polymer
film. When ion can not penetrate throughout polymer
film, the dose was calculated by the ion penetration
range and average stopping power in the range. For
EB irradiation, the dose was measured by CTA film
dosimeter.

The absorption of light of polymer film was
measured at room temperature in air using a
photometer in the range 200-900 nm after the
irradiation.

3. Results and discussion
For PET film of 100 UJII thickness, the

absorption spectra are shown in Fig.l before and after
irradiation by Ni4+ and EB. The changes of photo
absorption induced by irradiation are observed in the
range less than 600 nm, and are remarkable at 300 -
500 nm. The absorption band shifts to longer
wavelength with increase of dose, and the behavior is
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Table 1. Polymer films and characteristics of irradiated ions and electrons.

Material
(Film thickness)

PETClOO/zm)
d:l.40g/cm5

PEN( 1.25 //m)
d:1.36g/cm3

PEEKC6. \2fim)
d:1.30g/cms

All materials

Ion

Ni'4

0'*

Ni'4

0'*
Ar"

Ni44

0 "
Ar'4

e-

(Mev)

(15)
(160)

(15)
(160)"
(460)"

(15)
(160)"
(175)"

(2)

Beam current
(nA)

5.0
40

5.0
40
24

5.0
40
10

1 mA
4 mA

Stopping power"
(Mev. cmVnig)

32
2.5

33
2.7

11

33
2.8

20

1.8x10"'
1.8x10"'

range
(^m)

6.3
260

6.4
270
208

6.6
570
59

-10 '
-10*

Beam flux
(l/cn'.s)

1.2x10'
6.6x10'

1.2x10'
6.6x10'
1.8x10'

1.2x10'
6.6x10'
1.2x10'

1.5x10"
6.0x10"

Dose ra te"
(kGy/s)

0.39
0.33

0.29
0.29
0.33

0.38
0.30
0.39

1.2
5.0

*l:Stopping power at film surface . *2:Average dose in penetration range
*3:AVF cyclotron with beam scanning

more significant in Ni + irradiation. For PEN and
PEEK films, the spectral change by ion and EB
irradiation was similar to PET. The increase of
absorption at 300-500 nm range is thought to be the
conjugated double bonds produced in each polymer by
irradiation, that is, the bonding between phenyl
groups or phenyl and carbonyl group in polymer
chains. It was observed that the gel is formed in
PEN[3] and PEEK[4] by radiation crosslinking.

The absorbance at 400 nm increased with dose
for any irradiation, so the changes against dose are
plotted in Fig.2 for PET film irradiated by Ni4+ and EB
at various conditions. The change is almost
proportional to dose and the change by EB irradiation
depends on the irradiation condition. The change of
absorbance per absorbed dose (AA/MGy) by Ni ion is

larger by two order than that by EB in He gas when the
absorbance and dose are normalized by the
penetration range of 6.3 u.m forNi4* irradiation. In the
EB irradiation, the PET sample is cooled down from
the beam heating during irradiation in He gas
atmosphere, whereas the cooling of sample is small
under vacuum. Therefore, it indicates that the change
of the absorption increases with the increase of sample
temperature during irradiation in the low LET
irradiation like EB.

For PEEK film, the changes of absorbance by
irradiation with Ni, O, and Ar ion beams and EB are
plotted against absorbed dose in Fig.3. The change by
Ni ion is very large, about 200 times than that by EB,
and the Ar ion is the intermediate, and the O ion is
almost same with EB. Though the stopping power (or
LET) of Ni ion is not so different from that of Ar ion,

EB2MV
5MGy
15
35

266 4i

1.0
|

I'i0-5

0.0

O:Ni ion
&:E8 In He
V:EB under vacuum
O:EBat100~22CTC .

0.2

|
I

0.1
•e
o

10
Wavelength (nm) Absorbed dose (MGy)

Fig. 1 Absorption spectra for PET film after irradiation by Fig.2 Change of absorbance at 400 nm vs. Absorbed
Ni4+ (15MeV) ions and EB(2MeV). dose for PET film after irradiation of Ni4+(15MeV)

and EB at different conditions.
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Table 2. Change of light absorbance at 400 nm of polymer films by irradiation of ions and electron beams.

Change of absorbance per 1 MGy dose

ruiymer Him

PET

PEN

PEEK

Ni<4(15MeV)

0.16
(110)

0.25
(180)

0.34
(190)

08>(160«eV)

3.2x10"'
(2.3)

1.5X10"2

(11)

3.7x10-'
(2.1)

Ar'4(175lleV)

_

"4.2x10"'
(30)

7.2xlO"2

(40)

EB-1'1

1.4x10"'
(1.0)

1.4x10"'
(1.0)

1.8x10"'
(1.0)

EB-2*1

4.5x10"'
(3.2)

1.8x10"'
(1.3)

1.8X10"'
(1.3)

*l:Beam current 1mA *2:Beam current 4mA *3:Ar"*(460MeV)

8 0.5

•e

I

O N I 4 * 15MeV

O—Ar1* 175MeV

V---O**160MeV

&•-EB

Absorbed dose (MGy)

Fig.3 Change of absorbance at 400 nm vs. Absorbed
dose for PEEK after irradiation of Ni4+(15MeV),

^ ) , Ar8+(175MeV), and EB(2MeV)

the AA/MGy by Ni ion is larger by 5 times than that by
Ar ion. This large difference is caused by the
irradiation condition of ion beams, that is, the beam
scanning during irradiation is much higher in Ar
irradialion than in Ni ion irradiation where the sample
is scanned. And also, the ion penetration range in Ni
ion is small. Then, the effective dose rate become high
in Ni ion irradiation to resulting increase the
temperature to higher level in local area of sample.
When the beam diameter of Ni ions is assumed to be
0.5 cm, the dose rate in the spot area is estimated to
200kGy/s, which is about 3 orders higher than the
average dose rate in table 1, and the sample in the area
assumed to be heated up to more than a hundred °C in
a short time. In a case of Ar ion irradiation, the beam
scanning is rather high and the penetration range is
large, so the local heating would be lower than that of
Ni ion irradiation, but higher than that of EB
irradiation. For the EB irradiation of PET and PEN
films, it is observed that AA/MGy increases with the

temperature of sample by beam heating and also
thermal heating. For PEEK film, the absorption may
be increased by the higher beam current.

The values of AA/MGy for all films by various
ions was compiled in table 2, and the relalive ratio is
indicated. The value in Ni ion is very high for all
polymer films and the values in Ar and O ion are
rather small, but are larger than that in EB. These
results indicate apparently that the chemical reactions
are the more progressed with the higher LET
radiation. However, as indicated in Fig.2 and shown
in table 2, the value by EB irradiation increased with
the temperature of sample during irradialion, that is,
the chemical reactions were accelerated by the
temperature. In the ion irradiation, the polymer film
should be heated much by ion beams in a local area, so
the chemical reactions maybe anomalously increased,
especially in Ni ion which is small penetration range
and slow scanning speed. Of course, the heating
effects in the light absorption is different at the
temperature during irradiation among the polymers. It
is supposed that the heating effect is much pronounced
at rather low temperature for PET and PEN, and
higher temperature for PEEK.

The another possibility of high value of AA/MGy
in Ni ion irradiation is the discharge of ions
accumulated in polymer film, because the Ni ions are
stopped in the film at around 6 pirn depth and the
chemical reactions to increase the absorption might be
induced by the discharge process.

4. Conclusion
The light absorption of aromatic polymer films by

ion beams irradiation was studied to find out the
radiation resistance by heavy ions. It was observed the
big difference between Ni ion and EB irradiation, and
also considerable difference among EB irradiation
conditions. The difference was considered mainly due
to the beam heating in local area of polymer film. The
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LET effects on light absorption could not be excluded,
but is though to be rather miner contribution for these
polymer films.

Although, the light absorption by heavy ion is
anomalously big in this study, the absorption should be
small as same as EB irradiation when the dose rate of
ion irradiation were enough low as the temperature
was not so increased.
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Abstract
Thin films of poly(di-n-hexylsilane) were

irradiated with 2-20 MeV H+ and He+ ion
beams. The beams caused heterogeneous
reactions of crosslinking and main chain
scission in the films. The relative efficiency of
the crosslinking was drastically changed in
comparison with that of main chain scission.
The anomalous change in the molecular weight
distribution was analyzed with increasing
irradiation fluence, and the ion beam induced
reaction radius ; track radius was determined
for the radiation sources by the function of
molecular weight dispersion. Obtained values
were 59 ± 15 A and 14 ± 6 A for 2 MeV He+
and 20 MeV H+ ion beams respectively.

Introduction
It has been suggested that spatial

distribution of deposited energy by charged
ions has played a significant role in the
chemical reactions occurred in the target
materials. Models of the energy distribution
was proposed experimentally and theoretically
as i Ion Track t and i Penumbra i models by
Varma et al., Wingate et al. and Wilson[l-5].
In spite of the theoretical modeling effort, the
size of ion tracks has not shown good
agreement with the values of intratrack reaction
radius that was experimentally obtained by the
analysis of irradiation products. Thus the
theoretically predicted energy distribution was
not the universal function that was able to apply

for the elucidation of ion beam induced reaction
systems.

Ion beam irradiation and its induced
modification have been vigorously investigated
for polymer materials because ion irradiation
has been expected to cause heterogeneous and
peculiar reaction based on the high dense
excitation. It enables to develop novel reaction
system leading to new materials which can not
be obtained by bulk chemical reactions. Puglisi
et al., Licciardello et al. and Calcagno et al.
reported the effects of ion beam bombardment
to polystyrene[6-9]. Irradiated polystyrene
showed aggregation of molecules and
crosslinked. The molecular weight distribution
changed anomaly with the ion irradiation,
which was ascribed to the intratrack reaction.

Polysilane derivatives have attracted
great interest as a new category of polymer
materials[10]. We have already reported on
reactive intermediates of polysilane derivatives
irradiated by ion, electron and y-rays[l 1-13].
Predominant reactive intermediates in
polysilane derivatives were assigned to silyl
radicals showing great stability in comparison
with carbon centered alkyl radicals. The ion
beam irradiation effects on polysilanes also
reported in the previous study. Reactions in the
polymers were drastically changed with the
energy deposition rate of incident particle; LET
of radiation sources. Polymers were crosslinked
for high LET ion beam irradiation in spite of
predominant main chain scission reaction for
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low LET radiation. The difference in radiation
induced reactions was ascribed to a variation
of density of stable reaction intermediates; silyl
radicals generated by radiation. In the present
study, it is discussed that molecular weight
distribution of polysilanes was extraordinary
changed with ion beams. Both main chain
scission and crosslinking reactions of
polysilanes are able to regard as reactions
occurred in ion tracks; intratrack reactions. The
observation of molecular weight distribution
makes it enable to estimate the size of each ion
track in the polymer materials.

Experimental
Poly(di-n-hexylsilane) ; PDHS was

prepared by the reaction of methylphenyl-
dichlorosilane with sodium in refluxing
toluene. The reaction was carried out under an
atmosphere of predried argon. The chlorosilane
was purchased from Shinetsu Chemical Inc.,
and distilled prior to use. The molecular weight
of PDHS sample was measured by gel
permeation chromatography (GPC System,
Shimazu LC 6A) with tetrahydrofuran (THF)
as eluent. The chromatograph equipped with
two columns TSK Gel from Toyo Soda Co.
LTD. PDHS has initially bimodal molecular
weight distribution, and the molecular weight
was controlled by reaction condition, reaction
time and additives (12-crown-4 and 15-crown-
5 ether as sodium activators). The high or low
molecular weight peak was cut off by filtration
leading to monomodal distribution. The
samples had their molecular weight of 1.1 x
1()4 and 5.6 x 10^, respectively, determined by
polystyrene calibration standards. The PDHS
samples were dissolved in toluene and spin-
coated on Si wafers (0.5 mm thick), kapton
films (0.03 mm thick) and PEEK films (12 um
thick). The thickness of polysilane films was
1-3 um for all ion beam irradiation except for

Ar ion beam irradiation using films with
0.5[im thick. These films were irradiated in a
vacuum chamber (< 5 x 10~6 Torr) by 2 MeV
H+ and He+ ion beams from a Van de Graaff
accelerator at the Research Center for Nuclear

Science and Technology, University of Tokyo.
Temperature was controlled at 295 K and 340
K. Irradiation was also carried out at Japan
Atomic Energy Research Institute, Takasaki
Radiation Chemistry Laboratory using 10, 20
and 45 MeV H+ ion beams and 175 MeV "°Ar8+

ion beam from TIARA cyclotron accelerator
in a vacuum chamber (< 5 x 10~6 Torr) at room
temperature. After irradiation, molecular
weight distribution of irradiated PDHS films
was measured by GPC system. The loss of
kinetic energy of ions in traversing polymer
films was estimated by the TRIM 91 code.

Results and discussion
It was already confirmed that the polymer

gel was generated for several kinds of a few
MeV order ion beams. The changes of
molecular weight distribution are shown in Fig
1 for the irradiation of 2 MeV He+ ion beam to
PDHS at room temperature. Apparently,
molecular weight of the polymer was increased
with the ion beam irradiation, growing into
polymer gel. The irradiated polymer films were
developed and the fraction of generated gel was
estimated as a function of the ion beam
fluences. According to the statistical theory of
crosslinking and scission of polymers induced
by radiation, the behavior of gelation is
expressed by the following equation

• !

-

-

-

P
1

1 /U1-
JT-^-i-/...

• • • • • • •

• " •^• j " Before Irradiation 1

- O . O 5 t « C / c m 2 l t ^

0.2 MC/cm2 1 ^
lUC/cm2 1 -

,.L. > • • • • r-^*^^* • 1 r I •• •' ^ m * i f I f f

100 1000 10' 10'

Molecular Weight

10* 10'

Figure 1. Normalized molecular weight
distribution of PDHS irradiated by 2MeV
He+ ion beams at 295K.
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Figure 2. Normalized molecular weight
distribution of PDHS irradiated by
20MeV H+ ion beams at room
temperature.

(Charlesby-Pinner relationship) [14-17],

s + s 1 / 2 = pO/qO + m / q0(Mn)0D,
s = l - g ,

where po is the probability of scission, qO the
provability of crosslinking, s the sol fraction, g
the gel fraction, m the molecular weight of a
unit monomer, (Mn)0 the number average
molecular weight before irradiation, and D is
absorbed dose. And then, each G-value is
related to the values of po and q0 as follows,

G(x) = 4.8 x 103 x qO
G(s) = 9.6 x 103 x po

where G(x) is the G-value of crosslinking and
G(s) is the G-value of main chain
scission[16,17]. With these equations,
crosslinking and scission G-values are

Table 1 The Behavior of Polysilanes for the Various Radiation Sources

Radiations

2MeVN«

2MeVHc*

20MeV He2*

2MeVH*

20MCVH*

45MeV H*

30fa:Ve

20*cVc

Co"1 T-™>»

LET
(eV/A)

158

24

3.2

2.5

0.23

0.17

0.21

Old

(1024.03

Gelation
Ftuences
((iC/citf)

0.089

2.8

13.2

4.5x10'

6.8xl0J

l.(lxlOJ

Gelation
Doses
(MOy)

0.88

3.3

5.4

6.8

„

8.5

9.4

G00

0.21

0.17

019

0.12

0.029

0.082

0.078

0.014

Type

Crosslink

Crosslink

Crosslink

Crosslink

Main Chain Scission

Main Chain Scission

Main Chain Scission

Main Chain Scission

Main Chain Scission

calculated to be 0.67 and 0.39, respectively. The
evaluation was carried out for the crosslinking
behavior of PDHS upon irradiation of high LET
ion beams as summarized in Table 1.

Fig. 2 also shows the changes of
molecular weight distribution with the
irradiation of 20 MeV H + ion beam. The
shoulder in the low molecular weight region
(around 10^) raises with the irradiation, which
is proof of the main chain scission. The G
values of crosslinking and main chain scission
are also evaluated by the next formula in this
case of high energy proton irradiation. Then,

1/Mn = l/(Mn)0 + (P0 - 0.5q0) D/m,
1/Mw = l/(Mw)0 + (O.5po - qO) D/m

G(x) and G(s) resulting to be 0.029 and 0.204,
respectively. The crosslinking G values in
Table 1 were obtained by the calculation for
main chain scission reactions caused by lower
LET ion beams than 1 eV/A.

However, the ion beam induced
molecular weight change are quite unique in
both cases in comparison with y-rays which
cause simple increase of poly-dispersion. It is
considered that the ion beam irradiation is

Track area : s,. Unit area : S

t = Track area / Unit area

N(f): Number of Particles per Unit Area
t=l -{(S- S l r ) /S}N(0

Figure 3. Schematic view of ion tracks at
the surface of a thin polymer film.
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heterogeneous, and the reactions bringing
molecular weight change are occurred at the
inside of ion trucks along the ion projectiles.
It is assumed that the two peaks have
logarithmic Gaussian ; DF [M ,a] and
DF [M ,a] with same deviation is distribution
functions for the analysis. A model distribution
function is obtained by the linear combination
of two functions using a parameter t.

I07

= tDFi+(l-t)DF2
0< t< 1(1)

Weight and number average molecular weight
; Mw, Mn of the distribution are obtained by
next equations.

' DF

_
I" (2)

In this analysis, parameter t means the
ratio of the ion track volume to total volume
of polymer film. The polymer films used in
this experiment was thin enough to regard the

• • • ' ™ i - r T » i J » • • • > r r n i j i

1 • . . • . J

<

• • • ' • ' T T T T I - r .-T.V,™

) Mw/Mn 1
Mw/Mn (S lmu la tMl

0.0001 0.001 0.01 0.1

Fluence (nC/cm2)

10'

I '

• Mn
• Mw

Mn (Simulation)
Mw (Simulation)

_ - *
* ^

<•

1 i""

> i

1

1 1

•

1 0 ' 0.0001 0.001 0.01

Ruence (p.C/cm2)

Figure 5 Mw and Mn of PDHS irradiated
by 2MeV He ion beam. Solid line shows
the calculated results for Mn and Mw
according to equation 4.

ion tracks as cylindrical, thus t can be estimated
the ratio of covered area by ion tracks to film
surface. The relationship between parameter t
and fluence of ion beams is simulated as shown
in Fig. 3. According to statistical theory, next
expression of a form is obtained.

Thus, obtained changes in Mn and Mw
are simulated by the models as shown in next
equations.

Mn = l
DF2

(4)

Molecular weight dispersion : Mw/Mn shows
obvious change with increasing ion fluence as
shown in Fig. 4. Mw / Mn shows maximum
value at a fluence, therefore the value of ( S -
s ) / S can be optimized using equation 4. The
optimization reveals cross section of a ion track
leading to the radius of the track. For 2 MeV
He+ ion beam irradiation for PDHS, the
calculated value of the radius becomes 59 ± 15

Figure 4. Changes in molecular dispersion :
Mw/Mn of PDHS with the irradiation of
2MeV He+ ion beam. Solid line shows the A. The calculated results show good agreement
calculated results.
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with ion beam induced changes in Mn and Mw
respectively. Fig. 5 shows changes of Mw and
Mn of PDHS by the irradiation. This mean of
simulation can be apply for the trace of
molecular weight distribution changes
observed as main chain scission. The behavior
of PDHS was analyzed for high (crosskinking)
and low (main chain scission) LET ion beams.
The radius of ion trucks was estimated and
summarized in Fig. 6. The values of track radius
depend on the energy deposition rate of incident
particles.

Conclusion
Irradiation of MeV order ion beams

caused heterogeneous reactions of crosslinking
and main chain scission in PDHS films. Ion
beams with high LET ( > 1 eV/A ) caused
mainly crosslinking reaction in spite of
predominant reaction of main chain scission
for lower LET ion beams. The molecular
weight distribution change was analyzed with
statistical models bringing ion beam track
radius (ion beam induced reaction radius).
Typical obtained values were 59 ± 15 A and
14 ± 6 A for 2 MeV He+ and 20 MeV H+ ion
beams respectively.
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EFFECT OF RADIATION QUALITY ON RADICAL FORMATION IN
ION-IRRADIATED SOLID ALANINE

Hitoshi KOIZUMI, Tsunelri ICMKAWA, Hiroshi YOSHIDA,
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*Takasaki Radiation Chemistry Research Establishment, Japan Atomic Energy Research Institute
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Radical formation in solid alanine irradiated with H + and He+ ions of 0.5-3.0 MeV and with heavy ions of
hundreds of MeV was examined by the ESR method. Radical yield is constant below a critical fluence, and
the yield decreases above the fluence. The critical fluence for the H + and He+ ions is about 10 ̂  ions cm "2
while the critical fluence for the heavy ions is 10^"-10'' ions cm . G-value of the radical formation
(radicals per lOOeV absorbed dose) is obtained from the constant yield at the low fluences. The G-value
depends on the radiation quality. This dependence is ascribed to the difference of local dose in the ion
tracks. The fluence-yield curves were simulated with a model assuming cylindrical shape of ion tracks and
dose-yield relationship for y-irradiation. This model well explains the fluence-yield curves for the ion
irradiations.

Keywords: free radicals, alanine, ESR, G-value, radiation chemistry

1. Introduction
Ion beams may cause different radiation effects

from Y-ray and fast electrons. This arises from
spatially and temporally high local dose in ion
tracks. Reactive intermediates and reaction products
are generated in high local concentration in the ion
tracks. Reactions between the intermediates or
between the products may occur besides ordinary
chemical reactions by y-ray and fast electrons.
Knowledge of these additional reactions in organic
solids is required for utilizing ion beams for
practical applications, such as material modification
and lithography.

We studied radical formation in ion-irradiated
solid alanine to get insight to the effects of radiation
quality in solid materials. The present paper discuss
the relationship between the radical yield and the
local dose distribution in ion tracks.

2. Experimental
Samples used are alanine film dosimeters

developed in Japan Atomic Energy Research
Institute (JAERI)[1]. These dosimeters are made of
a-alanine(Ala) and low density
polyethylene(LDPE) as binder. The film dosimeters
contains 50 wt% or 60 wt% of LDPE. The
thickness and the density of the film of 50 wt%
LDPE are 0.16 mm and 1.22 g enr^, while those of
the other film are 0.22 mm and 0.812 g cm"-*, is
0.16, the other or 60 wt%: 40 wt%.

H+ ions of 0.5-3.0 MeV, Hen- ions of 0.5-
3.0MeV from the Vande Graaf accelerator in the
University of Tokyo, Ar8 + of 175 MeV, Ar1 3 + of
460 MeV, C 5 + of 220 MeV, and Ne 8 + of 350 MeV
from the cyclotron accelerator of the JAERI TIARA
(Takasaki Ion Accelerators for Advanced Radiation
Application), were used for the ion-beam irradiation.

The ion irradiation was carried out under vacuum at
ambient temperature. The thickness of the piled
film was made sufficiently larger than the range of
the ion beams.

Radicals were measured with X-band ESR
spectrometers. The amount of the radicals was
determined by double integration of ESR spectra
using DPPH or TEMPO solutions as a reference.

3. Theoretical
3.1 Radical yield

The 6-ray theory of track structure relates
radiation effects of low-LET radiation to those of
ion beams [2-4]. This theory assumes that sample
consists of spherical targets with a radius. The
radiation effects is described by the average dose
over their volume.

The radical yield in ion-irradiated alanine is
calculated by the following equation:

(1)

where c,(D]is radical concentration in y-irradiated
alanine at the dose of D, p is the density of solid
alanine, r is radial distance from the ion path, and z

is distance along the ion path. D(r, z, £*>) is average
dose of a target whose center is at a point (r, z) and
radius is ao- Cy(D} is approximately expressed by

= A{exp(-BD)-exp(-CD)} (2)
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where A, B.and Care constants. Fitting this
equation to the dose-yield relationship for g -
irradiated solid alanine[5], we have obtained
A=8.29X 1019 radicals g"1,B=1.85x l O ^ G y 1 ,
C=5.98xlO"6Gy-1.

3.2 Fluence-yield curve
We assume that ion tracks are of cylindrical

shape in which the dose is homogeneous. The
equation (1) becomes

G =_TO2Lpcy(DL)_SLpcr(DL)
(3)

where r is the radius of the cylinder, L is the range
of the ion, DLis the dose in the ion track, and S is
the cross section of the ion tracks. D L is calculated
by

(4)
SLp

Probability Pfc which k of the cylindrical ion
tracks overlap at a point x is given by

,-k sk (5)

where n is ion fluence (incident ion per unit area), S
is the cross section of the ion track. nC^ is the
number of ways to choose k tracks from n tracks. If
the concentration of the radicals at x is calculated
with the dose-yield curve for f-irradiation Cy(D),

the expectation value of radical concentration
Cjon(n)is

Qon(n)= f c/kDOPkCn) (6)
k = 0

where D L is the dose in the ion track.
Substituting the equation (2) in (6), the

equation (6) becomes

Qon(n) = A CkC 1 -S)nk{Sexp(-H3L))'c

nCk(l-S)lvk(Sexp(-CDL)}k

k = 0

= A{1 -S[l-exp(-EDL)]}n-A{l - S[l-exp(-CEO])n

(7)

Using the approximation (1 - af «• exp(-an, we
obtain

Cjon(n)»Aexp(-nSb)- Aexp(-nSc, (8)
where

b = l-exp(-BCL), (9)
c=l-exp(-CDL). (10)

The radical yield (number of radicals per ion)
Yca]c(n) is expressed by

(ID

where L is the range of the ion.
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Figure 1. Radical yield in alanine dosimeter irradiated with 3 MeV H + ions ( O )
with 175 MeV Ar8 + ions ( g ). and 350 MeV Ne 8 + ions ( A ) The yield calculated
with the model of the cylindrical tracks is plotted for comparison (• ).
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4. Results and Discussion
The radical yield (number of radicals per

incident ion) in the alanine film dosimeters
irradiated with 3 MeV H + , 175 MeV Ar8 + , and 350
MeV Ne 8 + is shown in figure 1. The yield is
constant below a critical fluence. Above the critical
fluence, the yield decreases with increasing fluence.
This arises from the overlap of the ion tracks, which
cause higher local does in the overlap region. The
yield for the irradiations with the other ions shows a
similar dependence on the ion fluence. The critical
fluence is about 10 ̂ 2 ions c m 2 for H + ions of 0.5-
3MeV and He + ions of 0.5-3MeV, 101 0 ions cm 2

for 175 MeV Ar8 + and 460 MeV Ar 1 3 + ions, 1011

ions cm"2 for 220 MeV C 5 + ions.cm"2 and 5\\011

ions cm"2 for 350 MeV Ne 8 + ions.
G-value of the radical formation (number of

radicals per 100 eV absorbed dose) can be
estimated from the constant yield at the low
fluences. The G-value is plotted as a function of
average dose of the ion beams. The G-value
depends on the quality of radiation. However, the
G-value is not solely expressed with LET.

The G-values are calculated with the 6-ray
theory of track structure (the equation (1)). The
equations proposed by Chatterjee et al. [6]were
used as radial dose distribution. The calculations
were made for several values of 0-5nm as the radius
of the targets. The results are shown in figure 3.
Although the experimental G-values were not
completely reproduced, the theoretical and
experimental G-values shows relatively good
correlation. This results indicates that the radical
yield is mainly determined by the spatial dose
distribution in the ion tracks. The dose distribution
depends on lateral distribution of energy deposited
by 6-rays as well as LET. Hence the G-value is not
solely expressed by LET. Assuming the ion tracks
are of cylindrical shape, the radius of the ion tracks
are estimated from the G-value with the equations
(3) and (4). The radius is determined to be 2-5nm
for the H+ and He+ ions, 15-17nm for the Ar ions,
25nm for the C ions, and 8nm for the Ne ions.

The fluence-yield curves were simulated with
the equation (8), the results are compared with the
experimental values in figure 1. The calculated
curves shows a good agreement with the
experimental ones. The equation (8) assumes that
the radical concentration in the overlap regions are
determined by the dose at the region. The results
also indicate that the radical yield in irradiated
alanine is mainly determined by the spatial dose
distribution.
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Ionization currents produced in a small wall-less ionization chamber located at varying distance from the 200

MeV Ni12+ ion'path traversing Ar gas were measured and utilized to construct a track structure model. Using the

LET value of 200 MeV Ni12+ and G(Fe3+) in Fricke solutions (= 15.4) for fast electrons, we estimate G(Fe3+) for

this ion to be 5.0.

Keywords: Fricke dosimeter, Track structure model, Radial dose distribution, Reaction cross section

1. Introduction

Chemical effects caused by a rapidly moving ion

in matter are mainly due to secondary electrons

generated along the ion's path. Radiolysis yields for

energetic electrons are fairly well known at least for

some cases (e.g., Fricke solutions) as a function of

radiation dose. Therefore, we can expect that the

radiolysis yields for heavy ion irradiations are

estimated if we know the spatial dose distribution

around the heavy ion's path and integrate the

probability of reaction due to electrons all over the

space. The method has been developed by Katz and

collaborators using a simplified track structure model

[1, 2]. In the present paper, the radial dose

distribution is obtained from the measured radial

distribution of local ionization currents produced in a

gas-filled chamber traversed by a beam of 3.5 MeV/u

particles[3]. We make use of these measurements

together with the LET-values to construct our own

track structure model on the basis of which we have

tried to calculate the yield of oxidation of ferrous ions

in the Fricke dosimeter irradiated bv 200 MeV Ni12+

ions.

2. Experimental

To get information on the spatial distribution of

the deposited energy around ion's path, we employ

the method used by Wingate and Baum [4] and

measure radial distribution of ionization currents

produced in a small wall-less ionization probe. A

collimated beam of the high energy heavy ions from

the Tandem accelerator of Tokai Establishment,

JAERI, is introduced into the chamber (shown in Fig.

1) through a set of apertures (diameter: 0.1 and 0.5

mm). These apertures also serve as a differentially

evacuating system for the beam transport tube (107

Torr) while the chamber contains a gas upto an

atmospheric pressure. The sample gas is admitted

into the chamber through an automatically controlled

leak valve (MKS 248A) so that the pressure of the

sample gas in the chamber can be kept constant

within the range from 104 to 102 Torr. The pressure

is measured with a Baratron capacitance manometer

(310CA).
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The small wall-less ionization chamber (Fig. 2)

consists of two cylyndrical meshes and a central wire

each supported by a Teflon insulator. The inner

cylindrical mesh (diameter: 15, length: 85 mm)

acting as H.V. electrode is made of nickel wire

(0.005 mm, 50 meshes). The outer mesh (diameter:

30, length: 90 mm)acting as a shield is made of SUS

wire (0.21 mm, 30 meshes). The central wire acts as

a collecting electrode and made of 1 mm Cu wire. By

remote operation, the wall-less ionization chamber

can be placed at any desired position in the reaction

vessel (Fig. 1) filled with a gas.

3. Results

The measured ionization currents at varying

distance from the ion beam and at varying gas

pressures have been normalized as follows: (i)

Simulated radial distance R:

gas pressue was varied from 0.25 to 40 Torr. The

radial distance is all normalized to the density 1

g/cm3 as above. The results indicate that the radial

dose distribution decreases as 1/2 power law in the

inner region and as 1/3 power law in the outer

region of the ion track.

4. Yield calculation for heavy ion irradiation

According to the target theory developed in the

field of radiation biology and later extended by Katz

et al [1, 2] to the field of radiation chemistry, the

probability of reaction for any "target"(a ferrous ion

surrounded by water molecules) irradiated at the dose

D "homogeneously" by fast electrons is expressed as

1 - exp(- D/Do) where Do is the dose which gives an

average of 1-reaction per target. For the case of lmM

ferrous sulfate solutions where the yield saturation

occurs and G(Fe3+) is known to be 15.4, we have

(1)

where R^ is the observed distance (between the

small chamber and the ion beam), dgas and dwater are

the density of Ar gas used and that of the liquid water,

respectively, (ii) Dose in eV/g at the distance R is:

Dose = (yii)(ZW./(v • (2)

where Ip and I; are the ionization current in the small

wall-less chamber and the incident ion beam current,

respectively and where Z is the charge of the incident

ion, We is W-value of the gas for fast electrons (=26.2

eV for Ar), and v is the volume of the small wall-less

ionization chamber.

Fig. 3 shows the radial dose distribution obtained

in Ar gas around the path of a 200 MeV Ni12+ ion. In

this study the mesh chamber was placed at the radial

distance of 35~77mm from the beam position. The

N0[l - exp(-100

= N0100/D0= 15.4 (3)

If we take No = 6 x 1017 cm"3, we have Do = 4 x 1018

eV cm"3.

For heavy ion irradiation, the probability of Fe2+

located at the distance t from the ion path is oxidized

being 1 - exp[- D(t)/D0], we have for the probability

of reaction induced by a single ion

o= $ 2 n td t (1 -exp[-D(t)/D0]) (4)

For an ion beam of flux F and of the linear energy

transfer LET, the probability of reaction is 1 - exp(-

a F) and the dose transferred from the ion beam to a

medium of unit thickness is Dion = F • LET. Hence,

Glon= No [1 - exp(- a 100/LET)] (5)
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Since the results shown in Fig. 3 can be expressed as:

D(t) = 5xlO8/t2eV/g for 0 < t < U (6)

D(t) = 3.4xlO3/t3eV/g for t > tc (7)

where U = 2 x 10"5 cm, we get from numerical

calculation:

o= $ 2 n t dt (1 - exp[- 5xlO8/t2Do])

+ J 2 n tdt(3.4xlO3/t3Do) (8)

= 4.0xl0"10cm2

LET = J 2 n t D(t)dt (9)

= 4.8 x 109 eV/cm

From Eq. 5 with these values, we have

Glon = N0 a 100/LET (10)

= 5.0

as the G(Fe3+) for 200 MeV Ni12+ ion. We can extend

the present calculation to other bombarding ions if

the radial dose distribution D(t) of the ions is known.

A study of this line is now in progress.
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Metallic Na was formed in NaCl single crystals with irradiation of a variety of radiation sources and
analyzed the physical states with several methods. In the case of irradiation of 21 MeV electron pulses to the
crystal blocks, the optical absorption and lifetime measurement of positron annihilation indicated appearance of
Na clusters inside. Radiation effects of electron beam of 30 keV to the crystals in vacuum showed the appearance
of not only metallic Na but atomic one during irradiation with Auger electron spectroscopy. Intense photon
fluxes in vacuum ultraviolet region of synchrotron radiation were used as another source and an analyzing method
of ultraviolet photoelectron spectroscopy. The results showed the metallic Na layered so thick that bulk plasmon
can exist.

1. Introduction
Many researchers have been reported that metallic

colloids ( clusters ) are formed in some ionic crystals
with ionizing radiation following aggregation of such
defects as F and F complex centers [1-4]. We have
created metallic Na in or on NaCl single crystals with
irradiation of a variety of radiation sources and
analyzed the physical states with several methods [5-
12]. With kinds of radiation sources, metallic Na of
different physical states were obtained; clusters in bulk,
such a thick layers on the surface that bulk plasmon
can exist and atomic Na in vacuum. These results
suggest that the radiation effects may be applied to a
new methods of material processing and production of
new materials. The experimental methods and the
results are described here at respective radiation sources.

2. Experiments
2.1 Electron pulses of 21 MeV[5-ll]

Electron pulses (energy: 21 MeV, peak current:
240 mA, pulse width: 1.5 (is, dose: 100 Gy per pulse)
from a linear accelerator of ISIR, Osaka University
were irradiated to the single crystals ( 5 x 5 x 5 mm3)
on a Al block temperature regulated at 20 °C. Densely
colored crystals, which were irradiated with 2000
pulses at the frequency of 10/3 Hz, were cleaved to
thin flakes of less than 0.2 mm thickness. The optical
absorption spectra of before and after annealing the
samples were observed at room and liquid nitrogen
temperatures with a multichannel photodiode array.
The spectra at both temperatures are shown in Fig. 1
(A), which was obtained from irradiated sample, and
(B) annealed one after the irradiation at 473 K for 3
min.. It was found that not only F (at 2.7 eV) and F2
(at 1.7 eV) but also F 3 (at 2.2 and 2.0 eV) centers are
created by the dense electron irradiation, and that
annealing samples caused colloidal band (at about 2.2
eV) to increase with decrease of F centers.

Lifetime measurements of positron annihila-
tion in 1) unirradiated, 2) irradiated and 3) annealed
crystals (size: 17 x 17 x 17 mm3) after the irradiation
were performed by a system with a time resolution of
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175 ps (FWHM) using a positron source of 22Na The
results are shown in Fig. 2. The main components in
the lifetime ( decay constants ) were 1) 426±5, 2)
493±9, 3) 465±11 ps, respectively. Difference
between these values seems reasonable considering the
time resolution and the standard deviation.

X-ray photoelectron spectroscopy (XPS) of
unirracfiated, irradiated and annealed sample after the
iradiation was carried out in vacuum of 3 x 10~9 Ton
with the energy resolution of 0.8 eV. Some peaks
corresponding to metallic Na were searched on the
crystal surface cleaved in Ar atmosphere, especially
near KLL Auger peak of ionic Na, but nothing was
observed. The spectrum of XPS is shown in Fig.3.

2.2 Electron pulse of 30 KeV [12]
In the apparatus of XPS (V.G. micro lab

mark3), electron beam (30 KeV, 1.6 mA) from a gun
of LaBg for Auger electron spectroscopy (AES) was
used as a radiation source in addition to the analysis.
The beam was scanned on the sample within the
region of 2 x 2 mm2 and the emitted electrons were
analyzed by the electron spectrometer. The
measurement and the irradiation for 10 min. were
carried out by turns. The irradiation current on sample
was variable in an order of magnitude with an iris.

The obtained spectra of AES near Na KLL peak
are shown in Fig.4 (a), (b) and (c). The solid curves
are calculated for peak analysis with a computer.
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Fig.2 Positron annihilation in NaCl crystals, (a)
unirratfiated, (b) irradiated with 21 MeV electrons and (c)
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Fig.4 Auger electron spectra of NaQ crystals; (a) at the
initial stage of 30 Kev electron irradiation, (b) after the
irradiation of 5 min. and (c) 10 min..
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Figure 4 (a) was obtained at the initial stage of the
measurement , (b) after irradiation for 5 min. and (c)
after 10 min. at high current. The main peak (1) in
Fig.4 (a) corresponds to KLL of ionic Na and the peak
(2) in (b) at higher energy side of 3.8 - 4.5 eV, to
metallic Na. Higher current irradiation induced the
peak (3) at 8 eV higher energy and the broad peak (4)
at lower side than main one. Because energy of 30
KeV-electrons absorbed in shallow region of the
crystal surface induce many defects densely with
deposited as thermal energy, and chlorine ions and
atoms can easily escape to vacuum, metallic Na was
formed on the surface so densely as AES can detect

2.3 Vacuum ultraviolet radiation from synchrotron
radiation [12]

As another source of radiation effects, vacuum
ultraviolet (VUV) photons from a synchrotron
radiation facility (UVSOR, Institute for Molecular
Science, Okazaki) were used and the results were
analyzed with ultraviolet photoelectron spectroscopy
(UPS) in the same vacuum vessel. White light was
irradiated (exposed) on NaCl powder crystals at the
beam line 6A2 of the facility, in which the electron
energy in the storage ring was 750 MeV (max. 200
mA), then the critical wavelength was 2.9 nm. Every
30 min.- exposure, measurement of UPS was
performed using monochromatic light of 130 eV with
the resolution of 0.1 eV. The electron analyzer covers
the enable range of photon energy of 2 - 130 eV with
the resolution of dE/E of 10'3.

The obtained spectra of UPS near 2p line of ionic
Na (binding energy of 31 eV) are shown in Fig.5 (a)
and (b). Figure 5 (a) was obtained before the exposure
and (b) was after the exposure of 30 min. and solid
curves are peaks analyzed with a computer. Two new
peaks, (1) and (2), appeared at lower energy side as
shown in Fig. 5 (b) and the new peaks grew up within
30 min. and did not change so much after that. This
means that the exposure effects saturate within 30 min.
and the thickness of metallic layer does not increase so
much.

For the comparison of radiation effects between
VUV photons and a few tens KeV-electrons, samples
were irradiated by 10 KeV electron beam at the same
sample location as the VUV photon experiments and
the effects were analyzed with the UPS. The almost
same spectra as that by the VUV photon irradiation
were obtained but the new peak corresponding to (2)
was not observed.

3. Experimental Results and Discussion
From the optical absorption measurements of

NaCl crystals irradiated by high energy electrons of 21
MeV, it is clear that dense defects of F and F complex
centers were created in bulk and they aggregated to
form colloidal centers with annealing. Mie theory
suggests that in NaCl crystal absorption band at 560
nm are produced with optical scattering and absobing
in metallic Na clusters of which radius are of the order
of a few tens manometer [13,14]. The calculated
results by Takeuchi et al. are shown in Fig.6 [15].
The experimental results show the good agreement
with it.

The results of lifetime measurement of positron
annihilation support the fact that the lifetime in
irradiated samples becomes longer than that in original
one because some isolated defects act as positron or

30 40 50

Klnallc energy (eV)

60

30 40 50

Kinetic energy (eV)

60

Fig.5 Spectra near Na 2p line of UPS of NaCl powder
crystals; (a) before VUV photon exposure and (b) after the
exposure of 30 min..

•500 &00

WAVCV.JNCTM

Fig.6 Calculated extinction spectra for 10' volume
concentration of Na clusters in NaCl. The numbers by the
curves are diameters of the clusters in nm [15],
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positronium traps [16]. In annealed crystals, metallic
clusters includng free electrons quench positrons or
positroniums, then the life time become shorter than
that of irradiated one. Of course, the value does not
return to that of original one because the structural
change remains in the crystals even after annealing.
The obtained values of the lifetime is supposed to be
due to that of positronium in NaCl crystal [17].

Therefore, it is concluded that 21 MeV electron
irradiation to NaCl crystals caused to form metallic Na
clusters of the radius of the order of a few tens nm
inside the crystal in bulk. The density of the clusters
is not so high at the cleaved surface that XPS and
AES can detect them. As the detectable level of XPS
is a few atomic percent, mole fraction of metallic Na
with optical absorption spectra is supposed to be less
than 10"3.

The results of AES show that 30 Kev electron
beam is effective for the formation of metallic Na of
which kinetic energy of KLL is 4 eV higher than that
of NaCl as shown in Fig.4 (b), (2). Because the peak
intensities of metallic Na vary due to analysis location
on samples, probably it does not form cluster and
exist in the form of islands of metal layers on the
surface.

The electron irradiation of higher current
induced other changes in AES. Broadening of the Na
KLL Auger peak suggest sodium atoms in various
chemical states. Peak (3) in Fig.4 (c), 8 eV apart from
the main one is not assigned, shift of (2) or other
chemical state. Peak (4) in this figure is likely to
correspond to isolated atomic Na, that is Na vapor.

Kinetic energy of Na KLL Auger lines and
binding energy of Na 2p electrons referenced to
vacuum level from Na of various chemical states
reported in literature are shown in Table 1 [18-21].

NaCl
Na metal
Na,CO,
Na,0
Na vapor

NaKLL
kinetic energy (eV)

990.3
994.3
989.8
989.8
976.7

Na 2p electron
binding energy (eV)

31
32.9
-

33.4
-

Table 1 Kinetic energy of Na KLL Auger lines and
binding energy of Na 2p electrons.

The radiation effects of VUV photon are similar
as that of 30 KcV electron beam. As peak (1) in Fig.5
(b) shows a few eV higher binding energy than that of
Na 2p in NaCl, this is defined to correspond to
metallic one. The peak (2) is supposed to be the
satellite due to plasmon loss of metallic Na. The
surface plasmon loss was not observed because of the
low intensity. The existence of the bulk plasmon
means that the metallic Na layer is so thick that bulk
plasmon can exist. Energy of surface plasmon is
reported as 4.05 eV and that of bulk one is 5.80 eV
[18].

4. Conclusion
1) As the radiation effects of 21 MeV electron

pulses to NaCl single crystals, metallic clusters are
formed inside the crystal. The cluster diameter
distribute in the order of a few tens nanometer. The
density is not so high that optical absorption and

positron lifetime measurements can detect, while XPS
and AES can not.

2) Irradation of 30 KeV electrons in vacuum is a
effective method to create thick layers of metallic Na
and AES can estimate the physical states.

3) Exposure of VUV photons to the crystals in
vacuum also effectively form the layers. However,
growth of the thickness is restricted because of the
penetration depth of the photons.
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POSITRON ANNIHILATION AND THERMALLY STIMULATED CURRENT
OF ELECTRON BEAM IRRADIATED POLYETHERETHERKETONE

Shigetaka FUJITA, Katsuyoshi SHINYAMA, Takenori SUZUKI' and Makoto BABA

Hachinohe Institute of Technology
88-1, Myo Ohbiraki, Hachinohe, Aomori, 031 Japan

"National Laboratory for High Energy Physics
1-1, Oho, Tsukuba, Ibaraki, 305 Japan

Positron lifetime measurements were applied to electron beam irradiated poly(ether-ether-ketone). The life-
time, T , of the ortho-positronium of unirradiated and 5 MGy irradiated specimen became rapidly longer above
about 150 °C. T of 50 MGy and 100 MGy irradiated specimen was shorter than that of unirradiated one.
Thermally stimulated current (TSC) decreased with increasing the dose before voltage application. In the case
of voltage application, a TSC peak appeared and the peak value decreased with increased the dose. The correla-
tion between the results of positron annihilation and TSC was investigated.
Keywords: positron annihilation, TSC, polyetheretherketone, irradiation effect

1. Introduction
Positrons emitted from radio- isotope positron

sources have average energies of a few hundred keV
and lose their energies quickly in substances through
inelastic collisions. Finally, they annihilate with
electrons, emitting y- rays. In polymers, a part of
positrons form positronium (Ps) by picking up elec-
trons from the substances. It has two spin states
called ortho-positronium (o-Ps) and para-positroni-
um (p- Ps), which have lifetimes of 140 and 0.123
nano seconds (ns) in vacuo, respectively. In polym-
ers, Ps is considered to be trapped in a cavity in
amorphous region, and it is annihilated through a
pick-off process. While the lifetime of o-Ps can be
related to the size of the cavity, its intensity is often
considered to be related to the number of cavities.
Utilizing this characteristics, positron annihilation
has been applied to materials science[l-8].

In this study, structural changes of aromatic
polymer, a heat- resistant insulating material, after
electron beam irradiation, were investigated using
positron annihilation and thermally stimulated cur-
rent (TSC). Besides, some analyses of specimens
before and after irradiation were made.

2. Experimental
2.1 Specimen and electron beam irradiation

A specimen used in this study was poly(ether-
ether - ketone), i.e., PEEK. PEEK plates of 1 mm
thick were used for positron lifetime measurement,
and PEEK film of 50|im thick was used for thermally
stimulated current (TSC) measurements. The former
size was 10x10 mm and the latter one 50x50 mm.

PEEK specimens were irradiated in air at room
temperature by electron beam at JAERI with four
kinds of doses: 5MGy, 50MGy, 75MGy and 100
MGy. These specimens were kept more than 1 month
under the relative humidity of about 35 % at room
temperature. Thus only radicals with long lifetimes
can remain in these specimens after 1 month.

In the case of TSC experiments, after irradiation,
aluminum was coated on both the specimen surfaces
in 25 mm diameter by vacuum evaporation to make

good contact with the electrodes.

2.2 Measurement system of positron lifetime
Figure 1 shows a block diagram of a positron life-

time measuring system. Positron sources were pre-
pared by depositing about 30 nCi of aqueous aNa on
a Kapton foil of a 7 \im thick. The sources were
sandwiched by two identical specimens. For measur-
ing positron lifetimes, signals which indicate a posi-
tron appearance and the annihilation are needed. In
the case of ^Na for the positron sources, it irradiates
y- ray of 1.28 MeV simultaneously with positrons,
and the y- ray is used as a start signal. For a stop
signal positron annihilation y- ray of 0.51 MeV is
used. Thus, positron lifetimes can be determined by
measuring the time difference between the start and
the stop signals.

\ 1

(3)

(

j |
(2)

n Specimen

Vll
2 2Na

(2)

\ f

(3)

Start
(5)

Stop
(4)

(6)

I) Plastic Scintillation Detector (2) Photomultiplier
'3) Differential Constant Fraction Discriminator
4) Delay Line (5) Time-to-Amplitude Convenor
6) Pulse Height Analyzer

Fig.l. Block diagram of positron lifetime measuring
system.

2.3 Thermally stimulated current (TSC) measure-
ments

Figure 2 shows system for measuring TSC. The

- 297 -



JAERI-Conf 97-003

TSC measurement was carried out in the following
manner. At first, a specimen was heated from room
temperature to 220 °C, and then cooled to room
temperature gradually. Next, in the case of voltage
application, a specimen was heated again up to bias-
ing temperature, T , and 0.5 kV was applied between
the specimen for 1 hour. Then, a specimen was
cooled rapidly to - 20 °C before the voltage was
removed, and TSC under short-circuit condition was
measured at a heating rate of 1 °C/min.

CD

Switch

Thermo-Couple
-—j Specimen

Constant Temperature :
Oven •

Temperature
Controller Preampliner

Multilogjer Electro Meter

Display

Fig.2. Block diagram of TSC measuring system.

3. Results and discussion
Figure 3 shows the temperature dependence of

lifetime, x3, of the longest-lived component in uni-
rradiated and irradiated specimen. x3 of unirradiated
and 5MGy irradiated specimen increased with in-
creasing the temperature, and the change in the in-
creasing rate of x was observed at about 150 °C. For
50MGy and lOOMGy irradiated specimen, t 3 in-
creased rapidly from about 160 °C, and was smaller
than that of unirradiated one above about 160 °C.
This means that at this temperature polymer structure
starts to move due to the micro Brownian motion.
The average size of cavities in amorphous regions at
about 150 °C was estimated to be about 100 X from
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Fig.3. Temperature dependence of %3 in unirradiated and
irradiated specimen.

the relation between x and volume of cavities[9].
Thermal expansion became small above 160 °C
because of crosslinking by electron beam irradiation.

Figure 4 shows the temperature dependence of in-
tensity, I3, of the longest- lived component. I3 in-
creases with increasing the temperature, and it was
found that electron beam irradiation caused the
amount of cavities in amorphous region to decrease.

50 100 ol50
Temperature (°C)

200

Fig.4. Temperature dependence of I in unirradiated and
irradiated specimen.

Figure 5 shows the temperature dependence of
TSC of unirradiated and irradiated specimens before
voltage application. In the case of unirradiated and 5
MGy irradiated specimen, TSC starts to increase
from about 180 °C, and that of 50 MGy, 75 MGy and
100 MGy irradiated one increased from 190 °C. TSC
decreased with increasing the dose above 180 °C.

•

i
u
H

- o ~

0 Gy
5 MGy

50 MGy
75 MGy

100 MGy

100 150Q

Temperature (°C)

Fig.5. TSC of unirradiated and irradiated specimen before
voltage application.

Figures 6, 7 and 8 show TSC of unirradiated, 75
MGy and 100 MGy irradiated specimen after voltage
application, respectively. For the unirradiated speci-
men, there was no peak with the biasing temperature,
Tb, of 100 °C. In the case of 140 °C and 180 °C,
peaks of TSC were observed at about 155 °C and 180
°C, respectively. Also, for 75MGy and lOOMGy
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irradiated specimens, peaks of TSC appeared above
155 °C as well as the unirradiated specimen.

50 100 150o 200
Temperature (C)

Fig.6. TSC of unirradiated specimen after voltage applica-
tion.

50 100 150o 200
Temperature (C)

Fig.7. TSC of 75MGy irradiated specimen after voltage
application.

50 100 150o 200
Temperature (C)

Fig.8. TSC of lOOMGy irradiated specimen after voltage
application.

Figures 9, 10 and 11 show TSC with different
biasing temperature of 100 °C, 140 °C and 180 °C,

respectively. TSC became larger with increasing the
biasing temperature, T , the peak temperature shifted
to high temperature with increasing Tb<
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Fig.9. TSC of specimen with the biasing temperature of
100 °C.
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Figure 12 shows the dose dependence of peak
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temperature. The peak temperature increased with
increasing the dose. This peak temperature shifted to
higher temperature with increasing the biasing
temperature, Tb. The peak temperature was affected
by crosslinking in amorphous region.
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Fig. 12. Dose dependence of peak temperature.

Figure 13 shows the dose dependence of peak
value. The peak value decreased with increasing the
doses. It was found that the polarization was hard to
occur by crosslinking.

240 -
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Dose (MGy)

Fig. 13. Dose dependence of peak value.

Figure 14 shows X- ray diffraction intensity as a
function of the dose. Two peaks appeared in X- ray
diffraction pattern. The intensity of Peak 1 (26
=18.5° ) and Peak 2 (26 =22.3° ) decreased a little
with increasing the dose. The crystallinity was re-
duced by electron beam irradiation.

Figure 15 shows free radicals induced in electron
beam irradiated specimen. Before irradiation, free
radicals were observed in the specimen. The amount
of radicals increased with increasing the dose. It
tended to be saturated from 50 MGy. This may be
associated with crosslinking. The primary interaction
of irradiation with polymers leads to the formation of
excited molecules and ions. Subsequently, scissions
of covalent bonds of either main or side chain occur,

resulting in the production of free radicals.
From the results of the temperature dependence of

lifetime, x3, and TSC, it is suggested that polarization
occurs hardly because of crosslinking caused by
electron beam irradiation.
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Fig.14. X- ray diffraction intensity of specimen with the
different dose.
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Fig. 15. Dose dependence of free radicals.

4. Conclusion
In this paper, we have investigated the relation

between positron annihilation and thermally stimu-
lated current (TSC) of electron beam irradiated
specimen. Results are summarized as follows;
(1) For the unirradiated and 5 MGy irradiated speci-
mens, the average size of cavities in amorphous re-
gions rapidly increases from about 150 °C, and the
amounts of cavities have a tendency to increase
gradually with increasing the temperature. For 50
MGy and 100 MGy irradiated specimens, the thermal
expansion became small above 160 °C because of
crosslinking by electron beam irradiation.
(2) In the case of no voltage application, no peak
appeared between room temperature and 185 °C. The
TSC decreased with increasing the dose. In the case
of voltage application, a TSC peak appeared and the
peak value decreased with increasing the dose. The
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peak value became larger with increasing the biasing
temperature. The peak temperature increased with
increasing the dose.
(3)Polarization of irradiated specimen occurred
hardly because of molecular crosslinking by electron
beam irradiation.
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An ion beam pulse radiolysis system has been constructed at HIMAC facility. Ion beam of 24MeV He2+ with the
duration longer than 1 (xs is available for irradiation. Three kinds of aqueous solutions, (C&Hs^CO, NaHCO3, and
KSCN, were irradiated and the absorption signals corresponding to (CsHs^CO", CGY, and (SCNV respectively
were observed. Ghost signals which interfere with the measurement are also discussed.
Key words: He ion, pulse radiolysis, aqueous solution, LET effect

1. Introduction
Radiolysis of aqueous solution with low LET

radiation has been studied, and a process of water
radiolysis is well established! 1]. The technique of
electron beam pulse radiolysis is recognized to be
valuable, and many transient species are directly
observed. At the experiment with high LET radiation
stable species after irradiation are mainly discussed. A
number of studies have been made on the yields of
ferric ion produced in ferrous sulfate solutions
containing sulfuric acid, the Fricke dosimeter, and its
dependence on particle energy are investigated with
several kinds of ions[2]. However, fairly a few attempts
have been made on the measurement of transient
species produced by pulsed ion beam. More efforts are
required to observe the species directly in order to
understand the track structure produced by high LET
radiation.

Recently, a heavy ion accelerator named HIMAC
(Heavy Ion Medical Accelerator in Chiba) was
constructed in National Institute of Radiological
Sciences, and the cancer therapy has begun. The
beams are offered to the basic research, too. In the
present experiment a system of ion beam pulse
radiolysis has been constructed on one of the beam
ports, and the species produced in the radiolysis of
aqueous solution are observed. The yield of water
radiolysis is necessary as a basic data for the
application of ion beams to industry or therapy.

2. Experimental
2.1 Ion beam

The HIMAC has linear accelerators which are
used as preaccelerators before the synchrotrons. After
passing through the linear accelerator, particles have
the energy of 6 MeV/nucleon and can be introduced to
the irradiation chamber. Helium ion (24 MeV) is
mainly used for the experiment and carbon ion (72
MeV) is also used. Each ion beam have a fine

structure; a train of pulses of 100 MHz. At the
experiment the beams are chopped and the duration is
adjusted. The shortest pulse is 1 \is. For dosimetry, the
pulses longer than 10 us were taken in order to
measure the current by a current integrator and to
induce the color change of the film dosimeters. Dose
per pulse was in the range of 1-20 Gy.

2.2 Irradiation system
The irradiation chamber is shown in Fig. l(a). The

vacuum duct is made of stainless steel. The beam is cut
by the two slits with the diameters of 8 mm, passes
through a titanium foil with 20 p i thickness and a
harvar foil with 10 urn thickness, and reaches the
sample. The solution is directly contacted with the
window, because the penetration range of 24 MeV He2+

ion is quite short (~500 \xm in water). The window
itself is supported by the stainless steel with mesh to
prevent the bending. Only ion particles which pass
through the mesh reach the sample. Five rectangle
holes are lined up in the rows horizontally. The size of
each rectangle is 1 mm x 3 mm. In the other area, there
are six round holes to check the space distribution of
the beams.

The sample cell is made of Pyrex glass. It is fixed
to the chamber to surround the irradiation ports, and
the gap between the cell and the chamber is sealed by
O-rings. The cell has a cylindrical shape but the
surfaces through which the analyzing light passes are
flat. There are three mouths, two of them are used to
flow the sample and the other is a drain. The sample is
reserved in a flask which has a gas bubbling system,
and flows to the cell by gravity. The flow can be turned
on or off by an electromagnetic valve.

The titanium foil is placed between the accelerator
and the window in order to prevent the water from
leaking to the accelerator when the window is broken.
The chamber between the foil and the window is
always evacuated by a separate pumping system.
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Beam •

Fig. l(a).

Sample

Cylindrical

Convex Mirror Shutter

Fig. l(b).

Computer

Transient Digitizer

Tektronix TDS420

PIN Photodiode

HAMAMATSUS1722-02

Fig. 1. Experimental system, (a) Irradiation system. The window is made of harvar foil with 10 \xm thickness, which is
supported by the plate with mesh, (b) Optical alignment.

2.3 Absorption measurements
The yield of products is measured by the

absorption method. The optical alignment is shown in
Fig. l(b). As the analyzing light 633 mm line of He-Ne
laser or 488 nm line of Ar ion laser (Spectra-Physics
Stabilite 2017-06S) is served. The laser light passes
through the sample cell in parallel to the surface of the
window. The light goes along the line of the holes of
the stainless mesh, giving the optical path of 5 mm. It
is necessary to measure the signals as a function of the
distance from the window in order to determine the
yields as a function of LET. So, the analyzing light is
expanded by a cylindrical convex mirror after passing
through the cell, and cut by the slit. The light is led to
the PIN-photodiode (HAMAMATSU S1722-02) and
the output is stored in the transient digitizer (Tektronix
TDS420). The width of the measured area and the
distance from the window are determined by the width
and the position of the slit. In the present experiment
the area within 100 (un from the window is normally
measured.

Fig. 2(a) shows the trigger system. The accelerator
is controlled by the internal trigger. The same trigger
pulses are put into the digital delay generator

(STANFORD RESEARCH SYSTEMS DG-535) to
trigger the shutter and the digitizer synchronously.
The beam current is utilized to adjust the timing.

2.4 Beam current measurements
The beam current is picked up at the end of the

vacuum duct and measured by the current integrator
(ORTEC 439 Digital Current Integrator). Typically the
current is several nanocoulombs per pulse. It is also
measured by the digitizer, because it can measure one
pulse while a number of pulses are necessary to
measure the current by the current integrator. The
beam current and the output of the photodiode can be
stored in the digitizer simultaneously. This enables to
adjust the trigger delay. Typical trace of the digitizer is
shown in Fig. 2(b). The resistance input to measure the
current is 50 Q, and the output is in the range of mV. In
this case the pulse duration is 2 us, and the figure
shows that the pulse has a rectangle shape. To get one
timeprofile approximately 30 signals are averaged.
The repetition rate of the beam is 1 Hz.

The absorbed dose is calculated by the beam
current and LET. As the sample is contacted with the
window, it is impossible to pick up only the current of
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Current Integrator

Trigger
Signal PIN

Pnotodiode

Digital Delay
Generator

Computer Display Terminal

Fig. 2(a).

Fig. 2(b). 10ns

Fig. 2(a). Diagram of the pulse radiolysis apparatus,

(b) Typical absorption signal and beam current.

the particles which pass through the mesh. It is
calculated by the current reaching the whole window.
In the present, the beam is assumed to be uniform. This
is confirmed by the color change of the film dosimeter.
The value of LET is calculated by Bethe's equation.
Energy loss at the foils is also calculated by this
equation. The energy after the window is 21 Me V.

3. Results and Discussion
Three kinds of aqueous solutions, benzophenone,

sodium hydrogencarbonate, and potassium
thiocyanate, were irradiated to test the system. It has
been reported that benzophenone, (CfjHs^CO, is
reduced by hydrated electron [3].

(C6H5)2CO + e*,- - (CsHshCO-
The radical anion has an absorption peak around 610
nm. The absorption coefficient at 633 nm was
evaluated as 5200 M'cm 1 . The acid-base equilibrium
of (C6H5)2CO" was investigated and pK, = 9.2 has been
reported[4]. In this experiment, 10'3 M NaOH was
added to keep pH = 11. To increase the solubility of
benzophenone 1M t-butanol was also added, and 10"
3M benzophenone solution was prepared. It was also
reported that benzophenone reacts with H and OH to
produce the adducts, respectively. The hydrogen
adduct does not absorb the light of 633 nm[5], and

under this condition, OH is scavenged by t-butanol and
scarcely reacts with benzophenone. Thus, the
absorption at 633 nm is only due to (QHskCO".

Hydrogencarbonate ion, HCO3\ is oxidized by
OH[6].

HCO3+OH — CO3+H2O
The spectrum of the product, CO3\ has a peak around
620 nm. The absorption coefficient of at 633 nm was
evaluated as 1500 NT'cm'1. As the absorbance of CO3'
is small, the solution was saturated with nitrous oxide
to increase the yield of OH.

Thiocyanate solution is widely used for dosimeter
in electron beam pulse radiolysis. The yield of the OH
is measured by the absorption of the dithiocyanate
radical anion, (SCN)2[7].

SChT + OH — SCNOH-
SCNOH" -» SCN + OH"
SCN + SCN" -* (SCN)2-

In this experiment, the yield was measured using the
488 nm line of Ar ion laser. The absorption coefficient
has been reported as 7300 NT1 cm'1 [8,9].

Fig. 3 shows a timeprofile of the absorption
observed in the 10'3 M benzophenone solution
containing 1M t-butanol and 10"3 M NaOH. The
solution is degassed by N2 before irradiation. Pulse
duration is less than 100 us and the dose is
approximately 160 Gy. In the figure the signal rises
quickly and decays in the range of milli seconds. The
rate constant of e ^ and benzophenone is reported to be
about 1010 NT's'1 [3], the time constant to form

is about 10' s which is shorter than the
pulse duration. The rate constant of secondary reaction
of (C6H5)2CO- is comparatively small. This predicts

0.03

0.02

0.01

-0.01

A.
i . 1 .

200 400 600 800 1000

Time / us

Fig. 3. Timeprofile of the absorption measured at 633 nm
in the irradiation of 10"3 M benzophenone solution
containing 1 M C(CH3)3OH and 10* M NaOH. The
sample was degassed by N2. Pulse duration is less than
100 us, and the absorbed dose is 160 Gy.
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Fig. 4. Timeprofiles measured at 488 run in the
irradiation of 10'2 M KSCN solution with 10 us pulse.
The solution is saturated with (a) N2O, (b) air. (c) The
solution contains 0.2 M C2H5OH and is saturated with

air.

that the absorption peak should be found at the end of
the pulse, and it was confirmed experimentally.

Then the solution was saturated with nitrous oxide
and irradiated. Nitrous oxide is a scavenger of the
hydrated electron, and its concentration is 2.7xlO'2 M,
so most of the hydrated electron would react with N2O.
As expected, the absorption was not observed. Thus,
the signal observed in the benzophenone solution is
identified to be the absorption due to (C6H5)2CO\

Before the experiment of benzophenone solution,
deaerated pure water was irradiated, and hydrated
electron had been expected to be observed because it
has a strong absorption at 633 nm (E633 = 15000 M"
'cm'flO]). However, the absorption was not observed.
The reason of this is considered that the reactivity of
hydrated electron is much greater than that of
benzophenone radical anion. The difference of the
timeprofiles was investigated by the simulation. In the
irradiation with 100 \is pulse, the yield of (C6H5)2CO'
has a maximum at the pulse end, but the hydrated
electron in pure water decays within the pulse, and the
maximum yield is much smaller than that of

In the irradiation of NaHCO3, the absorption by
CO3" was observed. It was also measured that the
intensity of the signal is in proportion to the dose.

The timeprofiles observed in the irradiation of 10"2

M potassium thiocyanate solution are shown in Fig. 4.
Pulses of 10 (is were used and the absorbed dose was
approximately 50 Gy per pulse. The solution was
saturated with nitrous oxide (curve (a)), or with air
(curve (b)). The absorption was not measured in the
solution containing 0.2 M ethanol saturated with air
(curve (c)). As ethanol is a scavenger of OH, the signal

is identified to be the absorption due to (SCNV- In the
presence of N2O, e^' is converted to OH.

C,' + N2O - • N2 + O
O + H2O — OH + OH"

The ratio of the yield in the N2O saturated solution to
that of the air saturated solution was studied, and the
value of two has been reported[ll,12]. In the present
experiment, the contribution of e^' was recognized, as
the curve(a) shows the difference from the curve(b).
The ratio of the yield at the maximum is less than 2,
but the maximum yields can not be compared because
of the decay during the pulse. The correction remains
to be a future problem.

The absorption signals were obtained, as
mentioned above. On the other hand, different signals
were also observed under a certain condition. One of
the signals is shown in Fig. 5 (curve(a)). In Fig. 5 the
ghost signal is compared with the absorption signal
(curve(b)). The sample was the same benzophenone
solution and was irradiated with the 100 \xs pulse.
Though the signal has similarity, it was proved not to
be the absorption due to the species. In this paper it is
denoted "ghost signal". The cause for the ghost signal
is not known. One explanation may be that it is caused
by a change of refractive index of water due to the
temperature rise by the irradiation. In the data shown
as curve(a) in Fig. 5 absorption can not be
distinguished because of the strong ghost signal. This
is rather a special case. Generally the composition of
the absorption and the ghost signal was obtained. Fig.
6 shows the timeprofiles observed in the irradiation of
N2O saturated 0.01M thiocyanate solutions. The ghost
signal has a longer relaxation time as is shown in Fig.
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Fig. 5. Ghost signal (a) compared with absorption (b) in
10"3 M benzophenone solution containing 1 M C(CH3)3OH
and 10'3 M NaOH degassed by N2. Curve(b) is the same as
shown in Fig. 3.
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0.85
100 200

Time /

300 400

Fig. 6. Timeprofiles measured at various positions in N2O
saturated 10'2 M KSCN solution. The light from the area
within lOOym from the window was extracted in curve(a),
and from (b) to (d) the area goes farther by 100 nm.

5. It appears in Fig. 6 as the shift from the value of 1 at
the end of the timeprofiie. Four curves are obtained
changing the distance from the window. The analyzing
light passing within 100 urn from the window was
extracted in curve(a), and from (b) to (d) the area goes
farther. These curves show that the ghost signal is the
weakest near the window. The decay of the ghost
signal is much slower than absorption. Therefore, it is
considered that the absorption can be estimated by
subtraction of the ghost signal from the total change of
the intensity.

It is well known that the variation of the yield with
the scavenger concentration is valuable to investigate
the track structure. As potassium thiocyanate has a
high solubility, the concentration dependence of the
yield of (SCNV can be investigated with this pulse
radiolysis system. The yield is to be corrected by the
simulation of intratrack reaction and the decay during
the pulse. This kind of experiment is now in progress.

In parallel, a calculation code based on a diffusion
kinetic model for the cylindrical track distribution of

the water decomposition products was developed, and
characteristics of the reactions for transient species as
a function of time were studied. This would be helpful
to interpret the experimental results.
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UPTAKE AND TRANSPORT OF POSITRON-EMITTING TRACER IN PLANTS
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The transport of a positron-emitting isotope introduced into a plant was dynamically followed by a special
observation apparatus called "Positron-Emitting Tracer Imaging System". In the system, annihilation y -rays from
the positron emitter are detected with two planer detectors (5 x 6 cm square). The water containing ca. 5 MBq/ml of
18F was fed to the cut stem of soybean for 2 min and then the images of tracer activity were recorded for 30 - 50 min.
When the midrib of a leaf near the petiole was cut just before measurement, the activity in the injured leaf was
decreased but detected even at the apex. This result suggests that the damaged leaf recovered the uptake of water
through the lamina. Maximum tracer activities in leaves of unirradiated plant were observed within 10 min, whereas
those of irradiated plant at 100 Gy were observed after over 25 min. The final activity of irradiated plant after 30 min
was lower than that of unirradiated plant. In case of beans, there was a difference in the absorption behavior of the
18F-labeled water between unirradiated and irradiated samples. These results show that the system is effective to
observe the uptake and transportation of water containing positron emitting tracer for the study of damage and
recovery functions of plants.

INTRODUCTION

Radioisotopes and stable isotopes of biologically
relavant elements have frequently been used for the
studies of uptake and transportation of nutrients in
plants. Positron-emitting radionuclides of uCO2(half
life 20 min)1'2' and 13NO3 (half life 10 min)M) have also
been used in vivo studies of whole plant transport.
These techniques are useful to provide a dynamic image
of plant transport or a static image of the result of tracer
movement as the autoradiography.

Recently, positron emission tomography (PET) has
been utilized for diagnosis in nuclear medicine. It has
been used for the study of metabolic and physiological
function in medical research. McKay et al ^ applied to
use a PET for neurological research of laboratory
animals on the study of long distance transport of 18F-
labeled water in plants. The paper suggested the
advantage of PET for the study of physiological
functions of plants in vivo.

Radiation treatments of plants have been applied in
various fields such as disinfestation of cut flowers as
quarantine procedure6', food preservation; disinfestation
of fruits and sprout inhibition of potatoes and onions7',
and mutation breeding8', etc. When the plants are
irradiated, radiation causes the various damages on
plants. It is, therefore, important to clarify the changes
in various plants caused by radiation to prevent the
damage.

In the present study, the transport of a positron-
emitting isotope introduced into a plant was
dynamically followed by a special observation apparatus
"Positron-Emitting Tracer Imaging System".

MATERIALS AND METHODS

Production of lsF-labeled water
An aqueous solution of 18F (positron emitter; half-

life 110 min) was produced from the reaction 16O (a,
pn) I8F by bombarding water with 1.0 |xA of 50 MeV a
particles from the TIARA AVF cyclotron. A 40 min
bombardment produced ca 100 MBq of 18F in 6 ml of
water, and the l8F-labeled water was purified through a
cation exchange column.

Plant materials and growth conditions
Seeds of soybean (Glydne max) were grown in

barmuculite from seed germinated for 2 days at 25 "C on
wet cotton in a covered Petri dish. Plants were watered
daily with deionized water and supplied with a broth of
hyponex solution weekly. The plants were maintained
in a controlled environment chamber with a day/night
temperature 25'C/20<C and photosynthetically active
radiation level of 450 p. molphoton/m2s for 15h.

Cultivation of plants and supply of lgF-labeled water
The plants with 30 cm height cultivated for 45 days

were used for the experiment. The water containing ca.
5 MBq/ml of 18F was fed to the cut stem of the plants for
2 min and then the plants were dipped in the deionized
water for 30 - 50 min during the imaging analysis of
tracer activity.

Positron-Emitting Tracer Imaging System
The system used in this experiment consists of

two-dimensional block detectors (5 x 6 cm square)
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which are composed of a Bi4Ge3O12 scintillator array
coupled to a position sensitive pholomultiplier tube
(PS-PMT; Hamamatsu R3941-2). The mosaic BGO
array is formed with 27(X) x 23(Y) array of 2 mm square
cross section x 20 mm deep BGO pillars, where each
segment is placed with 2.2 mm pitch. One of
annihilation r-rays interacts with a segment in the
scintillator array of one side detector and thereby
produces photons. These photons finally reach on the
photocathode of PS-PMT after undergoing many
reflection in a scintillator slot and converted the
photoelectrons. The photoelectrons are multiplied with
maintaining the position information and produces a
spatially limited shower of secondary electrons in the
mesh dynodes. These secondary electrons are collected
by crossed-wire anode composed resistive chains to
produce the two-dimensions position information for
the centroid of the shower.

y -irradiation of plants
The plants were irradiated at room temperature using

'"Co as a source. The dose rates used were 0.2 - lkGy/h
as determined by Fricke dosimetry. The soybean plants
grown for 45 days were irradiated in a pot.

RESULTS AND DISCUSSION

1. Analysis oftransportation ofsF-labeledwater in plants
using PETIS

For studies of transport in plants, the plant samples
containing a positron emitter are placed at midposition
between the two opposed detectors (Fig. 1). Two of

Bi4Ge3Oi2 scintillator array

position sensitive
photomultiplier

Fig.l. Scheme of positron-emitting tracer
imaging system

Fig.2. Images of "F tracer activity in a soybean leaf
Images were acquired with 2 min frame for 30 min.
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annihilation j -rays from samples are detected in
coincidence. The original position of annihilation is
localized at the intersection of the object plane with a
line connecting the two detection points on the
detectors. Thus the position emitting tracer images are
obtained accumulating these intersections. The spatial
resolution of the system is obtained 2.5 mm FWHM
from the point spread of the image for a point source (1
mm diameter) on the focal plane.

Figure 2 shows the time course images of a soybean
leaf measured using this system. The data was acquired
with 2 min frame for 30 min. In this measurement of
flat objects like a leaf, accidental coincidences and
random annihilation on the detector by escaped positron
from plant are the two primary sources of background.
These background were treated as a flat distribution with
very little spatial variation and rejected by subtraction of
a constant value (15%) from the image.

2. Effect of cut damage on leaf for water transport

The analytical results in Fig. 2 show that the

'Cut

Fig.3. Position of cut damages and analysis of
tracer activity in leaves

system is useful to observe the water transport in plants
in vivo. To study the water transport in injured leaf, the
activity of tracer was monitored using 18F-labeled water.
As shown in Fig. 3, the midrib of two side leaflets were
cut near the petiole just before measurement. After 2
min feeding of 18F-labeled water, tracer activity was
monitored for 30 min. Figure 4 shows the images of the
leaves after 30 min measurement. Changes in activity in
undamaged leaf (Fig. 5a) and cut damaged leaf (Fig. 5b)
were analyzed at three points (hpetiol, 2:apex,
3:lamina). The activities at petiol were slightly
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Fig.5. Time-activity curves in uninjured and cut
injured leaves

a: uninjured leaf, b: cut injured leaf

decreased by the cut injury but almost the same
activities were observed at lamina. The activities at
apex (curves 2 and 2*) show the delay of water transport
by cut injury of midrib but the decrease was not so
significant. These results suggest that the uptake of
water at the apex of damaged leaf is covered through
lamina. Thus the transportation of water in leaf depends
not only on midrib but also through lamina.

Fig.4. Images of "F tracer activity in leaves
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3. Irradiation effect on water transport of plants

Radiation causes various changes in physiological
functions of plants. The change in water transport in
soybean leaf by irradiation was studied using 18F-labeled
water. By 100 Gy irradiation of plants, obvious change
in appearance was not observed but the damage on
growth and chlorosis were observed after few days.
Figure 6 shows the images of 18F-tracer in leaves of
unirradiated and 100 Gy irradiated soybean plants. The

IBB
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15 20 25 30

TIME (nin.1

5 10 15 20

TIME Cmin.)

Fi.7. Time-activity curves of unirradiated and
irradiated leaves

a: unirradiated, b: irradiated at 100 Gy
1: petiol 2: apex

appears on the unirradiated leaf but the effect is very
small.

. •W^AWSKW^SSMMJ-

Fig.6. Images of 18F tracer activity in unirradiated
and irradiated leaves

a: unirradiated, b: irradiated at 100 Gy

unirradiated plant shows the clear images of tracer but
the activity in unirradiated plant was very low.
Maximum tracer activities in leaves of unirradiated
plant were observed within 10 min, whereas those of
irradiated plant were observed after over 25 min (Fig. 7).
The final activity of irradiated plant after 30 min was
lower than that of unirradiated plant especially at apex.
When the half side of plant was irradiated at 100 Gy (the
plant was shielded by lead block and protected from the
7 -ray irradiation), similar images were observed with
whole plant irradiation. The activity at petiol in
unirradiated leaf was almost the same as unirradiated
plant but the activities at lamina and apex were lower.
The results show that the partial irradiation effect

4. Water absorption in irradiated bean

Minimum doses for sprout inhibition are 60Gy for
potato9' and 20 Gy for onion10), respectively. In case of
kidny beans, 88% of sprout inhibition was observed at
lOOGy irradiation. The change in water absorption of
kidny beans by irradiation was tested using 18F-labeled
water. After the beans were soaked in deionized water for
3 h, half embryo were prepared and soaked in 18F-labeled
water for 2 h. Figure 8 shows the images of tracer
activity absorbed in unirradiated, 100 and 2000 Gy
irradiated beans. Maximum absorption was observed in
unirradiated bean and the absorption was decreased in
100 Gy irradiated sample. The absorption in 2000Gy
irradiated sample was increased though the activity was
lower than that of unirradiated one. The result suggests
that the low dose irradiation at 100 Gy causes the
damage for the absorption of water in beans leading to
the inhibition of sprouting and other metabolic
activities. On the other hand, it is considered thai excess
dose of irradiation at 2000 Gy causes the damage on the
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Fig.8. Images of "F-labeled water absorved in beans
1: unirradiated, 2: lOOGy, 3: 2000Gy

control system of membrane permeability and the
increase in absorption of 18F-labeled water. As the
images obtained in this experiment were two-
dimensions, it was difficult to detect which part of seeds
were changed by irradiation. It is, therefore, considered
that the three-dimensions analysis such as positron
emission tomograpy is required. If the plant samples or
detectors were rotated, three-dimensions images could
be obtained by the system using in this experiment.

From these results, it can be concluded that the
system is effective to observe the uptake and transport of
water, minerals and nutrients for the study of damage
and recovery functions of plants. It is reported that
fluorine likely exists as the anion F" which is not readily
taken up by plant cells and it should be a good tracer of
water movement in the apoplast^. However, it is
required to confirm whether 18F'movement corresponds
to the water movement using I50 or 3H labeled water.
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SYNTHESIS OF 188RoDMSA COMPLEX USING CARRIER-FREE 188Re

Kazuyuki HASHIMOTO, Md. Shafiqul ISLAM*, and Miahiroku IZUMO
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Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki-ken, 319-11 Japan

* Bangladesh Atomic Energy Commission, Atomic Energy Research Establishment
Ganakbari, Savar, P.O. Box 3787, Dhaka-1000, Bangladesh

The synthesis of rhenium-DMSA labelled compound using carrier-free 188Re from the 188W/188Re gen-
erator has been carried out. Stannous chloride was used as the reducing agent for reduction of rhenium
and ascorbic acid was used as an antioxidant in the reaction media. The dependence of the yield of Re-
DMSA complex upon the concentration of reducing agent, pH, reaction time, anti-oxidant, carrier and
temperature was investigated. Under optimum conditions, the yield of Re-DMSA complexes were more
than 98% for the carrier-free as well as carrier-added 188Re. The stability of the Re-DMSA complexes at
different pH and time were also investigated. It was found that the Re-DMSA complex was very stable
and did not undergo any changes or decomposition with the changes of pH from its initial values even
after 48 hours of pH change for carrier-free as well as carrier-added complexes.
Keywords: Re-DMSA, carrier-free 188Re, generator

1. Introduction
In recent year, the radioactive isotopes of rhe-

nium, 188Re and 188Re, have been suggested as
candidates for radioimmunotherapy because of their
nuclear properties (energetic 0 particles and im-
ageable 7 photons) [1,2]. Rhenium-186 with the
carrier was obtained by the 185Re(n, 7)186Re reac-
tion in a reactor and no-carrier-added 186Re was
obtained by the 188W(p, n)186Re reaction using
a cyclotron. Carrier-free 188Re was obtained as
the daughter nuclide of the 188W produced by the
double neutron capture reaction of 18SW in a reac-
tor. Rhenium and technetium belong to Group 7
(7A) of the periodic table and have similar chemi-
cal properties. Therefore, 186Re and 188Re are ex-
pected to be widely used as well as 99mTc. Dimer-
captosuccinic acid (DMSA) labelled with 99mTc
has been used as an imaging agent for renal dis-
ease. Furthermore, it was reported that 99mTc(V)-
DMSA radiopharmaceutical accumulated in medul-
lary thyroid carcinoma[3,4] and bone metastases[5].

In this paper, the synthesis of rhenium-DMSA
labelled compound using carrier-free 188Re from
the 1S8W/188Re generator has been investigated in
detail. Stannous chloride was used as the reducing
agent for the reduction of rhenium. Furthermore,
the stability of the 188Re-DMSA complex at dif-
ferent pHs was studied.

2. Experimental
2.1 Production of188 W/^Re generator

Typically 20 mg of WO3 (99.79% enriched

186WO3, ISOTEC Inc., USA ) was encapsulated
in a quartz ampule and irradiated in the JRR-
3M reactor at a thermal neutron flux of about
9xlO13 n-cm-2-sec~1 for twenty six days. About
four months was allowed for cooling of the sam-
ples for decaying out the short-lived radionuclides
produced during the irradiation of samples.

The 188W/188Re generator was prepared by alu-
mina column system[6]. The irradiated WO3 was
dissolved in 1 ml of 1.0 M KOH. 10 ml of 0.01
M HC1 was added to the KOH solution of 188W
and the pH of the solution was adjusted to about
2 using 4 M HC1. This solution was absorbed
onto the alumina column (14 mm4> x 100 mm :
BIO-RAD, AG-4, 100-200 mesh) which was con-
ditioned with 0.01 M HC1. The column was then
washed with 40 ml of normal saline. Rhenium-
188 was eluted with 40 ml of normal saline after
the equilibrium between 188W and 188Re had al-
most been reached. The chemical form of 188Re
obtained from the generator was checked by paper
chromatography (Whatman No.l) in 0.9% sahne.

2.2 Synthesis of ms Re-DMSA complex
DMSA was purchased from Aldrich Chemical

Company. All other chemicals were of guaranteed
reagent grade. The labelling studies were carried
out as follows:
To DMSA aqueous solution, antioxidant (1-ascorbic
acid, citric acid or gentisic acid) aqueous solution,
HC1 or NaOH solution for pH adjustment, stan-
nous chloride solution (0.6 M HC1), and 188Re so-

- 313



JAERI-Conf 97-003

lution from the generator were added. The total
volume of solution was kept 4 ml. The reaction
mixture was allowed to react at room temperature
for 4 - 5 hours. The pH of the reaction mixture was
measured during this incubation. The solution was
filtered through a 0.45 ftm filter when precipitation
occurred in the reaction mixture. Radiochemical
yields of 188Re-DMSA, free perrhenate (188ReO~)
and reduced hydrolyzed rhenium (188ReO2) were
determined by silica gel TLC (Merck No. 5735 /
Methyl ethyl ketone) and paper chromatography
(Whatman No. 1 / 0.9% saline). The radioactiv-
ity of 188Re was measured by a (3 - 7 counter.

2.3 Stability studies of 188Re-DMSA complexes
The pH of 188Re-DMSA solution obtained un-

der optimum conditions (pH 1) was changed from
its initial value to different values up to 10 by
adding 0.1 M HC1 and 0.1 M NaOH solution and
then allowed to stand for up to 48 hours at room
temperature. The change in the yield of Re-DMSA
complex was determined by TLC and PC methods
as mentioned earlier.

3. Results and Discussion
The chemical form of 188Re was found to be

perrhenate ion (188ReO^~) and was free from 188W
breakthrough. Rhenium-188 solution (9xlO4 Bq
(2.4 (iCi)/wl - 6X105 Bq (16.2 /xCi)/ml) was ob-
tained from the generator in saline solution (0.9%)
and was used for labelling purposes without fur-
ther purification.

3.1 Effect of reaction time
The influence of time on the formation of188 Re-

DMSA complex of both carrier-free and carrier-
added systems were studied. It was observed that
the labelling yield increased with time and the
yield attained a maximum value of more than 98%
after 4 hours of reaction time at optimum condi-
tions for carrier-free and carrier-added complexes.
Further increase of reaction time did not show any
change of in the yield of the complex. The la-
belling yield of the Re-DMSA (carrier-free) com-
plex was about 76% after 1 hour of reaction time
(pH: 1.0, concentration of stannous chloride: 0.2
mg/ml, concentration of DMSA: 1.4 mg/ml, con-
centration of ascorbic acid: 0.5 mg/ml) and the
yield attained nearly 100% after 4 hours of reaction
time at the above conditions. For carrier-added
(0.02 mg Re/ml) complex, the labelling yield was
74% after 1 hour and more than 98% after 4 hours
of reaction at the above mentioned conditions.

3.2 Effect of antioxidants
Three antioxidants, e.g., ascorbic acid, gentisic

acid and citric acid were used in the reaction mix-
ture to study their effects on the yield of the Re-
DMSA complex. The concentration of the antiox-
idant was 0.5 mg/ml in the reaction mixture. The
labelling yield increased from 87% (no use of an-
tioxidant) to 92% using ascorbic acid. The yield
increased to 89% using gentisic acid and 92% us-
ing citric acid. Among the three antioxidants,
1-ascorbic acid and citric acid was the most ef-
fective antioxidant for the synthesis of Re-DMSA
complex. L-Ascorbic acid was used as an antioxi-
dant in the labelling of Re-DMSA complex in the
present study.

3.3 Effect of pH
The yield of Re-DMSA complex was studied

as a function of pH. The pH of the reaction mix-
ture was varied from 0.77 to 10.0 under optimum
conditions as obtained in the earlier experiments
(SnCl2-2H2O: 0.2 mg/ml, DMSA: 1.4 mg/ml, ascor-
bic acid: 0.5 mg/ml). The results obtained in the
study are shown in Fig. 1.

0 1 2 3 4 5 6 7 8 9 1 0
pH

Fig.l Influence of pH on yield of 188Re-DMSA.
(DMSA: 1.4 mg/ml, SnCl2: 0.2 rag/ml, Ascorbic acid:
0.5 mg/ml)

Figure 1 shows that the labelling yield of the com-
plex was more than 98% for carrier-free at low
pH 0.8-2.0. The yield sharply decreased with the
increase of pH above 2.0 and approached a low
value of about 1% near the neutral and alkaline
region. The higher labelling yield was obtained
without carrier and with small amount of carrier
(0.02 mg Re/ml) than that with higher amount
of carrier-added (0.2 mg Re/ml) complex under
similar conditions. The labelling yield for carrier-
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free and carrier-added (0.02 mg Re/ml) complex
was more than 98% at pH 0.8-1.1 and that with
carrier-added (0.2 mg Re/ml) complex was only
69%. The low yield for higher mount of carrier-
added (0.2 mg Re/ml) complex is due to insuf-
ficiency of stannous chloride as mentioned later.
Anyway, the optimum pH for labelling is 0.8-2.0
in all cases.

3.4 Effect of the concentration of stannous chlo-
ride

The effect of stannous chloride on the yield
of Re-DMSA complex was studied. The concen-
tration of stannous chloride was varied from 0.05
mg/ml to 2.0 mg/ml of the reaction mixture. The
results are shown in Fig.2.

For a carrier-free solution, a concentration of
0.1-0.2 mg/ml of stannous chloride was sufficient
for the reduction of rhenium and the yield of the
complex was more than 95%. The yield of the com-
plex (carrier-free) decreased gradually when the
concentration of stannous chloride was increased
above 0.2 mg/ml. However, precipitation occurred
when the concentration of stannous chloride ex-
ceeded 1 mg/ml of the reaction volume.

For carrier-added solution, it was observed that
the yield of the Re-DMSA complex increased with
the increase of stannous chloride concentration in
the reaction mixture. In the case of carrier-added
solution of 0.02 mg Re/ml of the reaction vol-
ume, 0.2 to 0.3 mg/ml of stannous chloride was
optimum for complex formation and the yield was
about 98% and the yield did not significantly al-
tered when the concentration of stannous chloride
was further increased up to 0.8 mg/ml of reaction
volume. When the carrier concentration was in-
creased to 0.2 mg/ml of the reaction volume, in-
creased amount of stannous chloride was required
for increasing the labelling yield and this was re-
quired for the reduction of large amount of rhe-
nium present in the solution. It was observed that
the yield for carrier-added (0.2 mg Re/ml) com-
plex was only about 70% when the concentration
of stannous chloride was 0.2 mg/ml in the reaction
mixture and the yield increased to about 100%
when the concentration of stannous chloride was
increased 3 times at the same pH and same condi-
tions. At this stage, the optimum concentration of
stannous chloride for 0.2 mg Re/ml of carrier con-
centration was 0.6 mg/ml. Precipitation was not
observed when the carrier concentration was 0.2
mg/ml and Sn(II) concentration was 0.8 mg/ml of
the reaction mixture at room temperature ,how-
ever the complex solution turned yellow in color.

Therefore, it can be concluded that the amount

of reductant to be employed depends on the quan-
tity of rhenium present in the reaction mixture.
For reaction solution containing higher concentra-
tion of rhenium (0.2 mg Re/ml), a large amount
of stannous ion is required to account for the rela-
tively large amount of "carrier" perrhenate present
(ReO^) and also to drive the reaction as far as to
completion as possible.
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Fig.2 Influence of SnCl2-2H2O concentration on yield
of 188Re-DMSA. (pH 1.0-1.7, DMSA: 1.4 mg/ml, Ascor-
bic acid: 0.5 mg/ml)

3.5 Effect of the concentration of DMSA
The influence of the concentration of DMSA

upon the yield of the Re-DMSA was studied for
both carrier-free and carrier-added solutions. Dur-
ing the variation of DMSA concentration, the other
parameters of reaction were maintained at the op-
timum condition. The concentration of DMSA
was varied from 0.21-4.0 mg/ml in the reaction
mixture. The results of yield of Re-DMSA com-
plex upon variation of concentration of DMSA are
shown in Fig. 3.

For carrier-free solution, no significant change
on the labelling yield was observed up to higher
DMSA concentration (4 mg/ml). However, precip-
itation occurred when the concentration of DMSA
in the reaction mixture was 4 mg/ml and above.

For carrier-added solution (0.02 mg Re/ml),
when the concentration of DMSA was too low, the
labelling yield was as low as 71% and the yield in-
creased with the increase of DMSA concentration.
The yield approached nearly 100% when the con-
centration of DMSA was 1.4 mg/ml of the reaction
volume. At this DMSA concentration, the molar
ratio of the concentration of DMSA and stannous
chloride was 8.7. Higher concentration of DMSA
(more than 2 mg/ml) decreased the labelling yield.

- 315 -



JAERI-Conf 97-003

And, precipitation occurred when the concentra-
tion of DMSA in the reaction mixture was 2 mg/ml
and above. Therefore, the concentration of DMSA
was fixed at 1.4 mg/ml for the latter experiments.
The low yield for higher mount of carrier-added
(0.2 mg Re/ml) complex is due to insufficiency of
stannous chloride as mentioned earlier.
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Fig.3 Influence of DMSA concentration on yield of
188Re-DMSA. (pH 0.9-1.3, SnCl2-2H2O: 0.2 mg/ml,
Ascorbic acid: 0.5 mg/ml)

3.6 Effect of adding the carrier
The Re-DMSA complex was formed by using

carrier-free 188Re obtained from the 188W/188Re
generator. Carrier-added complex was also pre-
pared by adding NH4ReO4 to the 188Re solution
to study the effect of carrier on the labelling yield.
The concentration of carrier was 0.02 mg Re/ml
and 0.2 mg Re/ml of the reaction mixture. The
dependence of yield on the pH of the reaction so-
lution is shown in Fig.l and the dependence of
stannous chloride is shown in Fig. 2, as mentioned
earlier. The optimum pH for labelling was 0.8
2.0 for carrier-free as well as carrier-added 188Re.
However, the optimum Sn(II) concentration de-
pended on the carrier concentration. Higher con-
centration of the carrier required larger amount
of reductant for the maximum formation of the
labelled complex. This was because of the fact
that a larger amount of reductant was necessary
for reducing larger amount of Re present in the
solution. Precipitation was not observed when the
carrier concentration was 0.2 mg Re/ml and Sn(II)
concentration was 0.8 mg/ml of the reaction mix-
ture at room temperature. The Re-DMSA com-
plex turned yellow colour when carrier concentra-
tion was 0.2 mg Re/ml and Sn(II) ion concentra-

tion was 0.6 mg/ml and colourless complex was
obtained with carrier-free solution.

3.7 Effect of reaction temperature
The effect of temperature on the formation of

Re-DMSA complex was studied. It showed that at
room temperature the yield was less than 60% af-
ter 30 min of reaction at pH 0.8-1.1 and more than
98% after 4 hours of reaction at optimum condi-
tion. The labelling yield was more than 98% when
the reaction mixture was heated at 95 t for 30 min
at optimum conditions. Therefore, temperature is
playing an important role in the speed of the reac-
tion. And, higher labelling yield was obtained at
95 t ) than that at room temperature especially in
the case of lower concentration of stannous chlo-
ride. This means that the reduction of rhenium is
more effective at higher temperature.

3.8 Stability of ™s Re-DMSA complex
The influence of pH on the stability of Re-

DMSA complex was studied without carrier and
with carrier. The results are shown in Fig. 4.
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Fig.4 Influence of pH on stability of 188Re-DMSA for
carrier-free 188Re.

It was found that the yield remained the same as
it was obtained at its initial pH for carrier-free as
well as carrier-added complexes even after 48 hours
of pH changes. This indicated that the Re-DMSA
complex was very stable and after formation of
the complex it did not undergo any decomposi-
tion with the changes of pH from the initial value.
In another batch of experiment, after formation
of the Re-DMSA complex at optimum conditions
at room temperature, the pH of the products were
changed to different values up to 9.6 and heated on
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water bath at 95 t for 30 min in order to investi-
gate any decomposition of the Re-DMSA complex.
The results showed that the Re-DMSA complexes
did not suffer any deterioration and the yield was
the same as that obtained in the initial pH of 0.9-
1.0. These results again confirmed that the Re-
DMSA complex was very stable towards heat and
changes of pH. The complex was found to remain
stable even after 24 and 48 hours of preparation.

4. Conclusion
The optimum conditions obtained for labelling

DMSA with carrier-free 188Re were pH: 0.8-2.0;
concentration of SnCl2-2H2O: 0.2 mg/ml; concen-
tration of DMSA: 1.4 mg/ml; concentration of ascor-
bic acid: 0.5 mg/ml; reaction time: 4 - 5 hours at
room temperature or 30 min at 9 5 1 and the yield
of the complex was more than 98%. The effect of
carrier of concentrations 0.02 and 0.2 mg Re/ml
have been investigated and at optimum conditions
the yield was more than 98% in both the cases.
The optimum conditions except concentration of
stannous chloride for carrier-added complex was
found to be the same as that for carrier-free com-
plex. The optimum concentration of stannous chlo-
ride for carrier-added complex was 0.2-0.8 mg/ml
for the complex with 0.02 mg Re/ml, 0.6-0.8 mg/ml
for the complex with 0.2 mg Re/ml. The concen-
tration of stannous chloride was found to have im-
portant influence on the complex formation. Pre-
cipitation occurred when the concentration of stan-
nous chloride was 1.0 mg/ml and above. It is
observed that the stannous chloride concentration
must be at least 2.5 times than the concentration
of Re in the solution and this is in agreement with
Bisunaden et al. [7].

From the foregoing investigations, it is observed
that the Re-DMSA complex was very stable and
did not undergo any changes or decomposition with
the changes of pH form its initial values. It was
stable for several days and therefore a sterile prepa-
ration of this complex could be used for several
days depending on the activity associated with the
complex.
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Production of N-13 labeled compounds with high specific activity
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Nitrogen-13 was produced by irradiating ultra pure water saturated with a pure gas (N2,
O2, He, H2) with 18 MeV protons. Ion species generated by irradiation were analyzed with
radio ion chromatography systems. An automated equipment was developed to synthesize
anhydrous [13N]NH3 as a synthetic precursor and [13N]p-nitrophenylcarbamate ([13NJNPC)
as a model compound, using the [13N]NH3. The radiochemical yield and specific activity of
[13NJNPC was high enough to carry out the receptor study with PET.

Keywords: nitrogen-13, specific activity, automated equipment, p-nitrophenyl carbamate,
PET tracer

1. Introduction
Nitrogen-13 is one of the most important

positron-emitters in nuclear medicine.
However, the clinical application of 13N is of
limited use compared to the other
radionuclides such as 11C and 18F. It has
been applied to nuclear medicine mainly in a
chemical form of [13NJNH3 for cardiac PET
imaging. The application as a receptor
ligand using a PET camera has been
scarecely done. The main reason is
attributed to its short half-life of 10 minutes
and the difficulty to achieve specific activity
high enough for receptor imaging. The
development of an automated equipment to
synthesize 13N-labeled compounds with
high specific activity would open up a new
application of 13N to the field of receptor
PET study.

13N has been mainly produced by the
16O(p,a)13N reaction and converted to the
chemical form of [13N]NH3 by in-target or
clasical reduction methods. In the classical
reduction method, [l3N]NOx- produced in
the irradiated water are converted to
[l3N]ammonia by the reduction with

TiC13[l] or DeVarda's alloy[2]. In the in-
target reduction method, [13N]ammonia can
be prevented in situ to be oxidized to
[13N]N0X- by adding ethanol or H2 to the
degassed pure water as a scavenger for
oxidizing radicals[3]. However, the specific
activity of [13N]NH3 or other 13N-labeled
ion species have been scarecely reported.
Therefore, it is important to measure the
specific activity of 13N-labeled ion species
sensitively and to find out the origin which
affect the specific activity of 13N. Here we
have examined the influence of saturated
gases (H2, 02, N2, He) in an ultra pure
water target on the formations of chemical
species by employing a radio ion
chromatography.

For the practical application of 13N-
labeled compounds to the field of the
receptor PET study, it is also important to
develop an automated quick synthesis
system for 13N radiopharmaceuticals with
high specific activity. We have previously
reported the syntheses of various 13N-
labeled compounds using [13NJNH3 in an
aqueous solution [4,5], as well as in an
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organic solvent[5,6], and found that the use
of anhydrous [13N]NH3 in organic solvents
often improve the labeling yield and
feasibility of labeling compounds unstable
in aqueous conditions. It is important to
develop an integrated system for the quick
production of [l3N]radiopharmaceuticals,
including the procedure of syntheses for an
aqueous and anhydrous solution of
[13N]NH3, labeling with anhydrous
[13N]NH3, purification and formulation..

Here, we report the effect of a dissolved
ga9 in pure water on specific activity, a new
integrated equipment developed for an
automated synthesis of [13N]radiopharma-
ceuticals, results obtained in the synthesis
of [13N]NPC, which was selected as a model
compound due to the difficulty of the
synthesis under an aqueous alkaline
condition.

2. Experimental
2.1. Effect of dissolved gas on specific activity

of 13N
A new l3N-target system has been
developed, as illustrated in Fig. 1. The
target body (Ti, B) used in this system was
the same as that employed in [l8F]fluoride
production using a 180-enriched water[7].
The transfer system of the water consists of
an inert HPLC pump and PEEK tube with
an i.d. of 0.5 mm. Ultra pure water (Milli-
Q SP reagent water system, Millipore Ltd.)
was saturated with a pure gas (>99.9999%
forN2, H2, and He; >99.9995% for O2) in
the Pyrex glass reservoir (A) at room
temperature under the pressure of 3 kg/cm2,
transferred into the target box (B), and
irradiated by a 18 MeV proton at 5MA,
during which time the saturated water was
constantly supplied into the target box by
the inert HPLC pump at a flow rate of 2
ml/min and recovered into the polypropylene
bottle (C). The irradiated water was
fractionated into 4 fractions at 10 min
intervals during the irradiation (40 min) and
additional 2 fractions in the same time
interval after the irradiation. The each
fraction (20 ml) was analyzed for chemical
species ([13NJNO2-, [13N]NO3-,

[13NJNH4+) and radioactivities by ion
chromatography systems (DIONEX DX-100
and YOKOGAWA IC-7000) coupled to
NaI(Tl) scintillation detector.

To Waste

Irradiation Room ' Hot Cell

Fig. 1 A new target system using an ultra pure water target
saturated with gases

BPR: B«ck Pressure Regulator (3 kg/cm2)

2.2 Automated synthesis of
[13N]NPC

Fig. 2 shows the schematic diagram of the
apparatus developed for the production of
[l3N]radiopharmaceuticals, using an
anhydrous organic solution of [13N]NH3.
The apparatus enables 1) the preparation of
anhydrous [13N]NH3 in an organic solvent
and its reaction with substrate in the same
reaction vessel, 2) purification by a SEP
PAK silica cartridge, 3) formulation and
dispensing.

N-13 was produced by irradiating pure
water with 18 MeV protons at 15 ft A for 10
minutes. An aqueous solution of [13NJNH3
(~2 ml) was produced with the Devarda's
alloy and NaOH, and loaded on a small
cation exchange column (AG50W-X8, 100 •
200 mesh, ca. 20 mg), and then eluted with
20 - 40 ul of 2N-NaOH under He gas flow.
The eluted [13N]NH3 was dehydrated by
passing through CaO column at 100 °C ,
trapped in 2 ml of anhydrous THF
containing 5 - 20 mg of Na2CO3 and the
substrate (ca. 1 mg of p-nitrophenyl
chloroformate) at< -5 °C and allowed to react
for 1 min at R.T. The reaction mixture was
passed through a SEP PAK silica cartridge
after dilution with 10 ml of n-hexane. After
washing of the cartridge with 10 %
isopropanol in n-hexane, [13N]NPC was
eluted by 3 ml of ethyl acetate. The effluent
was introduced into a flask and evaporated
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to dryness at 60 "C under reduced
pressure. An i.v. injectable solution of
[13N]NPC was obtained by dissolving it in 5
- 10 ml of physiological saline solution and by
filtrating the solution through a 0.22 um
Millex filter into a sterilized vial.
Radiochemical purity of the product was
analyzed by radio-HPLC under following

conditions.
column: Finepak SIL C18

4.2 mm<t» x 250 mm
eluent: CH3CN/0. 1M-ACONH4/ACOH

= 100/300/5
flow rate: 2 ml/min
monitor: UV 250 nm, radioactivity

Open
proton
1 3 M * V Ion Exchange (Na+)

- » 3 0 m0

Haatar .
Dovarda't Alloy 20 mg Jf
NaOH BO ma r

H.O

NaOH 60 mg

"f-^J+TT—4

2 mg NPCIF
6 mg Na t C O ,
In 1 ml THF

Product
CfflH

air

Fig.2 Diagram for the Production of[13N]-NPC
A:Hexane/AcOEt/AcOH =85/15/2,7ml B: AcOEt 4ml C Hexane/AcOH = 99/1, 1 0 ml
E3S« -̂ Radioactivity Sensor © Temperature Sensor F.M. Flow Meter

3. Resul ts and Discussion
3.1 Effect of dissolved gas on specific activity of

13N
As shown in Fig.3, the total radioactivity

generated in the target was not significantly
affected by the dissolved gas in pure water.
Although slightly lower total radioactivity was
observed at 20 and 30 minutes in H2-
saturation (Fig.3A), it maybe attributed to the
loss by the formation of [13NJN2 gas. About
97% of the total radioactivity generated by the
irradiation of the H2-saturated water has been

confirmed to be that of [^Njammonia
([13N]NH4+) as shown in Fig. 3A. On the other
hand, the He-saturation, as well as the 02-
and N2- saturations (data not shown), leaded
to the formations of the oxidized species

([13NJNO2-, [13NJNO3-) as main products, as
shown in Fig. 3B.

• 0

• 0

sE
I -
8
I"

0

JB (A)

10 20 30 40 60
Sapsed Tims (mm)

BO ° 0 1 0 20 30 40 50 BO

Bspsed Tnie(min)

Rg.3 Yields o( [N-13] chemical species on theirradlatlonol
ultra pure water saturated with H2 (A) and He (B)

-Q-To l * -V-13NO2- -Q-:13N03- -fc-:13NH4*

The concentration of non-radioactive N-
species in water target were lower than ppb
level before irradiation and increased
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remarkably after irradiation. Fig. 4 shows
the concentrations of the chemical species in the
second fraction (10 - 20 min) of the irradiated
water. It was observed to be high NO 3-
concentration in the O2-, He- and N2-
saturation (remarkably in N2) and high NH4+
concentration in the H2-saturation. Fig. 5
shows the specific activity of each 13N-ion
species (Ci/|«nol) in the irradiated water
saturated by different gases. It can be seen
that the specific activities of [13N]NH4+ (major
product) in H2-saturated water and
[13N]NO3- (major product) in He- and 02-
saturated water were higher than 4 Ci/nmol. It
was also observed that the specific activities of
all the 13N-ion species were lowered
remarkably by N2-saturation. It may be
concluded that the elimination of nitrogen gas
from the water target would be essentially
important to achieve higher specific activity of
13N-precursor .

200

02 He
Dissolved Gas

Fig.4 Concentration of chemical species
'a an irradiated water.

N2

tn
O2 Hs

Dissolved Gas
Fig.5 Effect of dissolved gases in water target

on specific activity

3.2 Automated synthesis of [13N]NPC
[13N]NPC was synthesized automatically by

using the equipment shown in Fig.2. The

results are sammalized in Tab. 1.

Tab.l Results of automated synthesis of [13N1NPC

Dry [13N]NH3 Synthesis

Yield(%)

Water Content(mg)

Synthesis time(min.)

62.2 +/- 2.8

<1

4.7 +/- 0.2

Saline Solution of [13N]NPC

Yield (GBq)

(%)

Radiochemical purity(%)

Specific activity (GBq/u mol)

Impurities

p-nitrophenol(y g)

p-nitrophenylformate(/z g)

Synthesis time from EOB(min.)

1.5 +/- 0.03

(30.2 +/- 3.3)

98.9 +/- 0.1

62.9 +/- 2.4

5.2 +/- 2.9

<2

9.5 +/- 0.5

An i.v. injectable solution of [13N]NPC could
be synthesized fairly good yield at high
radiochemical purity and high specific activity
in short synthesis time. Radiochemical purity
and specific activity of [13N]NPC was
determined within 6 minutes (Fig.6). The
analysis time may be shortened by increasing
flow rate and changing the composition of
eluent. The radiochemical purity of [13N]NPC
was higher than 95 % in the saline solution for
more than one hour and it was suitable for i.v.
injection, although slite decrease of
radiochemical purity was observed with time.

The developed apparatus would be
applicable to the automated production of other
13N-labeled compounds for a receptor-PET
study since [13N]NPC, unstable under an
aqueous alkaline solution, could be produced at
high yield and high specific activity by using
unhydrous [13N]NH3 as a precursor.

Optimization of experimental conditions and
further improvement of the apparatus are now
in progress.

4. Conclusion
It was found out that the elimination of a N2

gas from water target was important to achieve
high specific activity of 13N-labeled chemical
species. Using the automated equipment
developed here, a solution of [13N]NPC ready
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for i.v. injection could be produced within 10
minutes at high radiochemical yield and at the
specific activity high enough to carry out the
receptor PET study.

W (260 nm)

Radioactivity

0 1

NFC

A
A

2 3 4

Time (min) Erftor injection

p- nrtropbenol

A

[UN]NPC

5 6 7

Fig. 6 Atypical Radio-HPLC Chromatogram of [13N]NPC
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BIOLOGICAL EFFECT OF PENETRATION CONTROLLED
IRRADIATION WITH ION BEAMS
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Synopsis To investigate the effect of local irradiation with ion beams on biological systems, technique for
penetration controlled irradiation has been established. The range in a target was controlled by changing the
distance from beam window in the atmosphere, and could be controlled linearly up to about 31 .̂m in biological
material. In addition, the effects of the penetration controlled irradiations with 1.5 MeV/u C and He ions were
examined using tobacco pollen. The increased frequency of leaky pollen produced by ion beams suggests that the
efficient pollen envelope damages would be induced at the range-end of ion beams.

Key words: ion beams, biological effect, penetration-depth, low energy ions

1. Introduction
It is of great interest to understand the

biological effects of local irradiation, especially for
the cell inactivation, cell membrane damage and
mutagenesis. There has, however, been no reports
concerning the effect of local irradiation on biological
systems by ion beams. The characteristics of ion
beams allow a precise control of the range in target
material and a easy focusing on a target. Taking
advantages of these characteristics, it will be possible
to develop the local, particularly shallow irradiation
of cells with the partially penetrating ion beams.

Concerning the energy deposition and the
biological effects of ion beams, it has been suggested
that low energy ion beams were more effective on the
inactivation of enzyme [1] or the cell inactivation[2]
where an increase of 10 to 30 % of cell inactivation
was found at the energies of around 100 keV/u. It
has been further reported that the gene transfer into
rice cells, resulted from the increased permeabilities
of the membrane or the change of electric charge of
cell, was induced by low energy Ar ion beams [3].
Physical mechanisms of mutation induced by low
energy ion implantation were also discussed [4].
Thus, it will be important to investigate the
biological effects of the local irradiation that is
accurately controlled the penetration-depth, since the
low energy ion beams appear to have specific features
on the biological effects.

The aim of this study is to establish the
technique of penetration controlled irradiation, and to
investigate the biological effect of partially
penetrating ion beams using this technique.

2. Materials and Methods
2.1 Irradiation samples

Radiochromic dosimeter (RCD; FWT60-20, 51
M-m thickness, Far West Technology Co. Ltd.) film
was used for the measurement of the range of ion
beams. RCD film, lying perpendicular to beam

window, was irradiated with He ions at 6.8xlO10

p/cm2 which dose is about 13 kGy even at the end of
the range. The blue-colored depth of RCD was
measured using optical microscope.

Diethyleneglycol-bis-allylcarbonate (CR-39)
film track detector was used for the measurement of
the fluence of ion beams. The irradiated CR-39 films
were treated in 6M NaOH solution at 60°C for
several ten minutes and the etched ion track-holes
were counted by scanning electron microscopy (JSM-
5310LV, JEOL Co. Ltd.).

Tobacco dry pollen (Nicotiana tabacum L. cv
Bright Yellow 4) was monolayered on plastic plate
and irradiated with 1.5 MeV/u He and C ions. The
irradiated pollen was stained with 1 % aceto-carmine
solution, and the frequency of leaky pollen whose
cytoplasm leaked out due to destruction of the
envelope, was measured under optical microscope.

2.2 Irradiation method
Irradiation Apparatus for Cell (LAC) [5], which

has been connected to a beam line of 3MV tandem
accelerator (JAERI, Takasaki), was used for the
irradiation. Fig. 1 shows a schematic drawing of
IAC. Ion beams are taken out through a kapton film
(Toray-Dupon Co. Ltd.) of 7.5 yun thickness from
vacuum chamber and reach the biological target in
the atmosphere. The distance from beam window to
target is changed from 5 mm to 48 mm by 1 mm
stepwise. Uniform irradiation was performed by
scanning ion beams at 12 cm width and moving
target up and down at the speed of 3.5 cm/sec. Beam
currents were measured by Faraday cup. The ion
beams used in this experiment were 1.5 MeV/u He2+

ions and 1.5 MeV/u Cs+ ions. Theoretical energy
loss of ion beams was calculated by ELOSS code
which was one of the modified OSCAR axle [6] and
gave energy deposition in interest materials by steps
of input resolution on the basis of mass collision
stopping power data [7].
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kapton film-beam window (7.5 (im) target

beam

'////////////////////X//////
\ ;

Slit

\ >

t
Faraday cup

distance from beam window

Fig. 1 Schematic drawing of IAC connected to a
beam line of 3MV tandem acceralator.

3 . Results and Discussion
3.1 Penetration control

Fig. 2 shows the changes of the energy and
stopping power of 1.5 MeV/u He2+ calculated by
ELOSS code as a function of distance from beam
window. The maximum range of He ions in the
atmosphere is estimated to be 39.7 mm.

To ascertain experimental range of He ions at
each distance from beam window, RCD film was
used as one of organic substance because RCD film
could detect even low energy radiation with several
eV. Range of He ions in RCD film decreased
linearly with increasing distance from beam window
(Fig. 3). Each range approximately agreed with the
calculated value. On the other hand, fluence as a
function of distance from bean window was measured
by CR-39 track detector for He ions. Almost the
same fluence was observed up to 34 mm-distance
from beam window and decreased to the range-end of
ion beams at about 39 mm (Fig. 4). The difference
of the ranges between the experimental value and the
calculated value was. less than 1 mm-distance. It will
be difficult to detect the ion tracks by CR-39 film

CO
[I (I

5 10 15 20 25 30 35
Distance from beam window (mm)

Fig. 2 Change of energy and stopping power in the
atmosphere as a function of distance from beam
window calculated by ELOSS code.

35 r

30

E 25

E
= 20
Q
O
cc
c 15
0)

g
to 10

0

• • I
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—: Calculated value

0 5 10 15 20 25 30

Distance from beam window (mm)
35

Fig. 3 Change of the range of He ions in RCD film
as a function of distance from beam window.

3.0

2.5
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§ 1.0 -

0.5 -
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: (a)

I
T T T T I T
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5 10 15 20 25 30 35

Distance from beam window (mm)
40

Fig. 4 Change of the fluence as a function of
distance from beam window measured by CR-39 film
track detector. Irradiations were performed by He
ions with the initial fluence of 2.3X108 p/cm2,
which was calculated from the beam current measured
by Faraday cup.

when the ion beam-range is very short, such as the
range of less than 1 (xm in CR-39 film which
corresponds to roughly 1 mm-distance in the
atmosphere. Therefore, it can be assumed that the
experimental values agreed closely with the calculated
values. From the results of RCD and CR-39 films,
it is suggested that the range could be controlled by
changing the distance from beam window in the
atmosphere although the fluence would be decreased
at the range-end of ion beams. The decreased fluence
will be mainly attributable to the scattered Ion beams
caused from beam window with kapton film bent a
little by the atmospheric pressure.
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3.2 Effects of the range-end of ion beams
When the ion beam-irradiated dry pollen (20 /xm

in width) was stained with aceto-carmine, so-called
leaky pollen was found (Fig. 5). The internal
substance leaked out through opening of the pollen
envelope. It is already reported elsewhere that leaky
pollen has never been found in the gamma-ray
irradiation and the frequency of leaky pollen induced
by ion beams increased as the irradiation dose
increased [8]. The leaky pollen is thought to be a
result of physical lesion in the pollen envelope
induced by ion beams, but the physical lesions or
damages on the envelope after ion beam irradiation
have not been observed by means of the scanning
electron microscope (data not shown).

Fig. 5 A typical leaky pollen stained with aceto-
carmine. Bar indicates 30 \im.

To examine the effect of penetration-depth on
the leaky pollen, pollen was irradiated with He and C
ions by changing the distance from beam window
(Fig. 6 ). In case of He ions, leak)' pollen frequency
decreased with increasing distance from beam window
from about 17 mm to 32 mm, whereas a peak of the
frequency (4.7 %) was observed at a distance of 35
mm in spite of decreased fluence. Similar result was
also obtained in C ions, that is, leaky pollen
frequency decreased with increasing distance from
beam window from about 5 mm to 11 mm, and the
peak of the frequency (4.6 %) was obtained at a
distance of 13 mm. At this distance, the decrease of
fluence was not observed in case of C ions by means
of CR-39 track detector (data not shown).

Fig. 7 shows the calculated ranges in biological
material of He and C ions estimated by ELOSS code
as a function of distance from beam window. From
the calculations by ELOSS code, ranges of He and C
ions at the peaks of leak)' pollen frequency are 4.0
and 4.6 M-m, respectively, when the element
composition of target was regarded as human cell as a
standard of biological material. Therefore, the
existence of the peak of leak)1 pollen frequency may
indicate that the sensitive site for causing leaky
pollen will exist in the depth of 4-5 u.m from the
pollen surface.

The initial energies and LETs of ion beams to
cause the peak of leaky pollen are estimated to be

191 keV/u and 193 keV/(i.m for He ions, 260 keV/u
and 670 keV/|u.m for C ions. Much fluences were
necessary for He ions to induce almost the same
frequency (4.7 and 4.6 %, respectively) compared to
C ions (Fig. 6). Schon et al. [9] showed that the
hemolysis of human erythrocytes, as a parameter for
membrane damage, was induced more efficiently with
higher LET values in the range of 92-14,000
keV/u.m. Thus, the efficiency for the induction of
leaky pollen would be attributable to LET. On the
other hand, Schneider et al. [2] showed that the
inactivation cross sections for yeast as well as for
bacterial spores increased to 10-30% in total al the
range-end of ion beams. They also suggested that at
the very end of the range of ion beams, i.e. at the
energies of around 100 keV/u, other interactions than
electronic stopping might play a more important
role. Our results also indicated that less than 191 and
260 keV/u for He and C ions, respectively, would be
effective to cause leaky pollen. Leaky pollen is
different biological endpoint from cell inactivation
that was thought to be caused by the DNA damages.
However, our findings that high leaky pollen
frequency was induced at the range-end of ion beams,
will also indicate the characteristic effects of the
stopping ions on the cellular systems.

15 20 25 30 35 control

Distance from beam window (mm)

5 10 15 Control

Distance from beam window (mm)

Fig. 6 Leaky pollen induced by ion beam irradiation
as a function of distance from beam window. The
incident fluences of He and C ions were 4.2X1010

p/cm2 (a) and 7.8X10' p/cm? (b), respectively.
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5 10 15 20 25 30 35

Distance from beam window (mm)
40

Fig. 7 Change of the range in biological material as
a function of distance from beam window. Element
composition of Human cell was used for calculation
as a standard of biological material. Solid line
indicates the maximum range. Dotted line indicates
the distance and the range at the peak of leaky pollen
frequency seen in Fig. 6.

Summary
To investigate the effect of local irradiation on

the cell, technique for the penetration controlled
irradiation with ion beams was established. Ion
range in a target was controlled by changing the
distance from beam window to a target instead of
changing the initial incident energy of ion beams.

Experimental ranges of He ions using RCD
film suggested that the experimental range at each
distance from beam window agreed closely with the
range calculated by ELOSS code. Fluence as a
function of distance from beam window measured by
CR-39 track detector indicated that fluence would be
constant at each distance but decrease at the range-end
of ion beams. Thus, it was demonstrated that the
range of He ions in a target was controlled linearly
up to about 31 (xm in biological material by
changing the distance from beam window in the
atmosphere, although the fluence decreased at the
range-end of ion beams.

On the other hand, the effects of the penetration
controlled irradiations with 1.5 MeV/u He and C ions
were examined with tobacco pollen. The leaky
pollen frequency decreased with increasing distance
from beam window, however, the peak of high
frequency was observed at the distance where the
range of ions in pollen is estimated to be 4-5 vim,
suggesting that the efficient damages of pollen
envelope would be induced at the range-end of ion
beams.
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In the present paper, the first results are reported about the coloration in IiF crystals induced by bombardments of

single hydrogen ions ( H*) and molecular hydrogen ions (H2*) with the same velocity under the <100> aligned and

random conditions.

For the single hydrogen ion irradiation, the coloration is rather simple. The F-type color center absorption under the

<100> aligned condition becomes larger than that under the random condition with the dose increase because of larger

fraction of electronic energy loss under channeling condition. On the contrary, the coloration for the molecular ions does

not show big channeling effea. In the low dose region some difference can be seen but the difference of coloration is not

observed any more with the dose increase. The pronounced coloration for molecular ions under the channeling condition

is observed in comparison with that for single ions.

1. Introduction
In the recent studies of surface modification in

compound using ion beams, the importance of

molecular ion irradiation effect[l-3] has been

recognized to form the intended compound through

the dynamic chemical interactions deep in the

substrate. A multiple beam irradiation seems to be able

to simulate the simultaneous irradiation/implantation

effect but it can not realize the situation because the

implantation/irradiation effects are caused randomly

in time and space. The truly simultaneous process can

be studied using molecular ions in a crystalline target.

In the present study, the importance of two possible

parameters influencing the ion trajectories in

crystalline solid is examined by employing both of

channeling and optical absorption phenomena. As a

standard sample, LiF crystals are chosen because the

color centers are induced mainly through electronic

excitation and their structures are well identified in the

previous works[4-8]. In addition it can not receive the

severe phase separation in the higher dose range

compared with other alkali halides crystals. A

comparison is made on the coloration by H4 and H2*

ions incident along the <100> and random direction.

2. Experimental procedure

3 MV single stage ion accelerator at TIARA facility

in JAERI/Takasaki was used for the present

experiment. The <100> aligned and random

conditions in LiF crystals were determined with a

standard RBS/channeling technique by using 1 MeV

H+ ions and 2 MeV H2
+ ions, and the ion beam current

was reduced to ~1 pnA for the irradiation to avoid the

heating effect on LiF crystal target. The beam spot size

was kept to be 0.8 mm in diameter to maintain the

channeling condition. In Fig. 1 an experimental

3 Axis Goniometer
+ Translation

Fig. 1: A simplified illustration of ion irradiation

experiment under <100> aligned and random conditions

using a goniometer system.

*On leave from Southwestern Institute of Physics, Chengdu, P. O. Box 432, China
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arrangement for the ion irradiation under the

channeled and random conditions. Our goniometer

system cab be operated with 3 independent rotations

and 1 translation. The irradiation dose was changed in

the range of 1013 ~ 1015 H/cm2 at four different spots in

the same sample by keeping the aligned and the

random conditions, respectively. The same procedure

was also employed for 1 MeV H+ ion irradiation in

another LiF crystal platelet. All of the measurements

were performed at room temperature.

After irradiation the samples were stored in a dark

place for a few days to allow transient absorption

features to decay. Absorption measurements were

carried out using MPM800 type Zeiss

spectrophotometer with a single light beam in the

range of 230 - 700 nm. The light beam for optical

absorption was incident from the irradiated side. The

optical absorbance is defined as follows:

Absorbance=2-log10{(Ii/Io) x 100}

Where If and Io were the transmitted intensity in

irradiated and unirradiated regions, respectively.

The isochronal annealing was made around

100-300 °C at the step of 50 °C for 30 minutes in air,

and the optical absorption measurements were carried

out after each annealing step.

3. Results and Discussion

Figs. 1 and 2, show the change in optical

absorbance as a function of ion dose in LiF irradiated

with 1 MeV H+ and 2 MeV H2
+ ions under the <100>

aligned and random conditions. One can clearly

observe two main absorptions, F-center band at about

250 nm, the F2-center band at 441 nm. Also when the

sample was heavily irradiated with the ions, the highly

aggregated F-centers appear like the Fj-absorption

bands located at 315 nm and 375 nm and F,(-absorption

bands at 520 nm and 550 nm.

In Fig. 2 one can see clearly that the optical

absorbance under the channeling condition is

systematically higher than that under the random one.

It means that channeling protons can induce more

defects. In non-crystalline solid, the impact parameters

of successive collisions suffered by the particles are

randomly distributed and the total interaction over a

given path length is independent of

§>
wu
a

•fi

I1

o
200

400
wavelength [nm]

Fig. 2: Change of optical absorption spectra in LiF crystal

irradiated with 1 MeV H* ions under <100> channeling

and random conditions. The implanted dose ranges from

4.4xlO"/cm2 to 8.7xlOl7cm2.

the direction along which the particle moves.

However, in the crystalline solid, atoms are regularly

arranged in rows and in planes and under a certain

condition, the impart parameters of successive

collisions may correlated and their distribution is not

random. Therefore, the interaction for a given path

length of the particle may strongly dependent on the

direction. Trajectories confined around the crystal axis

will sample a lower electron density than the average

and therefore will experience lower energy loss. So

under the random and channeling conditions, the

energetic ions penetrating the crystal are expected to

show different irradiation effects. Channeling protons

receive the larger integrated fraction of electronic

energy loss compared with protons under the random

condition. In our optical absorption measurement, a

probing light beam are guided in parallel with ion

beam and the integrated optical absorption becomes

larger for the channeling protons than that for protons

under the random condition.

Fig. 3 shows the same kind of optical absorption

spectra in LiF crystal, but after the irradiation with 2

MeV molecular H2
+ ions. It is very interesting to note

that these spectra show quite different features from

those in Fig. 1. For the molecular hydrogen ions (H2
+),

the ion-solid interactions are expected to be fairly

different. When H2
+ incident ions hit a LiF crystal

surface, the single electron that binds two hydrogen
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o
200 400

wavelength [nm]
Fig. 3: Change of optical absorption spectra in LiF crystal

irradiated with 1 MeV H2* ions under <100> channeling

and random conditions. The implanted dose ranges from

4.4xlO13/cm2 to 8.7xlO14/cm2.

nuclei is stripped because the cross section for electron

loss is much larger than the cross section for electron

capture in this energy range. After the H2
+ ions explode

simultaneously, two protons are produced and the

separated protons continue to interact with lattice

electron according to single proton movement rule.

Under the channeling condition, the explosion

probability will become smaller because of the larger

probability with larger impact parameters. So

molecular hydrogen ions under the random condition

induce more defects and larger optical absorption. But

this condition can be kept only in the lower dose region

and in higher dose region the incident molecular ions

along the <100> axis can be dechanneled easily by the

induced defects in the preceding irradiation. One can

see the difference clearly in the lower dose region and

in the higher dose region this difference disappears

completely. But there remains some difference in the

optical absorption of highly aggregated centers. Under

the random condition it is reasonably expected that the

ion track overlapping promotes the defect aggregation.

The strong coulomb explosion effects in molecular

hydrogen ion can be also observed in Fig. 4, which

illustrates the difference of the F2 center absorption

band induced by H+ and H2
+ irradiation under the

channeling and random conditions, respectively. In a

&
i<
8
'£o

T - J "I—| I [ I | I .

i{, Random
H , Random
Hi, Channeling
H , Channeling

20 40 60 80

Influence

Fig. 4: Absorbance change of F2 center as a function of

irradiation dose for H+ and H2
+ ions under <100> aligned

and random conditions.

whole range of the irradiation, the molecular ions

always produce more F2 center than the single ions do.

Therefore it again proves that molecular hydrogen ions

enhance the high aggregation of simple F centers by

the simultaneous ion track overlapping of exploded

protons in the surface regions.
Fig. 5 shows a typical example in LiF irradiated

200 400
Wavelength [nm]

Fig. 5: Change in optical absorption spectra in LiF

irradiated(2 MeV H2* under <100> aligned condition:

4.2xlO14 /cm2) followed by annealing in air for 30 min.

with H2
+ ions and followed by thermal annealing. After

the annealing at 150 °C some change is observed. The
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414 nm band appears at 150 °C and it reaches the

maximum value at 200 °C. This feature has been also

observed in LiF crystal irradiated with high energy

ions followed by thermal annealing[9]. This band can

be attributed to the modified ones of normal F2 center,

the association of F2 centers with existing

impurities[10]. The F4 centers show very stable

characteristic at higher annealing temperatures

employed but fluorine molecule aggregates are formed

at 290 nm as a results of self migration of Frenkel

partners of F-centers.

4. Conclusions

The coloration of LiF crystal irradiated with H* and

H2+ under the channeling and random conditions was

investigated by employing optical absorption

spectroscopy in a small area, and the following new

results were obtained:

1) Channeling protons dissipate their energy for the

electronic excitation and induce the more F-centers.

2)Molecular hydrogen ions induce the coloration

reflecting the coulomb explosion in the near surface

region, and the channeling effect can be detected only

in the low dose region.

3)Annealing experiments indicate the importance of

considering the impurity effect even in high pure

samples.
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CHANGES IN THE SURFACE ELECTRONIC STATES OF SEMICONDUCTOR
FINE PARTICLES INDUCED BY HIGH ENERGY ION IRRADIATION
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The changes in the surface electronic states of Q-sized semiconductor particles in Langmuir-Blodgett (LB) films,
induced by high energy ion irradiation, were examined by observation of ion induced emission and
photoluminescence (PL). Various emission bands attributed to different defect sites in the band gap were observed
at the initial irradiation stage. As the dose increased, the emissions via the trapping sites decreased in intensity
while the band-edge emission developed. This suggests that the ion irradiation would remove almost all the
trapping sites in the band gap. The low energy emissions, which show a multiexponential decay, were due to a
donor-acceptor recombination between the deeply trapped carriers. It was found that the processes of formation,
reaction, and stabilization of the trapping sites would predominantly occur under the photooxidizing conditions.
Key words: Langmuir-Blodgett films, Q-sized semiconductor particles, high energy ion irradiation

1. Introduction
In recent years, there has been considerable

interest in quantum-sized (Q-sized) semiconductor
particles, the diameter of which is smaller than the
Bohr radius of the Wannier exciton. The most
characteristic feature of Q-sized semiconductor
particles as compared with the bulk is revealed in the
electronic structure, that is, the blue-shifted
absorption threshold and the discrete electronic levels
[1]. This so-called quantum size effect would be
potentially exploited in a broad variety of applications
[2]. So far, the nonlinear optical property of Q-
particles has been actively investigated in view of
optoelectronic devices.

Such applications will always require that the
particles be chemically stable and monodispersed.
Well-controlled synthetic methods are indispensable
to these requirements, because Q-sized particles are
inherently liable to aggregate or grow for reducing the
surface energy. One promising approach to
synthesizing well-defined particles involves their
formation in J-angmuir-Blodgett (LB) films [3-5].
The use of LB film matrices is particularly suitable
for practical device construction since this technique
allows the particles to be arranged with constant
interparticle distances as multilayers.

When the particle dimensions were reduced, an
additional effect become increasingly important: the
ratio of surface area to volume greatly increases. This
effect is compounded by the irregular nature of the
surface, where dangling bonds or defects act the part of
traps for electrons and holes. Various localized states
in the midgap originating from the surface irregularity
make the dynamics of photogenerated charge carriers
in small particles complicated. The quantum yield of
such fine particles is only a few percent [6] indicating
that the principal decay process is nonradiative. Thus,
controlling the surface states was absolutely essential
for both a better understanding of the emission
mechanism and for practical applications of Q-
particles. Previous papers have reported that excitonic

emissions are enhanced by chemical modification of
the particle surface [6]. Recently, the quantum yields
of nearly 1 at room temperature were achieved by size
separation of the surface-modified particles with gel
electrophoresis [7,8].

Ion beams with energies in the MeV range have
been used extensively for surface modification of bulk
materials as well as elemental or structural analysis,
because they can deposit huge energy at the target
materials in a highly concentrated form as compared
with the other ionizing beams. Therefore, there has
been a strong motivation to use ion irradiation in
order to control the surface states of the Q-particle.

This paper describes the effects of ion beam
irradiation on the surface electronic states of cadmium
sufide (CdS) fine particles incorporated into LB films.
To probe the changes in the surface states, we used in-
situ observation of high energy ion induced emission.
Besides, we examined the surface states after the
irradiation by photoluminescence (PL) measurement.
The changes in the distribution of the localized states
under photooxidizing conditions were discussed as to
each emission band.

2. Experimental Section
2.1 Sample preparation

In this study, CdS particles were synthesized
according to the following methods. The monolayers
of cadmium arachidate (Qs i I^COO^Cd were
prepared by spreading a chloroform solution of
arachidic acid (1 x 10-3 m o l dnr3) on subphases
containing 4.0 x 10-4 m o l dm-3 CdCl2 and 5.0 x 10"
mol dm-3 NaHCQ3 at 20 ± 1 °C. The spread
monolayer compressed to a surface pressure of 35 mN
m-i was transferred to the substrates by the
conventional vertical dipping technique. The number
of monolayers deposited on one side of the substrate
was 149 for each sample. Cadmium sulfide particles
were formed through infusion of H2S gas on the
transferred LB films of cadmium arachidate at room
temperature and at 80 °C (temperature above the
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melting point of arachidic acid, 75.5 °C). When
prepared at 80 °C, the sample was heated for several
hours before sulfidation.

We employed Si and quartz as solid substrates for
LB deposition. The quartz plate was used only for
absorption measurement to estimate the particle size.

2.2 Measurements
Optical absorption measurements for estimation

of the particle size were conducted with a HITACHI
U-3200 UV-VIS spectrophotometer.
Photoluminescence was measured with the sample
excitation at 325 nm provided by a 0.2 mW He-Cd
laser with a spot size of 0.2 mm.

The samples in a vacuum chamber (< 10 6 torr)
were irradiated by 1.0 MeV H+ from Van de Graaff
accelerator of Research Center for Nuclear Science and
Technology, The University of Tokyo. Emission
from the samples during irradiation was detected by an
optical multichannel analyzer (OMA), USP-600
produced by Unisoku Co. This system can detect
photons in the range of 200-800 nm. In the present
measurement, the beam current was 10 nA and the
beam spot had a diameter of 5 mm. Each emission
spectrum was obtained by accumulating the signal
detected during 50 s. In these spectra, the signals
whose amplitude was less than 0.06 % to the full
scale were ignored, based on the preliminary
estimation of S/N. The wavelength resolution,
depending on the slit width, was about 8 nm. For
time-resolved measurements, the ion beam pulse
radiolysis system should be added. The details of the
measurement system were reported elsewhere [11].
The time resolution was estimated to be about 1 ns,
as already reported by Kouchi et al [11]. We attempted
to fit the observed decay curves with double-
exponential function. Goodness of the fit was judged
from a correlation coefficient R.

3. Results and Discussion
3.1 Absorption and particle size

Fig.l shows the UV-VIS absorption spectra of
CdS particles in LB films prepared at room
temperature (a) and at 80 °C (b). The spectra show a
very gentle slope around absorption threshold. This
caused uncertainties in determination of the threshold
corresponding to the band gap. The gentle slope
indicates that the samples have a wide size
distribution. Thus we took as threshold the inflection
point of the absorption spectrum, as adopted by
Spanhel et al [12]. The sample (a) and (b) show the
absorption threshold at 370-390 nm and at 430-450
nm, respectively. It was found that the former had a
mean diameter of 2.2-2.4 nm while the latter had 3.1-
3.6 nm diameter, on the basis of the curve describing
the threshold as a function of the particle diameter
proposed by Spanhel et al [12]. From this result, we
would say that two kinds of particles with different
sizes were acquired by varying reaction temperature.
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Fig.l. Absorption spectra of CdS fine particles prepared
in LB films at room temperature (a) and at 80 °C (b).
Arrow marks the threshold wavelength on each spectrum.

3.2 Ion-induced Emission
Steady-state measurements

We calculated the LET value at 23.2 eV/nm with
TRIM-89 code. From this LET value and the total
film thickness (= 420 nm), the deposited energy in
penetrating the film was roughly estimated to be 9700
eV which is less than 1 % of the original beam
energy. Therefore, the depth distribution of LET in
LB film would be ignored: the ion-induced phenomena
were spatially homogeneous in depth in the present
case.

The ion-induced emission spectra of the CdS
particles prepared at room temperature (a) and at 80 °C
(b), measured immediately after preparation, are
shown in Fig.2. The top spectra were obtained at the
initial irradiation stage and the bottom were after the
irradiation. The ion fluences were 6.8 x 10i3
ions/citf for the sample (a) and 1.6 x 10^ ions/cm^
for (b), respectively.

At the initial irradiation stage, the emission bands
were observed at 440, 510, and 560-610 nm, as
shown in the top. The 560-610-nm emission band
(Q), as Wang et al. [13] have suggested, is attributed
to Cd atoms (Crf>). It has been reported the similar
bands at 565 or 581 nm, depending on the sample,
can be generated from CdS particles by heating in the
air [14]. This band was due to Cd° since it is known
that the heating of CdS can generate Cd" [15].
Therefore, in the present case, heating at 80 °C
generated Cd°, which lead to development of the
emission (Q) only for the sample (b). The reaction
mechanism for Cd° formation will be proposed later
with the results of PL measurement.

The 440-nm emission band (R) observed for the
both samples is assigned to sulfur-(S-)related defects.
This assignment has been adopted by Wang et al. [13]
since sulfur is known to fluoresce in this region [16].
As far as the sample (b) is concerned, this emission
(R) likely originates from excitonic state since its
wavelength corresponds to the threshold determined
above.

We now discuss the 510-nm emission band (P).
Irradiating CdS crystals with neutron, electron, or
gamma rays is known to generate the emission in this
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300 650400 450 500 550 600
Wavelength / nm

Fig.2. Emission spectra of CdS fine particles, prepared at
room temperature (a) and at 80 CC (b), induced by
bombardments with 1 MeV H+. These spectra were
obtained at the initial irradiation stage (the top) and after
the irradiation (the bottom).

before irradiation

after irradiation

360 380 400 420 440 460 480 500 520

Wavelength / nm

Fig.3. Absorption spectra of the sample (a) obtained
before andafter the irradiation.

region [17,18]. Galushka et al. [17] reported that the
gamma ray irradiation caused the increase in the
intensity of the 514-nm emission. Gamma ray
irradiation generates the acceptor species such as
sulfur atom interstitials. Quite recently, Tarn et al.
[18] observed the 520-nm emission from the sulfur
ion which was displaced into interstitials in electron
irradiated CdS crystals.

These previous studies demonstrated that the state
responsible for the 510-nm emission is related to a
defect originating from sulfur. Accordingly, it may be
assumed here that the 510-nm emission (Q) is
attributed to S-related defects, which is stabilized state
of 440-nm state (R). According to this assumption,
heating at 80 °C could accelerate the stabilization

process (440-nm - * 510-nm state). This acceleration
results in the spectral feature that relative intensity of
the emission band (P) was smaller for the sample (b)
than for (a).

This assignment of the 510-nm emission is
justified by the following reasons, (i) Kotov et al. [5]
observed that the emission maxima of CdS particles
shifted from 510 nm in chloroform solution to 455
nm in LB films. They also proposed that desolvation
of particles in LB films led to this blue shift. Their
study implies the close relation between the 510-nm
state and 440-nm state in our case, (ii) We observed
previously that the behavior of these two bands
during irradiation seemed to be complementary: the
decrease in the 510-nm emission caused the 440-nm
emission to increase [19]. There should be a strong
correlation between them, (iii) It has been reported
that the 510-nm emission originates from the site
related to sulfur [17,18]. This indicates that the 510-
nm emission has the same origin with the 440-nm
emission.

After the irradiation, emission spectra were
drastically changed, as shown in the bottom of Fig.2.
Obviously in this spectra, the emission (P) due to S-
related defects which are very shallow trapping sites,
developed while the other emissions disappeared.
Especially, in the spectrum (a), new emission band
appeared at 380 nm. This emission (S) can be
assigned to excitonic emission by the analogy of the
440-nm emission (R) for the sample (b). This
suggests that the ion irradiation would remove almost
all the trapping sites except the sulfur-related defect
site for 440-nm emission (P). On the other hand, as
for the sample (b), all the trapping sites in the band
gap would be eliminated by ion irradiation, if this
440-nm emission (P) is excitonic.

Now we should testify that the changes in the
particle sizes induced by ion irradiation do not surely
lead to these trap-removing effects. Fig.3 shows the
absorption spectra of the sample (a) measured before
and after the irradiation. The irradiation did not cause
the absorption threshold to shift. This indicates that
CdS particles would neither decompose nor aggregate
during irradiation. Thus it is quite clear that the trap-
removing effects are due to changes in the electronic
states induced directly by ion irradiation.

Time-resolved measurements
Fig.4 shows ion-induced emission decay curves of

the sample (b) monitored at 430 nm (R), 510 nm (P),
and 600 nm (Q). These time profiles were acquired in
the irradiation time range of 0-505 s for (R), 0-402 s
for (P), and 0-547 s for (Q), respectively. The
lifetimes computed by double-exponential fit are
presented in Table 1, where R values used for judging
the goodness of the fit are added. Each R value in this
Table is close to 1, which indicates that our fits are
all successful. In the following, the interpretation of
these decay curves will be discussed as to each
emission.

The 430-nm emission (R), corresponding to the
absorption threshold determined above, could likely
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originates from the excitonic states. The prominent
features of the decay curve are (i) its single
exponential shape and (ii) its fast component with
roughly 2 ns. The former feature, that is a
monoenergetic decay, is characteristic of an excitonic
recombination. This decay, however, is too slow to
be ascribed solely to the recombination of the
excitonic state since excitonic emission decays with
about 500 ps in the bulk semiconductors [20]. This
type of delayed emission observed in CdS fine
particles can be explained on thermal repopulation
mechanism which has been already proposed in the
case of PL measurements [7,8,21,22]. The shallowly
trapped electrons repopulate the conduction band
(detrapping) and spontaneously recombine with holes.
According to this model, the 430-nm emission (R)
can be assigned to excitonic emission via detrapping
of shallowly trapped electrons.

c
3

\ , (R) 430nm

(P) 510nm

(Q) 600nm

20 40 60
Time / ns

80 100

Fig.4. Ion induced emission decay of the sample (b)
monitored at 430 nm (R), 510 nm (P), and 600 nm (Q).

Table 1. Double-exponential fit parameters to observed
decay for the sample (b).

Wavelength / nm a b x/art/ns x slow /ns

430 0.98 0.02 1.96

510 0.73 0.27 5.40

600 0.67 0.33 7.58

53.1 0.996

113 0.984

70.8 0.988

Eychmuller et al. [8] suggested that the states of
electrons in such shallow traps would be different
from that of free electrons in the bulk. In addition,
this shallowly trapped electrons are delocalized at the
surface of the particles while electrons trapped in the
bulk are strongly localized at defects or impurities.
Thus the trapped electrons at the particle surface feel
the presence of solvent and stabilizer molecules. In
this sense, detrapping processes, which are
reorganization processes such as the orientation of
these surrounding molecules, are expected to occur on
a longer time scale. Accordingly, the detrapping,
being much slower than electron trapping process, is
dominant over the emission decays in our case.
Recent studies on the photoionization of colloidal
CdS and ZnS particles showed that the trapping of the
electron is extremely fast process occurring in the
lO-13-iO-i" s time range [23].

Eychmiilier et al. [7,8] also observed the
multiexponential emission decay which can be
expected for the systems having highly dispersed trap
energy levels. In line with this expectation, the single
exponential decay as cited in (i) results from narrow
distribution of electron traps, which leads to a curve
of the single rate constant for electron release into the
conduction band.

As for the emissions at 510 nm (P) and 600 nm
(Q), these were at least two clearly differentiable time
regimes over the entire decay. The decay curves
appeared multiexponential as some groups observed in
PL measurements [24-26]. Moreover, their slow
components contribute largely to the total emission
decays as compared with the probable excitonic
emission at 430 nm (R).

Let us now discuss the emission energy
dependence of the decay rates. Henglein and co-
workers, in a study of similar luminescence
phenomena in colloidal ZnS particles [25], observed
the correlation of lifetime with emission wavelength
at and near room temperature and attributed it to
varying electron trap depth. They also proposed that
shallowly trapped electrons fluoresced at higher energy
and to tunnel faster than the deeply trapped. Their
mechanism are based on the model that a hole is
deeply trapped and an electron is shallowly trapped,
that is to say, the classical donor-acceptor (D-A)
model [7,24].

In our case, there is a correlation of decay lifetime
with emission wavelength, in that the faster regimes
broadens roughly by a factor of 1.4 from 510 to 600
nm. Typically the low-energy emission decays
slightly slower than does the higher, as is
characteristic of D-A pair emission in the bulk
materials.

Moreover, in our experiment, the spectral
position of the both emissions (P) and (Q) are
independent of the particle size, as shown in Fig.2.
This means the particle size does not have an
influence on the emitting state responsible for the
trapped emission. In the classical D-A model
mentioned above, emission energy largely depends on
the distances between the trapped carriers: close
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electron-hole pairs with the small distance fluoresce at
higher energy than distant pairs. Chestnoy et al. [24]
suggested that photogenerated electrons are minority
carriers responsible for luminescence in these CdS
clusters. These generated electrons are quickly trapped
at some surface defects and then recombine with the
nearest preexisting trapped holes. In this sense, the
distribution of the electron-transfer distances is
determined by the (presumably surface) density of
trapped holes and not by the diameter of the particle.

Here, we will adopt this Chestnoy's suggestion.
Accordingly, our low energy emission decays could be
explain by the model based on the D-A recombination
between the deeply trapped carriers occurring at the
particle surface. The wide distribution of the distances
between trapped charged carriers leads to a
multiexponential shape of the decay curve, as shown
in the curves (P) and (Q) of Fig.4.

3.3 Photoluminescence
Irradiated Samples

Fig.5 shows the PL spectra of the samples
exposed to the air, which were measured at 20 days
after the irradiation. In the spectrum of the sample (a),
the excitonic emission (S) observed in the bottom of
Fig.2 disappeared with appearance of the emission
centered at 480 nm. This 480-nm emission is
considered to originate from a intermediate state of the
stabilization process, in line with the above
assumption: the transformation from the 440-nm state
(R) to 510-nm state (P). As for the sample (b), the
440-nm emission remains without an appreciate shift
from Fig.2 (bottom) to Fig.5. The difference in the
spectral position of Fig.5 between the two samples
implies that the each emission originates from a
separate state: S-related defects for the sample (a) and
excitonic state for (b). If the 440-nm state (R)
involves the components of S-related defects, it would
follow the stabilization processes to shift to 510-nm
state (?) in the long run.

New emission band (T) which appeared at 780-
830 nm for the both samples has been assigned to a
deep trapping site originating from dangling bonds
[27]. It is likely that the unstable surface brought by
ion beam irradiation, which is free from almost all the
trapping states, leads to the dangling bond formation.

Further exposure to the air caused the PL spectra
to change as shown in Fig.6. The spectra was
obtained at 119 days after the irradiation. In the both
samples (a) and (b), the emission at 560-610 nm was
prominently observed with the emission (T) due to
the dangling bonds.

The 560-610-nm emission (Q) is attributed to
Cd" according to the above assignments. We proposed
that Cd° could be formed through the following
reaction. First, illumination to CdS particles in air
results in photooxidation of the particles (eq.l) [28].
This process, which has been observed on electrodes,
produces CdSO4 (CcP* + SO42). Secondly,
photogenerated electrons are subsequently trapped by
surface Cd^ to give (Cd°) surface (eq.2) [29]. The
photooxidation process was probably accelerated by

400 800 900500 600 700
Wavelength / nm

Fig. 5. Photoluminescence (PL) spectra of CdS fine
particles prepared at room temperature (a) and at 80 °C
(b). The samples were exposed to the air for 20 days after
the irradiation.

400 500 600 700 800
Wavelength / nm

900

Fig.6. PL spectra of the samples (a) and (b) which were
exposed to the air for 119 days after the irradiation.
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Fig.7. PL spectra of unirradiated samples which were
exposed to the air for 21 days after preparation.

heating at 80 °C, which leads to development of the
Cd°- emission (Q) only for the sample (b) in the top
of Fig.2.
CdS + 2O2 — CdSO4 (Cd 2+ + SO42) (eq.l)

(Cd 2*) surface + 2e" — (CtP) .urface (eq.2)

Unirradiated Samples
Fig.7 shows the PL spectra of the unirradiated

samples measured at 21 days after preparation. The

- 335 -



JAERI-Conf 97-003

emission band (P) at about 500 nm observed in the
sample (b) originates from the stabilized state of S-
related defects. As for the sample (a), a new emission
band (U), to which has not been yet assigned, emerged
at 650 nm. In line with the previous studies [13,30],
we can assign this red emission to sulfur vacancies
(Vs).

This different spectral profiles between both two
samples could be explained by comparing with those
of Fig.2 (the top) which was acquired immediately
after preparation. The spectrum (a) in the top of Fig.2
shows the emissions at 440 nm (R) and 510 nm (P)
which originate from S-related defects as mentioned
above. The stabilization process between these two
states during 21 days leads to the spectrum of Fig.7
(a). On the other hand, Fig.2 (b) (the top) shows the
600-nm emission due to Cd°. This species could react
with sulfurs originating from S-related defects which
fluoresce at 510 nm. This results in CdS production
to leave Vs. In other words, Vs-emission (U) at 650
nm could be observed only for the sample (b) being
originally Cd°-rich as depicted in the top of Fig.2.

4. Conclusions
Five emission bands, all attributed to different

localized states (defects), were observed from Q-sized
CdS particles in LB films. After high-dose irradiation
with 1.0 MeV H+, these trapped emissions
disappeared with appearance of the band-edge
emission. This suggests that high energy ion
irradiation would eliminate almost all the trapping
sites in the band gap. The low-energy emissions,
which show a multiexponential decay, were due to the
recombination of donor-acceptor pairs localizing in
the surface region. The stabilization process of the
sulfur-related defect sites was observed under the
photooxidizing conditions. In addition, under these
conditions, reactions of trapping sites would bring
forth new defect sites such as Cd atoms and sulfur
vacancies.
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STRUCTURAL ANALYSIS OF ERBIUM 6-DOPED InP

BY OMVPE WITH RBS-CHANNELING
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We have determined the lattice location of Er in InP 8-doped by OMVPE with RBS-channeling. Er
concentrations along the <001> and <011> directions are same as random yields, while a significant flux
peaking effect is seen for the <111> direction. These data suggest that Er atoms occupy the site equivalent to the
hexahedral site in InP lattice.

Keywords: RBS-channeling, 8-doping, erbium, InP, organometallic vapor phase epitaxcy (OMVPE)

1. Introduction
There has been increasing interest in rare-earth

(RE) doped III-V semiconductors due to their possible
applications in optoelectronic devices [1-3].
Feasibility of near-infrared light-emitting diodes (LED)
and semiconductor lasers is based on the observation
of the 4f-intrashell emission lines which are
characteristic of the dopant, independent of the host
crystal, and insensitive to temperature. 8-doping with
RE to III-V semiconductors with nanoscale quantum
structures is an important technique necessary for
future device applications.

So far, it has been reported by J. Nakata et al.
that Er atoms form NaCl-type crystalline ErAs
clusters in the GaAs epitaxial layer by analysis of the
ion-channeling spectra followed by a Monte Carlo
simulation [4]. It describes that almost all Er atoms
are located precisely in the tetrahedral interstitial sites.
Very recently, Erbium (Er) 8-doping to InP has been
performed successfully by organometallic vapor phase
epitaxcy (OMVPE) for the first time and characterized
systematically by means of, x-ray crystal truncation
rod (CTR) scattering, photoluminescence (PL), and
RBS measurements [5].

In this paper, the lattice location of Er in the
InP(001) crystal 8-doped by OMVPE has been studied
by means of the RBS channeling technique.

2. Experimental
The low-pressure growth system with a vertical

quartz reactor was utilized for sample preparation.
TMIn (trimethylindium) and TBP (tertiarybutyl
phosphine) were used as source materials for InP
growth. Er(MeCp)3 (tris(methylcyclopentadienyl)
erbium) as the Er source was maintained at 100°C and
introduced in the reactor by H2 flow through the
cylinder. The sequence of the 8-doping with Er to InP
is schematically shown in Fig. 1. The InP buffer and
cap layers were grown for 1000A and 50A,
respectively.

The RBS-channeling measurements were carried
out in another UHV chamber which was connected to
a beam line of a 2 MeV van de Graaff accelerator. The
specimen was mounted on a three-axes rota table

goniometer with two-axes linear motion having an
angular resolution of 0.025°. Angular scans of the
specimen against an incident ion beam were done
around the <001>, <011>, and <111> direction of the
InP(001) crystal.

: TWIln
•V:*V:-V:-V:*:>::-":::::-

Er(MeCp)3

:•:•:
TUta';

InP growth
(buffer layer)

Er doping
t=80min

InP growth
(cap layer)

time

purge purge
Fig.l Time sequence of source gases for the 8-doping

with Er to InP

3. Experimental results
Typical RBS spectra of He+ ion backscattered

from the Er 8-doped InP(001) substrate are shown in
Fig.2, where closed and open circles represent the
random and aligned spectra in the <001> axial
direction, respectively.

2500

2000

1500

500

1.8MeV He* —> Er 6-doped lnP(001)
P

^S^^js^jf random

<001>-allgned

In

K

XiO ;

Er -

* 1.9x10"cmJ ;

200 250 300 350 400 450
CHANNEL NUMBER

500

Fig.2 RBS spectra of 1.8 MeV He+ ions from the Er 8-
doped InP(OOl) substrate: (O) for random
direction and (®) for the <001> channeling
direction of the InP substrate.
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In order to determine the lattice location of Er 8-
doped in the InP(OOl) crystal, the angular scans of the
scattering yields from Er and In atoms were measured
around the <001>, <011>, and <111> directions. The
obtained experimental results are shown in Figs.3, 4
and 5, respectively.

1.5

Q

UJ

Q

N

i

1.0

0.5

0.0

1.8MeV 4He* Er 6-doped InP
<001> aligned

1.5

1.0 O
3D

c
0.5 O

m

5
0.0

-2 -1 10
Angle (•)

Fig.3 The angular scan of the backscattering yield of
1.8MeV He+ ions from the Er 8-doped InP(OOl)
substrate: (O) from the Er atoms and (®) from
the In atoms, obtained around in the < 001>
direction.

1.5

1.8MeV 4H«+ Er 6-doped InP
<011> aligned

1.5

m

- 2 - 1 0 1
Angle (*)

Fig.4 Same as Fig.3 but around in the < 011>.

1.5

1.8MeV 4He+ Er 6-doped InP
<111> aligned

1.5

4. Discussion
It is seen from Figs.3 and 4 that Er yields along

the <001> and <011> directions are almost same as
random yields. Er yields along the <111> direction are
a little lower than the random yields and In angular
dependence shows the planar-channeling effect at
angles of negative sign, as shown in Fig.5. Moreover,
narrow peaks of Er are observed in the directions of
<011> and <111>, which can be attributed to the flux-
peaking effect. Therefore, it is concluded that Er is not
situated at the tetrahedral site, because Er atoms are
not shadowed by the atomic rows in the <001> and
<011> directions in InP crystal.

If Er is situated at the hexahedral site, one fourth
of the Er atoms will be shadowed by the atomic rows
in the <111> direction, as shown in Fig.6, which is
in good agreement with the experimental results.

• In atomic row O P atomic row
0 In + P mixed row ; f | Er atomic row

<001>

Fig.6 Vertical sections of the <111>, <001> and
<011> channels. The typical hexahedral
interstitial sites are shown, which is the
proposed locations for Er atoms.

Recently, the extended X-ray absorption fine
structure (EXAFS) analysis of the Er 5-doped in the
InP(001) crystal by OMVPE has shown that Er atoms
form NaCl-type crystalline ErP clusters in the InP
epitaxial layer [6]. It is normally expected that NaCl-
type crystalline ErP clusters are not bonded coherently
with cubic ZnS-type InP crystal at their interface,
because the coordination numbers of each element in
the NaCl-type lattice are different from those in the
cubic ZnS-type lattice. Both the EXAFS and RBS-
channeling results indicate that ErP(OOl) clusters
might swerve zigzag about l.oA in the diagonal
direction at the interface of the InP(OOl) substrate.

5. Conclusion
The lattice location of Er 8-doped in the InP(001)

crystal by OMVPE has been studied from the RBS
channeling measurements in the directions of <001>,

Fig.5 Same as Fig.3 but around in the < 111>.
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DISSOCIATIVE SCATTERING OF LOW-ENERGY SiF/ AND SiF+ IONS (5-200 eV)
ON Cu( 100) SURFACE
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Dissociative scattering of molecular SiF,+ and SiF+ ions from a Cu(lOO) single crystal surface has been
investigated in the incident energy range from 5 eV to 200 eV with a scattering angle of 77°. The scattered ion
intensity of dissociative ions and parent molecular ions were measured as a function of incident ion energy.
The observed data show that onset energies of dissociation for SiF3

+ and SiF+ ions are 30 eV and 40 eV,
respectively. The obtained threshold energies are consistent with a impulsive collision model where the
dissociation of incident ion is caused by vibrational excitation during collision.
Keywords: low-energy ion, molecular ion, dissociative scattering, metal surface

1. Introduction
The interaction between energetic particles (ions

or neutrals) and solid surface strongly depends on the
kinetic energy of the irradiating particle [1-3]. In
the very low energy region (ca 1-100 eV), although
there are various interesting phenomena about the
interactions between low-energy particle and solid
surface [4-7], only several works have been done in
these energy region. For example, the energies of
chemical bond, activation barriers for chemical
reactions [8], displacement energy for metal atoms
and threshold energy of sputtering (9] exist in these
energy range. Dissociative scattering has been
investigated by neutral molecular beam or cross-beam
between neutral molecular and ion beams in the
energy range of several eV. However, most of the
scattered particles are survived without dissociation
since the beam energy is limited less than -10 eV.

In the present work, irradiation system for low-
energy ions (5 eV~) has been applied to the
investigation of the scattered molecular ions. We
report on the dissociative scattering of SiF,+ and SiF+

ions from a Cu(lOO) surface. From the observed
intensity of scattered parent molecular ions and
dissociatively scattered SiF\ F" ions, etc. as a function
of incident ion energies, threshold energy of
dissociation was estimated.

2. Experimental
2. / Low-energy ion irradiation system

The irradiation system for low-energy ions
attached to a surface analysis chamber is shown in Fig.
I. The irradiation system contains duoplasmatron-
type ion source, electrostatic lenses, 60° sector

magnet (mass separation region) and deceleration
lenses. The ion source maintains a hot filament
DC plasma in a small tantalum chamber. Ions
generated are extracted by the electrostatic lens.
All of the beam components from this lens to the
entrance of the deceleration lens are floating at -3 -
-4 kV. The extracted ions are accelerated by the
floating voltage, and are mass-selected by the sector
magnet After the mass-selection, the accelerated
ions are decelerated by the deceleration lens unit
shown in Fig. 2. This unit is constructed with
seven cylindrical-electrode lenses for step
deceleration. In order to avoid the space charge
dilation, the last lens is located close to the sample
(-20 mm distance). The final acceleration energy
at the sample surface is determined by the potential
between the ion source and the target sample. The
system can produce the ion beam in wide energy

sector magnet
(duoplasmatron) (mass separation)

X-ray
source Q-pole •

Ion energy analjacr

deceleration unit
(7 cylindrical electrodes)source gases

Fig. 1 Schematic diagram of iiradiation system for low-
energy ions.
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deceleration lens cinzel lens
Faraday cup

ion source,
beam line

D D D D O D D i - *

-10kV

Fig. 2 Configuration of deceleration lens unit.

range from 3 eV to 15 keV. It was examined that
noble gas ions (He*, Ar+, Xe+), reactive ions (C+, N+,
O+, F+, Si+, etc.) and molecular ions (CO\ NO+,
C6H6

+, etc.) can be irradiated to the samples. The
ion current density was measured by a small Faraday
cup with a 1.5 mm2 aperture, which is located in front
of the sample.

2.2 Beam performance
In order to check the validity of the deceleration

lens, the current densities of 50 eV Ar+ ions were
measured as a function of voltage for deceleration lens
No. 1 in Fig. 2, where floating voltage of the beam
line was -4 kV, and other lens voltages were kept
constant The results are shown in Fig. 3. The
ion current has the maximum value (1.2 uA/cm2) at

2 »

Lens voltage (-kV)

Fig. 3 Typical performance of the deceleration lens.
Ar* ion (50 eV) current density as a function of lens
voltage. Beam components are floating at -4 kV just
before deceleration lens unit.

-2 kV and decreases rapidly when the lens voltage
increases or decreases from -2 kV. This result
shows the deceleration lens works effectively. The
typical current densities of Ar+ ions with and without
deceleration lenses are shown in Fig. 4 as a function of
beam energy. The ion current density with
deceleration lenses decreased gradually with the
decrease in the ion energy. However, the total
current was maintained to be 4.0 x 107 A/cm2 even at
3eV.

In the present experiments, incident SiF,+ andSiP
ions were produced with a SiF4 source gas. The
maximum ion current densities at 20 eV were 175
nA/cm2 and 55 nA/cm2 for SiF,+ and SiF+ ions,
respectively. The scattering angle was kept at 77°.
The pressure during ion irradiation was lower than 1 x
106 Pa. Both positive and negative ions which
were scattered from the surface were detected with
quadrupole mass analyzer equipped with 45° sector
field energy filter (Hiden Analytical Ltd. EQS 500).
The kinetic energy and mass of the scattered ion can
be analyzed simultaneously by this system.

3. Results and discussion
3.1 Scattering process

In order to check the effectiveness of the system,
the scattering process of atomic Ar+ ion was initially
investigated. Fig. 5 shows the relationship between
incident and scattered ion energies of Ar* ion as solid
circles. The broken line shows the calculated

• with deceleration lens
. o without deceleration lens

200 300 400

Ion energy (eV)

Fig. 4 Cutrent density of Ar* ions with and without
deceleration lens is plotted as a function of ion energy.
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- • Ar*
theoretical

•

1

i i i

-

1 ' '
40 60

Incident ion energy [eV]

Fig. 5 Kinetic energy of scattered Ar* ion as a function
of incident Ar* ion energy (solid circle), together with
the theoretical values (broken line) calculated by eq.(l).

scattered ion energy (E,) as a function of incident ion
energy (E,,), by using "binary elastic collision model"
[10]. In this model, the solid is assumed to be
composed of individual target atoms which are
considered to be free and at rest. The energy of the
scattered ion (E,) is calculated as,

E,=E
f cosO±-jA2-sin2d

\ 1 + A
(1)

where, m, is the mass of incident ion, m2 is the mass of
target atom, 6 is scattering angle, and A = m/m,.
The positive sign is for m2/mi>l, both signs for
m2/m ,<1. The experimental values of the scattered
ion energy are in good agreement with the calculated
ones. It means that the scattering process of Ar+

ions can be explained by the binary elastic collision
model.

Fig. 6 shows the energy spectra for the non-
dissociatively scattered SiF3* ion taken at various

1000

0 10 20

Scattered ion energy [eV]

Fig. 6 Kinetic energy distributions of non-
dissoaabvely scattered SiF,* ion taken at the various
incident SiF,* ion energies.

incident energies of SiF3* ions. It is observed that
scattered ion energy increases gradually with the
incident SiF,* ion energy. According to the binary
elastic collision model, however, calculated results
with eq. (1) show that the SiF3* ion cannot be
scattered from the Cu surface at the scattering angle
of 77°. This problem can be resolved by
considering "string model" for the scattering of
molecular ion [11]. In this model, the target is
represented by a string or cluster of atoms. Since
the size of incident ion is quite larger than that of the
target atom, collision of the incident ion takes place
with a number of target atoms. According to the
string model, m2 of eq. (1) can be interpreted as
apparent mass of target "cluster" atoms. If the
apparent mass is larger than the mass of incident ion,
the ion can be scattered from the target surface at the
present scattering angle. From the scattered ion
energy observed in fig. 6, the m2 can be estimated as

m, = 113. It shows almost 1.8 Cu atoms
participate in the collision with incident SiF3

+ ion.
By considering the string model, the non-dissociative
scattering of SiF,* ion from Cu surface at the present
scattering angle can be explained. Observed
spectra in fig. 6 show that the half width of the
scattered ion energy is 4.2 eV and 6.8 eV at incident
energies of 10 eV and 30 eV. These energy widths
are almost twice larger than those obtained by Ar+ ion
irradiation. It is considered that the effect of the
multiple scattering becomes large compared with the
Ar+ ion irradiation since the size of SiF3* ion is quite
larger than that of Ar* ion.

3.2 Threshold energy of dissociation
For the scattering of SiF3* ion, non-dissociative

SiF3
+ ion and dissociatively scattered ions are

observed. The main component of the
dissociatively scattered ions are SiF* and F . Other
dissociated ions, Si+, F2 are slightly observed. Fig.
7 shows the scattered ion intensities as a function of
the incident SiF3

+ ion energy. All intensity data in
fig. 7 are normalized by beam currents. The
intensity of the parent molecular SiF,* ion decreases
gradually with the incident ion energy, and reaches to
almost zero at 40 eV. The signal of the dissociated
SiP and F ions begins to emerge from 30 eV and the
intensity increases monotonously with the incident
energy. From the results obtained, the threshold
energy of the dissociation for the SiF,* ion is estimated
to be 30 eV.

For comparison, scattering behavior of the SiF* ion
is also observed. Non-dissociative SiF* ion and
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Incident ion energy [eV]

Fig. 7 Scattered ion intoisity as a function of incident
SiF,* ion energy.
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Fig. 8 Scattered ion intensity as a function of incident
SiF* ion energy.

dissociative Si+ and F ions are observed. The
results are shown in fig. 8. In this case, parent
molecular S iP ion decreases with the energy as we
observed for the SiF3* ion. The dissociated Si* and
F ions are observed in the energy range higher than 40
eV. It shows that the threshold energy of the
dissociation for the SiF+ ion is 40 eV, which is a little
higher than that for the SiF3* ion. Above 100 eV,
the intensity of the dissociated Si* ion decreases with
the incident energy and increasing rate of the
dissociated F ion becomes large. In the range of
several hundred eV, it is observed that trapping of the
irradiated ions into the sub-surface region or surface
segregation easily takes place if the element of the
irradiated species has high sublimation energy [12],
such as carbon or silicon. The scattered Si* ion
intensity therefore decreases with the incident energy
although the F" ion still increases.

On the other hand, bond dissociation energy of the
ShF bond for a free SiF4 molecule is 5.57 eV [13].

This value is substantially smaller than the
experimentally observed threshold energy. In
order to resolve the difference between experimental
and theoretical value for the dissociative scattering of
molecular ions, "impulsive collision model" has been
proposed [5]. In ion-molecule scattering,
dissociation is usually treated by the translational-
vibrational energy transfer above the dissociation
limit. The idea of the impulsive collision model is
based on the assumption that only a fraction of the
translational energy of the molecularion is transferred
to the vibrational energy during scattering. By
considering the collinear collision of a molecularion
AB* onto a surface stationary atom C, the energy
transfer into the vibrational motion of molecular ion
AB+ can be described as [14],

2.

<5E = 2(nco0Lf m,

m . (m A +m B +m c )

x cosech
(nco0h exp(- 1.685m)

(2)
with m = mAmc / mB (mA+iriB+mc), where mA, mB

and mc represent the masses of atoms A, B and C
respectively, (ô  is the resonant frequency of the
oscillator, L is the scale length of the Bom-Mayer
potential, and v is the incident velocity of molecular
ion AB*. If the 8E exceeds the dissociation energy,
we consider that the dissociation of AB* ion takes
place. The threshold energy for incident SiF* ion
derived from eq. (2) is 36 eV, where parameters are «<,
= 857 cm1 [13] and L =0.386 A [15]. Incase of
SiF3* ion, since SiF3* is a four-atomic molecularion, it
is hard to obtain energy transfer directly using eq. (2).
However, if we regard SiF/ as [(SiF2)-(F)r diatomic
ion, eq. (2) gives a dissociation threshold energy of 27
eV. The calculated threshold energies are in good
agreement with observed values within the
experimental error. It suggests that "impulsive
collision model" can explain the present dissociation
process, even though the incident ion isnotadiatomic
ion. The efficiency of the translational-vibrational
energy transfer affects the experimentally observed
threshold energy, which is substantially higher than
the bond dissociation energy for free molecule.
From the scattered ion measurements, SiF2* ions are
scarcely observed as the scattered species. It shows
that the simultaneous dissociation of SiF2* into SiF*
and F" during the dissociation of SiF3*, since the SiF2*
is very unstable compared with SiF,* and SiF* ions
[16].
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4. Conclusion
On the basis of the results obtained, following two

points are clarified. l)The scattering process of
SiF,+ ion can be explained by the "string model".
The observed energy spectra for the scattered SiFj+

ion show that the incident SiF,+ ion collides with the
1.8 Cu "cluster" atoms by considering this model.
2)The observed threshold energies of dissociation are
30 eV for SiF,+ and 40 eV for SiF+ dissociation,
respectively. The experimental results are
consistent with the "impulsive collision model" where
the dissociation of molecular ion is caused by the
translational-vibrational energy transfer.
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High resolution L X-ray emission spectra of Cu have been measured by 0.75 MeV/u H, He, and F, 0.73 MeV/u
Ar, 0.64 MeV/u Si, and 0.073 MeV/u Si ion impacts with a crystal spectrometer. The X-ray transition energies
in the Cu target for Li, Lr|, Ixtj2, L0,, and Lp34 diagram lines induced by light ion impacts are determined,
which are in good agreement with those given in the reference.

The difference in L X-ray emission spectra produced by H, He, F, Si, and Ar ions are considered and the
Lei; 2 and Lp\ emission spectra are compared with the calculated ones based on the multiconfiguration Dirac-
Fock method.
Keywords: L X-ray spectrum; H and He impact; F, Si, and Ar impact; Cu target; MC-DF method;
Multiple inner-shell ionization

1. Introduction
The structure of the K X-ray diagram emission

lines of the 3d transition elements has been the
subject of numerous experimental and theoretical
studies [1,2]. This was motivated by their asymmetric
shapes, indicating large contributions from processes
other than the main single electron bound-bound
diagram transitions which dominate the
corresponding symmetric emission lines of high Z
atoms. Recently, we have reported [3] that broad
satellite peaks are observed on the high-energy side
of the L X-ray diagram emission lines in 3d transition
metals (Cr, Mn, Fe and Co) by 0.08 MeV/u N and
0.04 MeV/u Ne ion impacts and the L a u lines are
significantly shifted to lower energy.

In this paper we report the high-resolution
measurement of L X-ray spectra from a Cu target
produced by 0.75 MeV/u H, He, and F, 0.73 MeV/u
Ar, 0.64 MeV/u Si, and 0.073 MeV/u Si ion impacts.

The La ] 2 and Lp\ emission spectra are compared
with the calculated ones by using a multicofiguration
Dirac-Fock (MC-DF) method [4,5].

2. Experiment
The experiments were performed mainly at the

TIARA accelerator facility of the Japan Atomic
Energy Research Institute in Takasaki using a 3 MV
single-ended, and a 3 MV tandem electrostatic
accelerator. Our flat crystal spectrometer and the
block diagram of the detector electronics are shown
schematically in Figs. 1, and 2, which are very
similar to those described in detail previously [3,5].
The base pressure was l.OxlO"4 Pa during the
observations. The ion beam (5x5 mm2) was incident
on a thick Cu target normal to the surface. The X rays
emitted at a take-off angle of 45° were detected by a
proportional counter with a 1.0 ujn thick polyester
window (Yunitika Co. Ltd.). The counter
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FIg.l Schematic diagram of experimental arrangement

for the X-ray crystal spectrometer.

X-Ray A

DC
Integrator

Counter
Timer

Target

FIg.2 Block diagram of the electronics for X-ray
measurement.

was operated at +1600 V in a flow mode of 50
ml/min utilizing PR gas at atmospheric pressure. The
L X rays were analyzed with a single crystal of
rubidium acid phthalate (RbAP(100), 2d=2.612nm).

The measurement using 0.73 MeV/u Ar6+ ion
beam was carried out at the heavy-ion linear
accelerator (RILAC) of RIKEN in Wako. A well
collimated beam ( lx l mm2) was incident on a Cu
foil target of 0.2 \xm thickness. The L X-ray spectra
were measured by using a broad-range crystal
spectrometer with a flat single crystal of RbAP(100)
[6].

3. Results and discussion
Fig. 3 shows the L X-ray emission spectra from a

thick Cu target produced by 0.75 MeV/u H+ and He+

ions, respectively. The resulting peak centroid
energies for H and He ion impacts were different
values, so those obtained by H ion impact are

800 850 900 950 1000 10S0

X-RAY ENERGY (eV)

FIg.3 L X-ray emission spectra of Cu produced by 0.75
MeV/u H* and He* ion impacts.

compared with reference data. Our results are 810.9
ev for Li, 831.2 eV for Ln,, 929.7 eV for La12, 950.0
eV for Lp\, and 1022.0 eV for Lp"3<. These values are
in good agreement with those of 811.1, 832, 929.7,
949.8 and 1022.8 eV given by Bearden [7]. The
relative intensity, Lp^/La,^ for He ion impact is
about twice as large as for H ion excitation.

Since the LTI, LI , and L0M lines are found to be
relatively weak, we focused our attention on the
energy region of the La,i2 and Lp" x lines. Fig. 4 shows
the comparison of measured Cu Lal2 and L0X X-ray
spectra induced by 0.75 MeV/u H* ion impact with
those by 0.75 MeV/u He+ ions. We found a
broadening of the La l i2 line to lower energy, but no
shift of the peak energy for H impact. On the other
hand, we found a broadening of the La1 2 line to
higher energy, and more complicated structures at the
Lp\ line for He ion impact. We consider that the
complicated structures above La1>2 and at Lp\ region
are the satellite lines of these two transitions due to
multiple M-shell ionization. In order to explain the
origin of the broadening of the L a ^ emission line to
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Fig.4 Comparison of Lct^ and LPj X-ray emission

spectra of Cu produced by 0.75 MeV/u H* and He* ion

impacts. Full curve: H ion; broken curve: He ion; dotted

curve: difference spectrum.

lower energy for H ion impact, we have compared the
experimental results for Cu La12 and LPi X-ray
spectra with the calculated ones based on the
multiconfiguration Dirac-Fock method (GRASP
code) [8,9]. The diagram emission lines for Lalp2 and
Lp\ X-ray transitions, satellite energies for the
l s ^ ^ p ^ s ^ p ^ d ^ s 1 and l s ^ ^ p ^ s ^ p ^ d ^ s 1

electron configurations as excited states were
calculated. The diagram lines include only eight
transitions. However, satellite lines with one and two
3d vacancies contain many transitions. Therefore
only 67 and 254 transitions which have higher
transition probabilities than lxlO12 s"1 are considered.
Table 1 shows the resulting peak centroid energies of
calculated transition of Laa 2 and Lp\ X-ray diagram
and satellite lines for a Cu free atom. It is noted that
the centroid energy of Lc^ 2 satellite lines with one 3d
electron vacancy shifts by 1.6 eV to lower energy
than the diagram lines. This explains the broadening
to the lower energy side in the La12 emission
spectrum produced by H ion impact. The transition

Table 1 Averaged centroid energies in eV for Cu La12

and L0! X-ray diagram and satellite lines calculated by
using MC-DF method (GRASP code by Dyall et al.[9]).

X-ray

Lai,2

Lp\

Transition

2P3/2'3d3/2,S/2

2Pi/2-3d3/2

Number of 3d electron vacancy

0

929.7

949.8

1

928.1

947.9

2

929.8

948.8

Fig.5 L X-ray emission spectra of Cu produced by: ( • ) ,
0.75 MeV/u H+; (O), 0.75 MeV/u He*; ( • ) , 0-75 M e V / u

F4*; (A), 0.64 MeV/u Si5*; (V), 0.73 MeV/u Ar6*; (®),
0.073 MeV/u Si2* ion impacts.

energy with initial two 3d vacancies is the same as
the energy of the diagram line. A larger energy shift
in Lp\ X-ray transition was found in the calculation;
-1.9 and -1.0 eV for one and two 3d vacancies,
respectively. However, it is difficult to discuss Lfij
spectra observed, since the Cu L3 and Lj absorption
edges lie at 933 and 951 eV, respectively, and La12

satellite lines are overlapped in this energy region.
They seem to hide low energy shift of the Lp\ lines

Fig. 5 shows high resolution L X-ray emission
spectra of Cu produced by 0.75 MeV/u H \ He*, and
F4*, 0.73 MeV/u Ar6*, 0.64 MeV/u Si5*, and 0.073
MeV/u Si2* ion impacts. Both spectra from 0.64
MeV/u Si and 0.73 MeV/u Ar ion impact agree in
shape. More complicated structures are observed at
the high energy side of La, 2 and Lp\ lines. They are
considered to be the satellite and hypersatellite lines
due to multiple L- and M-shell ionization. The
relative intensity, LfV L<x12 for 0.75 MeV/u F ion
impact is different from those for 0.64 MeV/u Si and
0.73 MeV/u Ar ion impact and reaches almost unity.
It seems to be due to ionization processes other than
pure Coulomb interaction. Charge transfer of 2p
electrons in Cu atoms to Is hole of few electron F
ions is one of possible mechanisms.

Fig. 6 shows the comparison of L X-ray emission
spectra of Cu produced by 0.75 MeV/u H* and 0.073
MeV/u Si2* ion impacts by using the 3 MV tandem
accelerator. The X-ray spectrum for Si ion impact
shows a broad band at energy region of 1055 eV and
a broadening of La12 line to the lower energy.
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Fig.6 Comparison of L X-ray emission spectra of Cu
produced by 0.75 MeV/u H* and 0.073 MeV/u Si2* ion
impacts. Broken curve: Si ion; dotted curve: H ion; full
curve: difference spectrum.

The broad band is attributed to the satellites of the
Lp"3|4 line due to the electron promotion via molecular
orbital formation between 2s and 2p levels of Si and
3s and 3p levels of Cu. The difference spectrum at the
ha12 region suggests a weak band at an energy of 920
eV. Now, a higher resolution measurement and a
more quantitative analysis are necessary.

Acknowledgements
The authors wish to thank T. Nakae and Y. Nakai

for assistance with experimental work. This work has
been supported in part by the Universities-JAERI
Joint Research Project for the Advanced Radiation
Research, and the Accelerator Facility of RIKEN.

References
[1] L.G.Parratt, Rev. Mod. Phys. 31 (1959) 616.
[2] M.Deutsch, G.Holzer, J.Hartwig, J.Wolf,

M.Fritsch, and E.Forster, Phys. Rev. A51 (1995)
283.

[3] K.Kawatsura, K.Ozawa, M.Terasawa,
K.Komaki, and F.Fujimoto, Nucl. Instrum.
Methods Phys. Res. B75 (1993) 28.

[4] H.Kageyama et al., Nucl Instrum. Methods Phys.
Res., in press.

[5] H.Kageyama et al., Int. J. PIXE, in press.
[6] A.Hitachi, H.Kumagai, and Y.Awaya, Nucl.

Instrum. Methods 195 (1982) 631.
[7] J.A.Bearden, Rev. Mod. Phys. 39 (1967) 78.
[8] I.P.Grant, B.J.McKenzie, P.H.Norrington,

D.F.Mayers, and N.C.Pyper, Comput. Phys.

- 348 -



Proceedings of the 7th International Symposium on Advanced Nuclear Energy Research

Recent Progtess in Accelerator Beam Application (March 18-20. 1996, Takasaki, Japan)
JAERI-Conf 97-003

RADIATION-INDUCED EFFECTS IN MgO SINGLE CRYSTAL
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MgO(100) single crystals were implanted with 1.0 MeV and 200 keV Ni ions between 1015 and 1017 ions/cm2

at room temperature. Before and after thermal annealing the radiation damage and the lattice location of
implanted Ni ions were analyzed by using Rutherford backscattering spectrometry with channeling and optical
absorption measurements. For 1.0 MeV Ni ions, the disorder of Mg atoms increased slowly with ion dose near
surface region, while it increased sharply and saturated with ion dose from 2xlO16 ions/cm2 near ion range.
The radiation damage was recovered and implanted Ni ions diffused to the whole of crystal and occupied sub-
stitutional positions after 1400 °C annealing.

For 200 keV Ni ions, the disorder of Mg atoms increased with dose near ion range and had a maximum at
about 5xlO16 ions/cm2. This tendency agrees with the behavior of color centers obtained from optical meas-
urements. For thermal annealing the radiation damage did not change during 500 °C annealing, but the aggre-
gate centers appeared after 300 °C annealing.
Keywords: MgO, 200 keV and 1 MeV Ni ion implantation, RBS-C, radiation damage, annealing behavior

1. Introduction
Recently, to study radiation effects induced by an

ion is becoming important in order to modify the
properties of insulators by ion implantation. We must
reveal the production process and annealing behavior
of radiation damage and the lattice location of im-
planted atoms. The radiation effects depend on the
ion species, ion energy, and implantation tempera-
ture. There were a lot of work for MgO single crys-
tals implanted with various ions, i.e. light gas ions (H,
He), alkali metal ions (Li, Na, K, Rb), rare gas ions
(Ne, Ar, Kr, Xe), transition metal ions (Cr, Fe, Cu),
Ag, In, Pt, Au [1-11]. Previous results reported were
concentrated on lower energy ions. As high energy
ion implantation extends now, it is important to ob-
tain information about the production process and
annealing behavior of radiation damage and the lat-
tice location of implanted atoms for high energy ion
implantation.

In this paper we report on the radiation effects in
1.0 MeV and 200 keV Ni ions implanted MgO single
crystals. Samples were analyzed by Rutherford
backscattering spectrometry with channeling (RBS-
C) and optical absorption spectroscopy. The informa-
tion on the lattice disorder and on vacancy of host
atoms can be obtained from RBS-C measurement

and from optical measurement, respectively.
2. Experimental Method

The cleaved MgO(100) single crystals (lOxlOx
0.5 mm3) employed in the present study were ob-
tained from Tateho Chemical Industries Co. Ltd. The
concentrations of intrinsic impurities are (in ppm)
AI(60), Ca(70), Cr(13), Co(3), Fe(120), Mn(9), Ni(3),
and other impurities (less than 30 ppm in total). Ion
implantations were carried out at room temperature
in a vacuum of about lxlO'5 Pa using the 3 MV tan-
dem accelerator and 400 keV ion implanter at the
TIARA facilities of JAERI Takasaki. 1.0 MeV and
200 keV Ni+ ions were implanted in the range from
9.2xlO14 to 9.2xlO16 ions/cm2. The current density
was about 1 (iA/cm2 in order to avoid thermal ef-
fects during ion implantation. The thermal treatment
was performed from 100 to 1400 °C, for 1 h in a gas
flow of Ar.

The radiation damage and the implantation pro-
file and lattice location of implanted ions were
measured by Rutherford backscattering spectrometry
of 1.6-2.0 MeV He+ ions using the 2 MV Van de
Graaff accelerator at Osaka National Research Insti-
tute of Ikeda, and 2.5-3.0 MeV He+ ions using the 3
MV single ended accelerator at the TIARA facilities
of JAERI Takasaki.
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Fig. 1 Random and aligned RBS-C spectra for the as-
implanted region with a dose of 9.2x10" ions/cm2 of 1.0
MeV Ni* ions together with the aligned spectra for the
unimplanted region. Spectra were measured by using 3.0
MeV He* ions.

Color centers produced by ion implantation were
measured by optical absorption spectroscopy using a
spectrophotometer (Hitachi 200-20) in the wave-
length range from 200 to 850 nm at room tempera-
ture. The unimplanted sample served as a reference.
The concentration of color centers was estimated by
Dexter's form of Smakula's equation[12].

3. Results and discussion
3.1. RBS-C measurement

Fig. 1 shows the random and aligned RBS spectra
of 3.0 MeV He+ for the as-implanted MgO(100) with
a dose of 9.2xlO16 ions/cm2 of 1.0 MeV Ni+ together
with the aligned RBS spectrum for the unimplanted
region of the same sample. The minimum yield X^,
for Mg at the unimplanted region is 0.03. It means
good crystalline sample. As seen from the figure,
radiation damage induced at the surface is very low,
but there is much more at Ni ion range after ion im-
plantation. The Ni spectra show that the substitu-
tional fraction of the as-implanted Ni ions is 27 %
and especially at the depth of 500 nm is 20 %.

Fig. 2 shows comparison of the calculated im-
plantation profile of Ni ions and damage profile with
the experimental results. The theoretical calculation
was performed by using the E-DEP-1 code[13]. The
implantation profile is nearly Gaussian with a maxi-
mum concentration of 4 at.% at the depth of 500 nm.
The FWHM of experimental result is 340 nm, and
the calculated one is 250 nm. Fig. 2(b) shows the
disorder profile and the calculated DPA (displace-

(a) Ni Profile
E-DEP-1

500
DEPTH

1000

Fig. 2 Implantation profile(a) and radiation damage pro-
file^) for the sample implanted with a dose of 9.2x10"
ions/cm1 of 1.0 MeV Ni* ions. Ni profile(O) and disorder
proftle(0) obtained from RBS-C measurement. The solid
line represents calculated Ni and DPA profiles by using E-
DEP-1 code.

ment per atom) profile. There is the discrepancy
between experimental and theoretical damage profile.
DPA is 60, 104, and 60 at 100, 380, and 500 nm,
respectively. However, in fact, the disorder for Mg is
2xlO21, 1.8x10", and 1.7xlOM /cm3 at 100, 380, and
500 nm, respectively. The depth of maximum DPA
is about 380 nm. DPA at 100 nm is same as that at
500 nm, but there is a difference of about one order
between the disorder at 100 nm and that at 500 nm.
DPA at 380 nm is about twice as large as that at 500
nm, but the disorder at 380 nm is similar to that at
500 nm.

3.1.1. Dose dependence
Fig. 3 shows the dependence of the disorder in

the Mg sublattice on dose at the depth of 100 and
500 nm. The depth of 500 nm is the average range of
implanted Ni ions with 1.0 MeV. The disorder for
the Mg atoms at 100 nm increased linearly from 0.2x
1022 to 0.25xl022 /cm3 in the dose of 9.2xlO14 and
9.2xlO16 ions/cm2. While at 500 nm the disorder
increased sharply with dose and reached the satura-
tion for an ion dose of 2xlO16 ions/cm2. For 200 keV
Ni ion implanted sample, the disorder at the depth of
250 nm that is average range of implanted Ni ions
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Fig. 3 The dependence of the disorder for Mg atoms on Ni
tons dose at the depth of 100 and 500 nm.

increases with the increase in the ion dose and has a
maximum at the dose of about 5xlO16 ions/cm2.

3.1.2. Annealing behavior
We investigated the thermal annealing behavior

of radiation damage and implanted Ni ions. Fig. 4
shows the disorder in the Mg sublattice at the depth
of 100 and 500 nm, and the substitutional fraction of
Ni ions at the depth of 500 run after the thermal an-
nealing treatments for a sample implanted with a
dose of 9.2xlO16 ions/cm2 of 1.0 MeV Ni ions. The
disorder for Mg atoms at 100 nm decreases slowly
with the increase in annealing temperature. While,
after annealing at 500 °C, the disorder for Mg atoms
at 500 nm does not change. It decreases slowly dur-
ing 500 to 1000 "C annealing treatments, and then it
decreases sharply after annealing at 1100 °C. Thus
the Mg sublattice is rapidly ordering due to redistri-
bution of displaced Mg atoms in the cation vacancies.

1.0 MeV Nl* 9.2 X1016 Ni/cm2

0 500 1000 1500

ANNEALING TEMP.

Fig. 4 The disorder in the Mg sublattice at the depth of
100 nm (®) and 500 nm ( • ) . and ^ substitutional frac-
tion of Ni ions at the depth of 500 nm (®) after the ther-
mal annealing treatments for a sample implanted with a
dose of 9.2x10'' ions/cm1 of 1.0 MeV Ni4 ions.

500
DEPTH (nm)

1000

Fig. 5 The implantation profile of the sample implanted
with a dose of 9.2x10" ions/cm1 of 1.0 MeV Ni* ions
after thermal annealing. The solid line gives the Ni profile
of as-implanted sample. 1100 "C annealing (O), 1200 °C
annealing (©) and 1400 °C annealing (X).

After annealing at 1400 °C, the disorder for Mg at-
oms at 500 run is completely recovered.

We compare the thermal annealing behavior for
the implanted Ni ions with that for Mg at the same
depth of 500 nm. As implanted, substitutional frac-
tion of the implanted Ni ions is 20 %. During 500 to
800 °C annealing treatments, the substitutional frac-
tion for the Ni ions did not change. But after anneal-
ing at 1000 V, it decreased from 20 to 10 %. This
results is similar to the results obtained by Perez et
aJ.[5]. At the same time the displaced Mg atoms are
ordering, the substituliona] fraction of the implanted
Ni ions increased drastically from 1100 °C anneal-
ing. Then it became about 67 % at 1200 °C anneal-
ing.

Fig. 5 shows the implantation profile of Ni ions
after thermal annealing. The annealing sample at
1200 °C was measured by using 1.8 MeV He ions,
so Ni ions profile can not be found at the inner part
from 500 nm, but the implanted Ni ions probably
diffuse to the inner part. After 1100 °C annealing,
the implanted Ni ions occupy substitutional positions
and diffuse to the surface, and the disorder for Mg
recovers(see Fig. 4). We consider that NiO com-
pound is produced because Ni ions occupy at substi-
tutional positions and NiO has NaCl type structure as
MgO. After annealing at 1400 °C, most of the im-
planted Ni ions diffuse the whole of the crystal.

3.2. Optical absorption measurement
Optical absorption measurement was carried out

for the 200 keV Ni implanted samples. The variation
of spectra with the Ni doses between 1.6xlO15 and
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Fig. 6 The optical absorption spectra of the sample im-
planted with 200 keV Ni4 ions and doses of: 1.6x10"
ions/cm2 ( • ) , 3.2x10" ( O ) , 4.8x10" ( O ) and
8.0x10" (A) •

8.0xl016 ions/cm2 is presented in Fig. 6. The absorp-
tion band at near 250 nm is signified F-type center.
Krappers et al.[14] have shown that the 250 nm ab-
sorption band is composed of two close bands, i.e. an
F center (246.5 nm), and an F+ center (250.0 nm). V
center (570 nm), F2 center (350 nm), and Fe3+ impu-
rity center (220 nm) are also observed. The spectra
shows F-type and V" center increase with the in-
crease in the ion dose, and aggregate centers appear
at high dose.

3.2.1. Dose dependence
Using the Dexter's form of Smakula[12], the

concentrations of F-type and V" center are estimated
in Fig. 7. The concentrations of both centers increase

200keVNI*-*MgO(100)

o
X

g

z
tu
o
z
o
o

®:F-type center
O:V - center

10 ' 1018 1017

DOSE (Nl/cm2)

Fig. 7 The concentration of F-type (®) and V" center (O)

of the sample implanted with 200 keV Ni* ions to a dose

from 1.6x10" to 8.0x10" ions/cm1.

F-type

u
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E

200 keV 4.8 x I016 Ni/cm2

—°— As-imp.

— - 300 *C Ann.

••••••••• 4 0 0 *C A n n .

•••--• 500 "C A n n .

200 400 500 600 700

WAVELENGTH (nm)

800

Fig. 8 The optical absorption spectra of the sample im-
planted with 200 keV Ni* ions to a dose of 4.8x10"
ions/cm1 after annealing temperatures of: as-implanted
O . 3 0 0 °C (O),400 °C (O) and 500 "C (A).

with the increase in the dose and reach a maximum
for a dose of around 5xlO16 ions/cm2 and decrease
above it. At the maximum, the concentration of F-
type and V" centers are 4.8xlO22 and 9.5X1020 /cm3,
respectively. This tendency is similar to that of the
dependence of the disorder for Mg atoms obtained by
RBS-C for 200 keV Ni implanted samples. Previous
results also present same tendency that the concen-
trations of both centers increase with the increase in
the dose and reach a maximum for a dose of around
2 to 4xlO16 ions/cm2 and decrease above it[3-5].

3.2.2. Annealing temperature
Fig. 8 shows the optical absorption spectra of

samples that are annealed at temperatures between
300 and 500 °C. F-type and V" center start to vanish
from 500 °C and 400 °C annealing treatment, re-
spectively. F2+ center (470 nm) and Fe3+ absorption
band (310 nm) increase sharply from 300 *C, and
reach the saturation level. While the disorder for Mg
atoms measured by RBS-C did not change.
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ESR Studies of High-Energy Phosphorus-Ion Implanted Synthetic Diamond Crystals
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Phosphorus is among potential n-type dopants in diamond. High pressure synthetic diamond crystals of type Ha
implanted with high energy (9-18 MeV) phosphorus ions have been studied by using electron spin resonance
(ESR) technique. The intensity and the linewidth of the ESR signal attributed to the dangling bond of the amor-
phous phase varied with the implantation dose, suggesting the nature of the amorphization varies with the dose.
The ESR signals of point defects have been observed in the low dose as-implanted crystals and in the high dose
crystals annealed at high temperature and at high pressure.
Keywords: high pressure synthetic diamond, high energy ion implantation, phosphorus, electron spin resonance

1. Introduction
Diamond, which has an energy gap of 5.5 eV, a

high mobility for both electrons and holes, a high ther-
mal conductivity, and a high radiation hardness, is a
promising material for electronic devices for high-
speed, high-power applications and those used in a
harsh environment. High pressure synthetic diamond
crystals are grown by using metal solvent such as iron,
cobalt, nickel and their alloys. Incorporation of dis-
persed impurities during the growth is so far limited to
only a few elements (N, B, Ni, Si). While p-type semi-
conducting crystals are easily obtainable by adding
boron to the metal solvent, growth of n-type crystals
has not been established yet. Althogh relatively large
synthetic diamond crystals of high quality are now
available as a result of recent developments in high-
pressure synthesis, applications are mostly limited to
those utilizing the unique physical properties such as
hardness, high thermal conductivity and optical trans-
parency in wide range. Applications of chemical
vapor deposition (CVD) diamond for active devices in
electronics are also severely limited.

In the process technology of silicon LSI, ion
implantation has in many cases replaced thermal
diffusion as a means of introducing dopant atoms in
the device fabrication. In diamond, since doping by
thermal diffusion does not seem feasible, ion implan-
tation is a practical method for introducing new for-
eign atoms into diamond. However, it seems that the
doping by ion-implantation of diamond is much more
complicated than that of silicon. In the as-implanted
state, the implants might be associated with nearby
defects and might not be sited at substitution^ site.
Moreover, the slow-down processes of the implant
create lattice damages. Since diamond is a metastable

state of carbon at ambient pressures, both the im-
plantation conditions (energy, dose, dose rate, target
temperature) and the annealing conditions need to be
carefully chosen.

Phosphorus is among potential candidates of n-type
dopants of diamond [1]. In our present work, high en-
ergy phosphorus ions have been implanted in high
pressure synthetic diamond crystals. It is expected that
electron spin resonance (ESR) technique, which is a
powerful tool for studying the detailed microscopic
nature of impurities and that of point defects, should
be useful for identifying the lattice locations of the
implanted ions as well as the local structure of
implantation-induced defects. To observe ESR signals
related to phosphorus incorporated into the lattice of
diamond by ion implantation, it is required that either
such implantation conditions which suppresses the
formation of the amorphous phase should be selected
or the amorphous phase formed as the radiation
damages should be annealed.

In diamond crystals implanted with heavy ions, the
ESR signal assigned to be arising from the dangling
bonds (broken bonds) in the amorphous phase is the
only feature observed as the implantation-induced
ESR signal in as-implanted crystals [2-4]. The ESR
signal of the dangling bonds has proven to be useful
for monitoring both the formation of amorphous
regions by ion implantation and the annealing process
of the amorphous phase [2,3]. In this work, we have
observed that the nature of the ESR signal of the dan-
gling bond varies with the implantation dose and have
found such an implantation dose with which ESR sig-
nals arising from point defects are observable even in
as-implanted crystals.
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2. Experimental
For the implantation of high energy phosphorus

ions, diamond crystals were bombarded with
phosphorus ions of energies 12 MeV (P3"*) to 18 MeV
(P5*) from a 3 MeV tandem accelerator (TIARA,
JAERI Takasaki) with a fluence 4xlO12 to 4xlO15

ions/cm2. Diamond crystals are classified into four
types, la, Ib, Ila, and lib, by the concentration and the
form of nitrogen impurities. Boron-doped crystals
belong to type lib. The samples used in the present
work were mostly type Ha synthetic diamond crystals
having a shape of regular plate, with a size, typically,
of 3x3x1 mm3 with the wider plane being (100).
Synthetic diamond crystals of type-IIa, which contain
least amount of impurities, are colorless. The
implantation was performed along the [100] axis with
crystals held at room temperature. The implantation
of low energy phosphorus ions was performed in a
400 keV implanter (TIARA, JAERI Takasaki) with a
dose of 7xl01 5 /cm2. The ESR spectra were recorded
on a Bruker ESP300 X-band spectrometer by using an
Oxford Instrument ESR-900 to control the sample
temperature.

3. Results and Discussion
In diamond crystals implanted with heavy ions, an

isotropic EPR signal with g-value near that of the free
electron (2.0023) which has been assigned to be
arising from the randomly-oriented dangling bonds
(broken bonds) of amorphous or highly disordered
regions is strongly observed [2-4]. The similar ESR
signal has been observed in amorphous carbon (a-C)
and in hydrogenated amorphous carbon (a-C:H)
prepared by sputtering a graphite target [5]. The
detailed microscopic structure of the defect has not
been experimentally determined both for the ESR sig-
nal in implanted diamonds and for that in amorphous
films. Although the local structure has not been
established, we use the term dangling bond for the
ESR signal throughout the present paper.

In the case of a high implantation dose (7x 10 P
ions/cm2 for 400 keV and 4 xlO15 P 3 * ions/cm2 for
12 MeV), the ESR signal attributed to the dangling
bond was strongly observed after implantation at
room temperature (Fig.l). After the high-dose
implantation, the color of the crystals turned to black.
We have found that the annealing behaviour of the
ESR signal of the dangling bond upon heating is
markedly different between the conventional energy
and the high energy implantations. In the case of 400
keV implantation, the ESR signal of the dangling
bond nearly disappeared after the annealing at 500°C
for 1.5 hour in air (Fig.l). Since the disappearance of
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do»e 4.2 x lO^'

aa-lmplantad

slier annaallng
SOO'C, 1.5 hrt

1800'C, 6 GPa, 14 hra x 10
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400 k«V P* lona

altar annaallng
SOO'C, 1.5 hraa «Wr x10°
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I
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Fig.l ESR spectra of phosphorus implanted high pressure

synthetic diamond crystals of type Ha. The annealing behav-

iour is markedly different between low energy and high en-

ergy implantations (B//[100], 293 K)

5.42 mT

I I i l I i i I . . I 1—
334 336 338 340
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Fig.2 ESR spectrum of synthetic diamond crystals implant-
1 5 ^ 2ed with 4 x 10 1 5 MeV) ions/cm2 after annealing at

1800°C at 6 GPa for 14 hrs (B//1100], 4 K, 9.44 GHz)
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the ESR signal was accompanied by the change of the
color from black to slightly yellowish, it is likely that
the amorphous layer was nearly removed by the
annealing. In the case of the high energy irradiation,
after the same annealing conditions, the decrease of
the intensity of the ESR signal of the dangling bond
was slight, although a change in the lineshape was no-
ticed (Fig.l). In the sample of 12 MeV P3"1" bombard-
ment, a considerable decrease of the ESR signal was
noticed after annealing at 1800°C at 6 GPa for 14 hrs
(Fig.l). After the annealing at the high temperature
and at the high pressure, the ESR signals arising from
point defects were observed (Fig.2).

12 M«V P1* (4 x101< em'1)

J

15 M*V P4* (4 X 1 0 " cm"1)

1 1 1 1 1 _ _

(a)

r

x 60

32S 332 336 340 344
( ml )

12 M«V P»* (4 X10" cm'1) /

15 MlV P4> (4 x1014 c m * ) Z1

(b)

f ^
1 f~~ x 5

15 M«V p'' (« x 1 0 n cm"1) v

328 332 336 340 344
( ml )

Fig. 3 ESR spectrum of synthetic diamond crystals implant-

ed with high energy phosphorus ions

(a) B//[100], 295 K, 9.44 GHz
(b) B//[100], 20 K, 9.44 GHz

By varying the energy of implantation, the depth
profile of the implanted ions is varied By increasing
the beam energy, the implanted depth increases. With
use of a high energy implantation, the implants are
located in the region far from the surface. Since the
amorphous phase is likely to be formed as the damage
primarily due to the nuclear energy loss, the peak of
the damage profile trails the peak of the implant pro-
file. In the low energy implantation, the amorphous
layer is formed near the surface.The difference in the
annealing behaviour is ascribed to the difference in
the damage profile.

In Fig. 3, the ESR spectra of as-implanted crystals
at three different doses, 4xlO15 ions/cm2 (15 MeV),
4xlO14 ions/cm2 (18 MeV), and 4xl01 3 ions/cm2 (18
MeV), respectively, are shown. The intensity of the
ESR signal arising from the dangling bond increases
with the increase of the implantation dose, which
suggests that the amorphous phase formed as the radi-
ation damages grows with the dose in the dose range
studied.

In Fig. 4, the temperature dependence of the peak-
to-peak linewidth is illustrated. We note that the peak-
to-peak linewidth of the dangling bond ESR signal
and its temperature dependence varies with the im-
plantation dose. The peak-to-peak linewidth of the
crystal with the dose of 4xlO15 ions/cm2 and that at
-100 K of the crystal with the dose of 4xlO14

ions/cm2 is smaller than that (-0.8 mT) of the
dangling bond of a-C:H [5], suggesting a presence of
motional narrowing.

In the crystal with the dose of 4xlO15 ions/cm2, the
temperature dependence of ESR signal intensity fol-
lowed a Curie's law (Fig.5) in contrast with that of
the ESR signal of the conduction electron in graphite
which exhibits temperature independent intensity
originating from Pauli paramagnetism [6,7]. Thus, the
ESR signal is arising from localized spins. The
linewidth, which increases at low temperatures, is
independent of temperature between 60 K and 300 K.
It is likely that the narrowing of the linewidth is
caused mainly by exchange narrowing due to overlap
of the wave functions of the unpaired electrons.

When an implanted ion comes to rest, it creates a
highly disordered region of many broken bonds and
displaced atoms along the track. If the most of atoms
in the region are displaced, the region is likely to be
an amorphous island embedded in the crystalline lat-
tice. With the increase of the dose, the amorphous is-
lands collapse to grow larger islands, and eventually,
a continuous amorphous layer is formed. With the
growth of the amorphous phase with the increase of
the implantation dose, the density of the dangling
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bond increases, since the signal intensity increases
with the dose and the depth where the amorphous
phase is formed is not likely to vary significantly with
the dose. The variation of the nature of the amorphous
phase is manifested in the a variation of the degree of
the exchange narrowing in the ESR signal of the dan-
gling bond.

I
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Fig.4 Temperature dependence of peak-to-peak linewidih
of the dangling bond ESR signal of synthetic diamond crys-
tals implanted with high energy phosphorus ions
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Fig. 5 Temperature dependence of the intensity of the dan-

gling bond ESR signal of synthetic diamond crystals im-

planted with 4 x 101 5 lP+(\2 MeV) ions/cm2

In the crystal with a dose of 4 x 1013 ions/cm2, the
peak-to-peak linewidth increases with the increase of
temperature (Fig.4). Since the linewidth (3.65 mT) at
room temperature is much larger than that (-0.8 mT)
of a-C:H, it is likely that the line broadening is caused
by a lifetime broadening due to spin lattice relaxation.
The absence of the exchange narrowing implys that
the dangling bonds are sited in isolated amorphous is-
lands. It has not been clarified whether the broadening
mechanism is unique to small amorphous particles
embedded in the crystalline lattice or it is caused by
thermally activated mobile spins such as conduction
carriers in the crystalline phase which come frequent-
ly close to the unpaired electrons of the dangling
bonds.

When ion implantation is used for doping, thermal
annealing is required to recrystallize the amorphous
phase, which is considered as an epitaxial growth at
the internal surfaces. In the case of diamond,
annealing at high temperatures (>1000°C) needs to be
carried out at high pressure conditions. Since higher
temperature requires higher pressure to avoid graphi-
tization, the annealing temperature accessible for a
relatively large crystal is, at present, far below the
melting point (4100 K) of diamond. The recovery of
crystallinity might depend on the size of the amor-
phous phase embedded in the crystalline lattice. The
ESR signal of the dangling bond is useful in charac-
terizing the nature of the amorphous phase.
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In the low dose as-implanted crystals (Figs.6,7) and
in the high dose crystals annealed at high temperature
and at high pressure (Fig.2), ESR signals of point de-
fects , including several new signals which might be
arising from phosphorus-related defects, were ob-
served. The detailed measurements of single crystal
rotation to elucidate the local structure of the point de-
fects are under way.

B II [100]

B // [111]

B // [1101

200 300 400 500
tmT)

Fig.6 ESR spectrum of synthetic diamond crystals implant-
ed with 4 x 101 4 ^ ( 1 5 MeV) ions/cm2 (20 K, 9.44 GHz)

325 330 33S

r
20 K, 0.2 m W

SO K, 0.2 m W

200 K, 2mW

340 345 350
( mT )

Fig.7 ESR spectrum of synthetic diamond crystals implant-

ed with 4 x 101 2 P^+(18 MeV) ions/cm2 (B//[100], 9.44

GHz)
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REACTIONS BETWEEN MONOLAYER Fe AND Si(001) SURFACES
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Reactions between 1.5 monolayer(ML) Fe deposited on Si(001)-2Xl and -dihydride surfaces were studied in
situ by reflection high-energy electron diffraction and time-of-flight ion scattering spectrometry with the use of
25 keV H ions. The reactions between Fe and Si which were successively deposited on Si(001)-dihydride surface
were also studied. After the room temperature deposition Fe reacted with Si(001)-2 X 1 substrate resulting in
the formation of polycrystalline Fe5Si3. By annealing to 560~650cC composite heteroepitaxial layer of both
type A and type B $ -FeSi2 was formed. On the dihydride surface polycrystalline Fe was observed after
1.5ML Fe deposition at room temperature, and reaction between Fe and Si(001 )-dihydride surface is not likely at
room temperature. We observed 3D rough surface when we deposited only Fe layer on the dihydride surface
and annealed above 7 0 0 t . The hydrogen termination of Si(OOl) surface prevents the deposited Fe from
diffusing into the substrate below 500^ , however the annealing above 7 1 0 t leads to the diffusion. We
obtained 2D ordered surface, which showed 3X3 RHEED pattern as referenced to the primitive unreconstructed
Si(001) surface net, when we deposited 2.5ML Fe and 5.8ML Si successively onto Si(001)-dihydride surface and
annealed to 470^ .
Keywords: reaction between Fe and Si, Si(001),^ clean surface, hydrogen terminated surface, ion scattering
spectrometry

2. Experimental
2.1 Preparation of samples

Non-doped (p >0.1 Qcm), and Sb-doped (p =0.02
Qcm) Si(001) wafers were used as substrates. The
samples were cleaned by a modified Shiraki method.
Thin clean oxide layers were prepared on the substrate
surface by boiling in a solution of
HC1:H2O2:H2O=1:1:4 for 10 min. in the final
cleaning stage. The samples were directly heated at
8 2 0 t in UHV chamber (base pressure 2 X 10-
lOTorr) to obtain clean Si(001)-2xl reconstructed
surfaces by desorption of this oxide layer. On the
other hand Si(001)-dihydride surface was obtained by
following procedure. After preparing thin clean
oxide layer by the same method described above, the
samples were dipped into the 1%-HF solution diluted
with the deionized water for 30 sec. The oxide
layers were removed moderately. Then they were
rinsed by deionized water for 30 sec. By this
procedure the surface of Si substrate is
hydrogenated[3]. We introduced the sample into a
load-lock chamber in 15 min. and started pumping
immediately. The surface showed clear 1 x 1
RHEED pattern. Depositions of Fe and Si were

1. Introduction
In recent years much effort has been made for the

study of heteroepitaxial growth of j3 -FeSi2 on Si
substrates because of its possible applications for Si-
based optoelectronics or for thin film solar cell
technology. It has been clarified that the epitaxial
relations and the surface morphology of grown ]3 -
FeSi2 films on Si depend on the growth techniques
and conditions[l,2]. There are two competing
azimuthal orientations which are /3 -
FeSi2[010]//Si<110> and 0 -FeSi2[010]//Si<100>
with the matching face of 0-FeSi2(OOl)/Si(OOl) in
the case of the growth on Si(001)[ 1 ]. Although they
can be selected by the growth mode of the initial
several monolayers, the growth of thick epitaxial # -
FeSi2 film with high quality is still difficult concern.
Thus the observation of the reaction of thinner Fe-Si
layers is important for clarification of the formation of
the initial reaction layer and the growth of thicker
epitaxial layers. The growth of /3 -FeSi2 has been
studied so far on mainly clean Si surface. One of the
effective methods to alter the reaction mode is to
change the properties of the substrate surface. We
will present the reaction between Fe and Si on
characterized hydrogenated Si substrate.

hi this work we study the reaction of monolayer
Fe with Si(001)-2X 1 and -dihydride surfaces. Also
we present the reaction between Fe and Si layers
deposited Si(001)-dihydride surface, and study the
possibility of the formation of epitaxial j3 -FeSi2 on
hydrogenated Si surface.

done on as-prepared surface, i.e., without any
treatments of the surface in vacuum.

High purity Fe (99.999%) and Si(99.999%) were
used for the source of the depositions. The
deposition of these materials onto Si(001)-2 X 1 clean
surface and onto Si(001)-dihydride surface were done
at room temperature (RT) using an electron-beam
evaporation source with deposition rate 0.02 ~
0.09nm/min. The depositions of Fe and Si onto

- 359



JAERI-Conf 97-003

Si(001 )-dihydride surface were done successively in
sequence of Fe and Si. A quartz crystal
microbalance was used to monitor the coverage of
deposited materials. The pressure during the
deposition was below 1 X lO-^Torr. Although the
pressure during the deposition was not so good at the
moment, we did not detect SiC contamination by
RHEED after the annealing even in the case of the
deposition on the 2 X 1 clean surface[4]. The
annealing of the samples was performed by direct
heating. The period of the annealing at each
temperature was 1 ~ 2 min. The temperature was
monitored by an infrared pyrometer above 350^ .

2.2 Time-of-flight ion scattering spectrometry with
the use of 25keV hydrogen ions

Ion scattering spectroscopy measurement was
performed in situ with the use of 25keV H+ ions. For
the energy analysis of several tens keV hydrogen we
have utilized the time-of-flight (TOF) ion detector
which was demonstrated by Mendenhall and
Weller[l]. In fig.l we show the schematic of the TOF
detector. An annular type microchannel plate (MCP),
which was called the start MCP, was adopted and

MCP *CP

Carbon FoiI

Fig.l Schematic of time-of-flight (TOF) scattered ion
detector.

installed 6mm downstream the carbon foil coaxially
on the flight path of the ion. Another MCP was at
455mm downstream of the carbon foil (called stop
MCP). The thickness of the carbon foil was 1 n g/cm2,
and is mounted on a tungsten mesh whose
transmission coefficient is 94%. The scattered ion
penetrates the carbon foil and emits secondary
electrons which are detected by the start MCP and
produce the start signal of the TOF measurement. The
ion passes the center hole of the start MCP, and
generates a stop signal the stop MCP after the flight
through the length of the detector. We do not need the
pulsing of the primary ion beam to trigger the flight
time measurements. In the original scheme which was
demonstrated by Mendenhall and Weller the start
MCP was at the off-axis of the flight pass of the ion.

We have modified the arrangement of the start MCP,
the stop MCP and the carbon foil to the coaxial
arrangement, as shown in fig.l. Because of the coaxial
arrangement, whole parts of the detector are putted
into single pipe with ICF 114mm flanges. This
arrangement is very convenient when we want to
change the distance between the sample and the
carbon foil to alter the detector solid angle. The
carbon foil is at the ground potential, and the input of
the start MCP is biased about positive 80 volts to
absorb the secondary electrons. The energy resolution
for 25 keV hydrogen ions is 4% which is correspond
to the depth resolution of 4.8nm for silicon.

Our TOF ion scattering-channeling measurement
system consists of small ion accelerator, ion beam
transport and UHV scattering chamber. The
acceleration voltage is ranging from 5 to 30kV. We
have utilized a small ECR microwave ion source. We
have 10 degree electrostatic deflector downstream of
the analyzing magnet to remove the neutral ions. The
pressure in the beam transport duct which is
differentially pumped is 1 X 10"9Torr. Two sets of
apertures which are seperated by a distance 1200mm
are equipped in the beam transport duct. We can
collimate the ion beam to a divergence angle less than
lmrad. The pressure in the scattering chamber during
the ion scattering measurement is less than 2X10"
9Torr. The sample is mounted on a 6-axis (3 axis for
rotations and 3 axis for parallel movements) precision
goniometer in the chamber. The dimension of whole
facility is less than 5m, which is very smaller than
conventional RBS-channeling facility with MeV
helium ions.

3. Results and discussion
3.1 Reaction of Fe with Si(001)-2 X1 Surface

After the deposition of 1.5ML Fe on Si(001)-2 X 1
surface at RT we observed weak 1 X 1 RHEED streaks
on which four diffraction rings were superposed as
shown in fig.2. Those rings came from the reflections
by the lattice planes which have the spacing of 0.272,
0.228, 0.158, 0.143nm, respectively from the inside to
the outside in the pattern. They can be attributed to
(111), (210) and/or (002), (221), (400) reflections of
hexagonal Fe5Si3[7], respectively. This shows that
the reaction between deposited Fe and Si(001)-2 X 1
surface occurs even at RT, and hexagonal Fe5Si3
phase is formed. Konuma et. al have estimated the
average surface composition after 5 ML deposition of
Fe on Si(001)-2 X 1 surface at RT by medium-energy
ion scattering spectroscopy[8]. They observed the
reaction between Fe and Si substrate at RT, and
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Fig.2 RHEED pattern after 1.5 monolayer Fe deposition

at room temp, on Si(001)-2Xl surface. The incident

electron beam is along substrate Si<110>. The diffraction

rings are attributed to polycrystalline hexagonal Fe5Si3.

reported the average composition FeSi[8].
By the annealing of this sample to 560^650^3 we

observed RHEED pattern of a superposition of c(2 X
2) and low contrasted 2 X 1 patterns as referenced to
the primitive unreconstructed silicon (001) surface net.
In addition to these patterns we observed another
weak streaks which are spaced at 1/V~2 of the main-
streak spacing. They can be attributed to the type-A
and type-B /3 -FeSi2 which has a heteroepitaxia)
relationship of |3 -FeSi2(100)/Si(001) with
FeSi2[010]//Si<110> and FeSi2[010]//Si<100>,
respectively[2}. The presence of 2 X 1 patterns
suggests that bare Si(001) 2 X 1 surface appeared
because the deposited Fe was so thin that the formed
]3 -FeSi2 could not cover the whole surface.

3.2 Reaction of Fe with Si(001) -Dihydride Surface
We present an RHEED picture which was observed

after 1.5ML deposition of Fe on Si(001)-dihydride
surface at RT in fig.3. A sharp 1 X 1 RHEED pattern
from as-prepared Si(001)-dihydride surface was
observed before the deposition of Fe. As shown in
the figure we observed a diffuse ring pattern which is
attributed to poiycrystalline Fe. Thus we inferred
from this observation that the hydrogen termination of
Si(001) surface prevents the deposited Fe from
reacting with the surface and diffusing into the
substrate. The room temperature reaction between
Fe and Si(001)-dihydride surface is not likely. This
is in contrast to the case of Si(001)-2 X 1 surface on
which polycrystalline Fe5Si3 was formed after the RT
deposition. By the annealing below 500'C the
diffuse ring pattern from polycrystalline Fe
disappeared, and no RHEED pattern was observed
below 700 °C. After the annealing to 760 °C we

Fig.3 RHEED pattern after 1.5 monolayer Fe deposition
at room temp, on Si(001)-dihydride surface. The diffuse
ring pattern from polycrystalline Fe was observed.

observed a transmission type diffraction pattern which
is attributed to a rough surface. We could obtain no
RHEED pattern in the form of streaks from 2D
ordered surface when Fe was deposited on Si(001)-
dihydride surface and was subsequently annealed.
This observation shows that the hydrogenated Si
surface prevents the deposited Fe from reacting with
the substrate Si up to relatively high temperature.
On Si(001)-dihydride surface the outermost Si atoms
are hydrogenated by a bonding of SiH2. This SiH2
bonding is relatively tough against heating[9].
Although at 150^ a part of adsorbed hydrogen start
desorbing as H2 molecules from the dihydride
surface and Si-Si dimer bondings are formed, major
part of dangling bonds are still hydrogenated. Above
~ 7 0 0 t almost complete desorption of hydrogen
atoms from the surface takes place, and the surface
retrieves its high reactivity[9]. The detail of the
desorption of hydrogen from Si(001)-dihydride
surface when it is covered by deposited Fe is
unknown, however, we infer that effective reaction
between Fe and Si proceeds abruptly above 700^ .
This temperature is too high to form 2D ordered
surface by the reaction of Fe and Si substrate, and a
rough surface was formed because of the strong
tendency of )3 -FeSi2 to form islands[2].

3.3 Reactions between Fe and Si deposited on
Si(001)-dihydride surfaces

To examine the possibility of the formation of the
2D ordered 0 -FeSi2 layer on hydrogenated Si
surface we successively deposited thin Fe and Si
layers on Si(001)-dihydride surfaces, and annealed
them in UHV. We prepared two samples. One
sample was made by successive depositions of 3.9ML
Fe on Si(001)-dihydride surface and 13.2ML Si on the
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deposited Fe layer. The ratio of the amount of the
deposited Si to that of Fe was 3.4. (Hereafter we call
this sample "R3.4 sample".) The thicknesses of Fe
and Si layers of another sample were 2.5ML and
5.8ML, respectively, and the ratio was 2.3. ("R2.3
sample")

Fig.4 shows the backscattering spectra of TOF-ion
scattering spectrometry with the use of 25keV H+ ions
of R3.4 sample. All data were collected with the
incident ion beam aligned with the [100] channeling
direction of substrate Si crystal. In fig.4(A), which
was obtained before the annealing, we have two peaks
which are attributed to the ions scattered from the
deposited Fe and Si layers, respectively. The Si peak
also includes so-called surface peak from the substrate
Si. After SOO'C annealing we observed a spectrum
with almost the same peak profiles as that of before
the annealing, as shown in fig.4(B). However in
fig.4(C) which shows the spectra observed after 7 1 0 t
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Fig.4 Backscattering time-of-flight spectra of 25keV W

ions from 3.9ML Fe and 13.2ML Si deposited Si(00l)-

dihydride surface before and after annealings. The

scattered angle is 135degree with respect to the direction of

the incident ions.

annealing, we see the Fe peak with wider width and
lower height than those of before annealing and after
500^ annealing. This indicates that the diffusion
of Fe atom into the Si substrate has occurred at this
temperature. As we can see in fig.4(D) the Fe peak
became smaller than that of fig.4(C) and the diffusion
of Fe into the bulk of Si substrate proceeded by 820*0
annealing. From, these observations we concluded
that if the annealing temperature is 5 0 0 t or lower
the hydrogen termination of Si(001) surface prevents
Fe atoms deposited on the surface from reacting with
the Si substrate and from diffusing into it. However
the annealing to 7 1 0 t leads to the diffusion of the Fe
atoms into the bulk of the substrate.

The RHEED measurements of R3.4 sample
indicated that no surface order appeared after the
annealing up to 7 1 0 t . By the 820cC annealing we
obtained an RHEED diffraction pattern. However it
was nearly a transmission type pattern from a rough
surface, and we did not obtain 2D ordered surface by
the annealing of this R3.4 sample.

On the other hand the R2.3 sample showed 2D
ordered surface by the annealing to relatively low
temperature. The RHEED pattern of R2.3 shown in
fig.5 was obtained after 4 7 0 t annealing. Although

Fig. 5 RHEED patterns after 4 7 0 t annealing of Si(001)-

dihydride surface on which 2.5ML Fe and 5.8ML Si were

deposited successively at RT. The incident electron beam is

along Si<110> in upper picture and along Si<100> in

lower picture.
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the pattern is very weak it clearly shows the 2D order.
The ratio of the amount of deposited Fe to that of
deposited Si of this sample was closer to the
stoichiometric FeSi2 than that of R3.4 sample. The
appeared surface structure was 3 X 3 as referenced to
the primitive unreconstructed Si(001) surface net. In
fig.6 we present the backscattering spectra of TOF-ion
scattering spectrometry with the use of 25keV H+ ions
of R2.3 sample after the annealing to 4 7 0 t . We see
well defined two peaks which are attributed to the
ions scattered from Fe and Si, respectively. This
indicates that the diffusion of the deposited Fe into the
substrate did not occur at this temperature. Thus the
appeared 3X3 surface order can be attributed to the
reaction between the deposited Fe and the deposited
Si on Si(001)-dihydride surface. Although the precise
structure which leads to 3 X 3 surface order has not
been clarified yet there is a possibility of obtaining
smoother reaction layer on the dihydride surface than
on the clean surface.

The difference between R2.3 and R3.4 samples is
not only the ratio of the deposited amounts but also
the thicknesses of the deposition layers. Thus the
reason why the 2D ordered surface appeared for R2.3
sample can not be specified. However we speculate
that thinner deposited layers with the stoichiometric
ratio is preferable for the improvement of the quality
of the reaction layers. Also the co-deposition of Fe
and Si will be more preferable than the successive
depositions onto the substrates to obtain /3 -FeSi2
layer on Si(001)-dihydride surface.

470t;

220 230 240

Flight Time (nsec)
250

Fig.6 Backscattering time-of-flight spectra of 25keV Vt

ions from 2.5ML Fe and 5.8ML Si deposited Si(001)-

dihydride surface after the annealing to 4 7 0 1 . The

scattered angle is 135degree with respect to the direction of

the incident ions.

4. Summary and Conclusions
Reactions between 1.5 monolayer(ML) Fe

deposited on Si(001)-2xl and -dihydride surfaces
were studied in situ by reflection high-energy electron
diffraction and time-of-flight ion scattering
spectrometry with the use of 25 keV H ions. We
also presented the reaction between Fe and Si which
were successively deposited on Si(001)-dihydride
surface. After the room temperature(RT) deposition
Fe reacted with Si(001)-2 X 1 substrate resulting in the
formation of polycrystalline Fe5Si3. By annealing to
560 ~ 6 5 0 ^ composite heteroepitaxial layer of both
type A and type B 0 -FeSi2 was formed. On the
dihydride surface polycrystalline Fe was observed
after 1.5ML Fe deposition at RT, and reaction
between Fe and Si(001)-dihydride surface is not likely
at RT. We observed 3D rough surface when we
deposited only Fe layer on the dihydride surface and
annealed above 700^ . The hydrogen termination of
Si(001) surface prevents the deposited Fe from
diffusing into the substrate below 5 0 0 1 , however the
annealing above 710^ leads to the diffusion. We
obtained 2D ordered surface which shows 3 X 3
RHEED pattern as referenced to the primitive
unreconstructed Si(001) surface net when we
deposited 2.5ML Fe and 5.8ML Si successively onto
Si(001)-dihydride surface and annealed to 4 7 0 ^ .
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TRANSMISSION ELECTRON MICROSCOPE INTERFACED WITH ION
ACCELERATORS AND ITS APPLICATION TO MATERIALS SCIENCE
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We have developed the transmission/analytical electron microscope interfaced with two sets of ion accelerators
(TEM-Accelerators Facility) at JAERI-Takasaki. The facility is expected to provide quantitative insights into
radiation effects, such as damage evolution, irradiation-induced phase transformation and their stability,
through in-situ observation and analysis under ion and/or electron irradiation. The TEM-Accelerators Facility
and its application to materials research are reviewed.

1. Introduction
When materials are subjected to radiation

environments, energetic particles transfer their
kinetic energy to constituent atoms, introducing
atomic displacements, damage cascades (sequences
of atomic displacements), electronic excitation and so
on. The evolution of such elementary processes of
radiation damage dominates changes in physical and
chemical properties [1]. Therefore, it is indispensable
to obtain information on the damage evolution
processes and the resulting radiation-induced
phenomena for the development of ion-assisted
intelligent materials and of radiation-resistant
nuclear materials.

Transmission and analytical electron microscopes
(TEM's/AEM's) are the well-known and useful
equipment which provides in-situ observation of
microstructure and chemical analysis. Their

interfaces with ion accelerators further afford us to
observe and analyze simultaneously under irradiation
with ions and/or electrons. We have developed a
TEM/AEM interfaced with two sets of ion
accelerators in March 1993. In the present paper, the
in-situ observation and analysis system is described
in detail, and its application to studies on irradiation-
induced phenomena in ceramics and semiconductors
are reported.

2. Specifications of the TEM-Accelerators Facility
at JAERI-Takasaki

The facility consists of a 400 kV TEM [2], 400 kV
Ion Implanter [3], 40 kV Ion Accelerator [2] and
their interfaces as shown in Figure 1. Their
specifications are listed in Table 1. The TEM is an
improved version of JEM-4000FX equipped with a
parallel detection electron energy loss spectrometer

TEM-Accelerators Facility at JAERI-Takasaki
To Other Chambers

Inn Accelerator
Duo-Plasmatnm Type Ian Source
Voltage: <«JkV
Osseous Atoms

Ion Pump

Shifter

1 Electrostatic Prism

TMP

Electrostatic Prisms

4 0 0 kV Ion Implantcr

Freeman-Type PIO Ion Source
Voltage: 20~'«0kV
Typical Beam Current Dainty:

0.2A/m2for300ktVHe
0.4 A/m2 for 300 ke V Ar

N \ \ \ \ \ \ \ NN \ N

Transmission Electron Microscope

JEM-4O0OFX.JEOLLUI
TEM
SEM
STEM
EDX
EELS
Video Recording System
CCU Camera

Figure 1. A schematic diagram of the TEM-Accelerators Facility.
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Table 1. Equipment specifications
TEM JEM-4000FX 1)

Voltage
Energy stability
Current density

Resolution
Evacuation
Attachments

80 - 400 kV

typically <105 A/m2

0.14-nm lattice
StarCell (2301/s, Varian Ltd.)

EELS (type 666)2)

EDS3 )

SEM°
STEM 0

CCD camera2)

VTR(S-VHS)

Dififstak (230 1/s, Edwards Ltd.)
— specifications —-

1.2 eV (FWHM at zero loss peak, lmm<j) aperture, 400kV)
165 eV (FWHM at Mn-Ka (5.89 keV))

2 nm (400 kV operation)
2 nm (400 kV operation)

Accelerator55Accelerators Implanter
Voltage

Energy stability
Current density

Ion sources
Evacuation

Attachments

20 - 400 kV
3xlO3

< 10 A/m2 for Ar+ ions
Freeman PIG

turbo pumps, ion pumps
a beam profile monitor (NEC)

2 - 40 kV

< 2.5 A/m2 for He+ ions
duoplasmatron

Diffstak (120 and 230 1/s, Edwards)

1) JEOL Ltd., 2) Gatan Inc., 3) Noran Inc., 4) Nisshin Ltd., 5) Origin Elec. Ltd.

(EELS), an X-ray energy dispersive spectrometer
(EDS), a scanning electron microscope (SEM), a
scanning transmission electron microscope (STEM)
and an in-situ observation and recording system.
Spatial and energy resolution of the TEM and its
attachments is also listed in Table 1.

To introduce ion beams inside the TEM, the
specimen chamber and the evacuation system has
been modified [2,4]. Two sets of electrostatic prisms

are installed in specimen chamber so as to lead ion
beams to the specimen position with an incident
angle of 30 degrees from electron beam as shown in
Figure 2. The electrostatic prism in the right hand
has installed in March 1994. The modified
evacuating system consists of an ion pump with
titanium sublimation pump and a cryo-cooled
diffusion pump. Vacuum level in the specimen
chamber is 4 x 10'8 Torr. No contamination of

Condenser Mini-Lens

Prism for
40 kV Ion Accelerator Specimen OL Pole Piece

Prism for
400 kV Ion Implanter

Figure 2. A schematic diagram showing a vertical view of the inside of the TEM specimen chamber.
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sample was detected at temperature from 90 K to
1200 K under irradiation with ions and electrons.

The ion beam current is measured at specimen
position with either of two sets of Faraday cups with
an aperture of 0.2S mm in diameter, respectively.
One is a specially designed Faraday cup holder and
the other is located on a vacuum port at the level of
the specimen. The latter one is usually employed for
rapid measurement of the ion beam without
replacement of the specimen holder with the Faraday
cup holder [5]. Other monitors of the ion beam are a
Faraday cup at the entrance of TEM specimen
chamber and ring-like beam monitors at the entrance
and the outlet of the electrostatic prism.

All of sample holders is compatible with in-situ in
irradiation experiments. The sample temperature is
controlled from 16 to 1573 K using the holders listed
in Table 2. The limit of X-tilt is 25 degrees.

The imaging and recording system consists of a
CCD camera, a TV monitor and a VTR. The CCD
camera is set in slightly oblique direction to electron
beam, besides the EELS is at the bottom of
microscope column. The images are recorded with
the VTR, whose time resolution is 1/30 sec.

The purpose of the second part of this paper is to
describe briefly several specific current applications
of the facility in materials research. There are five
currently active projects as follows: irradiation-
induced phase transformation including
amorphization [6-8] and ion beam mixing [9];
radiation damage in ceramics [10] including effects
of simultaneous ion and electron irradiation [11], and
general defect analysis. Three of these projects are
collaboration with non-JAERI organization, while
two involve JAERI personnel only.

3. Amorphization, phase transformation and their
stability in ceramics and semiconductors

Graphite is the covalent material consisting of
low-Z element and is amorphized at relatively low
temperature under irradiation even with light
elements. Ion irradiation induces bunches of atomic
collision, so-called damage cascades, whose nature,

Table 2. Specimen holders for the TEM
Type

Double-tilt °
Double-tilt, beryllium2)

Double-tilt, helium 2)

Double-tilt, nitrogen 2>

Double-tilt, heating2)

Single-tilt, heating2)

Single-tilt, heating, strain "
Single-tilt, Faraday cup °

Y-tilt
degrees

±45
±20
±20
±20
±20

-
-
-

Temperature
K

ambient
ambient
16-300
90-350

300-1273
300-1573

300-1000(7)
ambient

1) JEOL Ltd., 2) Gatan Inc.

such as their volume and local density of point
defects within the regions, is dominated by
combination of projectiles and target. Although
damage cascades leave such characteristic spatial
distribution of point defects, the effect of damage
cascades on the irradiation-induced amorphization is
uncertain. The purpose of this work is to clarify the
effects of damage cascades on the amorphization in
graphite [6,7]. Selected area electron diffraction
technique was taken to confirm the crystalline-to-
amorphous transformation. A diffuse halo ring,
associated with the presence of amorphous regions,
appeared with irradiation time, while the intensity of
the diffraction spots from the remaining crystalline
regions decreased and eventually disappeared. Dose-
to-amorphization in displacement per atoms (dpa) is
defined as the dose at which the diffraction spots
disappear and only the halo ring is observed. Figure 3
shows temperature, mass of projectile and energy
dependence of the dose-to-amorphization, which was
found to vary exponentially with temperature, and
shows the apparent threshold temperature for each
irradiation condition. Note that the dose increases
with temperature in two stages; stage I (<400K) and
II (>400K). The apparent threshold temperature
increases with increase in mass of projectiles and
with decrease in energy of Ar ions. Dose rate
dependence of the dose-to-amorphization under
irradiation with electrons was observed above 400 K,
which corresponds to stage II. The apparent
threshold temperature increased with dose rate of
electrons and 300 keV argon ions. No amorphization
was detected above 860 K. The stage I defect
annealing is speculated to be associated with the
recombination of closely spaced point defects.
Temperature from 400 K to 860 K (stage II), on the
other hand, corresponds to the temperature at which
interlayer carbon molecules decompose to interstitials
permitting their recombination with vacancies [12].
Damage cascades leave high density of point defects
which easily results in dense distribution of vacancies
and the formation of the interlayer carbon molecules.
Their accumulation, distribution and stability
dominate the dose-to-amorphization. Heavy ions
produce rather high density of vacancies and the
interlayer carbon molecules, presumably forming
stable amorphous clusters (regions) under irradiation
at high temperature. Rough estimation of the
activation energy for stage I and II defect annealing
is 0.17±0.02 eV and 0.24±0.06 eV, respectively,
though further discussion on the estimation is
required.

Alumina is recognized as one of radiation-
resistant materials. Recently, it is reported that
irradiation with ions induces amorphization in
alumina at liquid nitrogen temperature [13] and at
room temperature [14]. Not only the accumulation of
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Figure 3. Temperature dependence of the dose-to-amorphization under various kinds of projectile conditions in graphite.

radiation damage but the chemical effect of
implanted ions is presumed to be responsible for the
amorphization. We have been performing irradiation
experiments in thin film alumina at lower
temperatures than 300 K and getting the following
results [8]. Amorphization was detected at
temperatures from 90 K to 150 K under irradiation
with 600 keV xenon ions but with 300 keV argon
ions nor with 300 keV oxygen ions. The dose-to-
amorphization at 90 K was about 2 dpa, while at 150
K about 6 dpa. No amorphization was observed at
room temperature. Further experiments are currently
scheduled; temperature and projectile dependence of
the dose-to-amorphization in alumina and
metal/alumina bilayers. The effect of damage
cascades and the chemical effect of implanted/mixed
atoms on the irradiation-induced amorphization in
alumina will be revealed.

Ion beam mixing is the method that enhances
atomic diffusion by irradiation in bi- or multilayers
and may form thermally unstable phases in the
materials at quite low temperature. Molybdenum
silicide is one of the expected electrode materials in
semiconductor industries, and its synthesis at low
temperature is requested. The ion beam mixing is
applied to synthesize molybdenum silicide in this
work. Mo/Si bilayer was irradiated with 1.2 MeV

gold and 180 keV argon ions at room temperature [9].
The initial thickness of Mo is about 60 run, much
smaller than the ranges of ions. Amorphization starts
at the interface of the bilayer, while Mo layer retains
its crystallinity. EDS results indicate the concomitant
mixing of Mo and Si is responsible for the
amorphization at the interface. The mixing efficiency
under irradiation with gold ions was much greater
than that with argon ions, resulting in the formation
of amorphous M050S150 layer. The results are
consistent with size of damage cascades and number
and spatial distribution of point defects within
cascades. High dose irradiation with argon ions, on
the other hand, results in the formation of bubbles,
restraining ion beam mixing.

4. Radiation damage under irradiation with ions
and/or electrons in ceramics

Ceramics is the expected insulators as windows
for rf heating in nuclear fusion reactors. Currently,
understanding of radiation damage in such ceramic
materials is not sufficient because of the complicated
characteristics of ceramics; atomic bonding and
electrical neutrality for instance. We have performed
in-situ observation of loop nucleation and growth
processes under irradiation with various kinds of ions
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Figure 4. Variation in volume density of dislocation loops in magnesia under irradiation with ions or electrons.

101

(He\ C+, O+, Mg+, Ar2*, Xe2+ with energies of 200-
600 keV) in magnesia at relatively high temperature
(770-1070 K), and observed nucleation and growth
processes of dislocation loops [10], whose nature is
1/2<110>{ 110} interstitial type. Loops appeared in
transmission electron microscopy and increased in
number at the early stage of irradiation and grew in
size gradually with irradiation time. The loops were
observed even in thin regions (35-70 nm), where no
loop was observed under electron irradiation. Figure
4 shows the variation in loop density against
irradiation dose in dpa. Results of the electron
irradiation [15] are also shown in the figure for
comparison. Loops appear after irradiation at doses
such as 0.007 dpa for 300 keV He+ irradiation, 0.01
dpa for 300 keV O+ and 0.02 dpa for 600 keV Ar2*,
besides 0.1 dpa for 1 MeV electrons. The loop density
varies in proportion to some power, n, of the dose at
the early stage of irradiation. The value of n is ~l/2
for 300 keV He+ and O+ irradiation and -1/4 for 100
keV O+ and 600 keV Ar2* at 1073 K, besides n~0 for
electron irradiation. The size of dislocation loops is
also followed the power law. The value of n is
1/2-2/3 at temperature above 900 K and <l/4 below
900 K, much smaller than the values for electron
irradiation [15]. It is speculated that dislocation loops
nucleate inside or at the periphery of cascade regions
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in magnesia under ion irradiation. Further results on
temperature, projectile and dose rate dependence of
loop density and size will reveal the kinetics of point
defects associated with damage cascades.

One of indispensable phenomena in damage
evolution processes in fusion reactor materials is the
simultaneously overlapping effects of ionizing and
displacive irradiations. The purpose of this topic [11]
is to clarify the effect of simultaneous irradiation with
ion beam and the focused electron beam; in the
experiments, ratios of electronic to nuclear stopping
powers (S./Sn) is arbitrarily set. Results are
summarized as follows. Void formation was observed
under irradiation with 300 keV He+ and 200 keV
electrons in magnesia aluminate spinel. Size of the
voids in the area irradiated with helium and electrons
(Se/Sn =720) is much larger than the one in the area
irradiated with helium ions (SJSn =150). Loop
nucleation was observed under irradiation with 300
keV O+ (S/Sn =6), besides the formation of loops was
suppressed under irradiation with oxygen and 200
keV electrons (Se/Sn =140). Diffusion of cations
towards outside the focused electron beam causes
enrichment of cation vacancies inside the electron
beam, being attributable for the formation of voids
and the suppression of loop nucleation.
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5. Summary
A new facility for in-situ observation and analysis

under irradiation with ions and electrons was
installed, consisting of 400 kV TEM/AEM, 400 kV
Ion Implanter and 40 kV Ion Accelerator. The
specifications of the facility are reviewed. The
application to studies on the effects of irradiation
with ions and/or electrons reveals:
(1) Damage cascades produce rather stable
amorphous clusters, and their accumulation induces
amorphization in graphite and alumina;
(2) Synthesis of amorphous MosoSi5o was confirmed
under irradiation with heavy and high energy ions,
and damage cascades are presumed to have important
role for the ion-beam mixing;
(3) Dislocation loops were observed at the early stage
of irradiation with ions even in thin region in
magnesia, indicating cascade-enhanced loop
nucleation, and
(4) High values of SJSn in magnesia aluminate spinel
result in the formation of voids and suppression of
loop nucleation under irradiation with electrons and
ions.
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ION BEAM ANALYSIS OF MULTI-LAYERED STRUCTURE
IN Nb/Cu SYSTEM

Shunya.Yamamoto, P.Goppelt-Langer*, Hiroshi.Naramoto,

Yasushi.Aoki and Hidefumi.Takeshita

Department of Materials Development, JAERI/Takasaki

1233 Watanuki, Takasaki, Gunma, 370-12 Japan

* On leave from Hahn-Meitner-Institute, Berlin, Germany

The dependence of H concentration on the layer thickness in H charged Nb/Cu multilayer samples has been

studied using 15N resonance nuclear reaction analysis(15N-NRA) and high energy elastic recoil detection

analysis(HE-ERDA). Also a simulation code has been developed for accurate simulation of the lH(lsN,oty)12C 4.43

MeV y-yields at 6.385 MeV and 13.365 MeV reaction energy. The simulation are in good agreement with the

experimental results. The present results show smooth increase of the H concentrations in Nb layers with

increasing layer thickness.

Keywords: hydrogen, multilayer, NRA

1. Introduction

Artificially designed multilayers have various

kinds of potentials as new materials, and it is

inevitable to understand the interface sharpness in an

atomic level. In metallic multilayers composed of

transition elements like Nb, Ta, hydrogen atoms are

reasonably expected to play an important role for the

relaxation of interface lattice strain. H is easy to

diffuse and to be accommodated interstitally in the

matrix lattice up to a certain level or in the form of

hydrides. Thus it is needed to analyze the structure

referring to the matrix elements and hydrogen atoms.

These kinds of analyses can be performed by using the

binary interaction process of ions with the atoms in

solids.

In the present report, Nb/Cu multilayer system are

prepared for the above purpose using evaporation

technique under UHV condition. Ion beam analysis

based on elastic scattering and resonant nuclear

reactions of MeV ions is employed which gives the

depth-dependent information of the relevant elements

with satisfying depth resolution.

2. Experiment

Nb/Cu multilayer samples were prepared on a-Al2O3

substrates at ambient temperature using the electron

beam evaporation technique under UHV condition.

During evaporation, the vacuum in a growth chamber

was kept to be constant after a long term evaporation

of Nb so that the gettering of hydrogen by deposited

Nb on the chamber wall can be operative. The

thickness of each layer was monitored with quartz

oscillators. The samples were transferred to an

introduction chamber after the growth, and the

hydrogen was introduced under Ar(H2) mixtures at

150°C without exposing sample to open air. The

hydrogen analysis was made under vacuum after

taking out samples to open air, and it can be assumed

that the hydrogen is in balance within the deposited

layers. The surface of each sample was covered with

20 nm Cu to introduce hydrogen without the influence

of oxidized layer of Nb even under rather high vacuum

condition in the hydrogen introduction chamber.

The layered region was analyzed using two kinds

of ion beams from 3 MV tandem accelerator at TIARA

facility in JAERI/Takasaki. The thickness of Nb and

Cu layers of the multilayer was determined by heavy

ion Rutherford backscattering spectrometry(HI-RBS)

using 16 MeV 16OS+ ions[l]. The size of 16O5+ ions

beam was about 0.6 mm in diameter and the beam

current was about 10 nA typically. Backsacttered

particles were detected by a standard surface barrier

detector placed 11 cm from the sample at 170°. Also

the high energy elastic recoil detection using 16 MeV
16O5+ ion was useful to survey the hydrogen

distribution roughly. The recoiled particles collimated
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with 2 mm slit at 15° were detected uising a solid state

detector( 100 mm2 active area) with 12 ^m Myler

filter.

The hydrogen profiling of Nb/Cu multilayers were

accomplished by employing 'H^N.oty)1^ resonant

nuclear reactions(15N-NRA)[2]. The employed

nuclear reactions have a narrow resonance with the

width of about 2 keV at 6.385 MeV[3]. The yield of

characteristic y-rays of ^(^N.oty^C nuclear reaction

were measured as a function of the incident ion energy

with 3" NaI(Tl) detector. Data points were taken at the

step of 10 to 20 keV. To avoid the loss of hydrogen

during the ion beam analysis, the measurements were

made with increasing and decreasing incident energy

of 15N ions. A simulation code has been developed for

accurate evaluation of the 'H^N.oty^C 4.43 MeV

y-yields at 6.385 MeV and 13.365 MeV reaction

energy. The simulation includes electronic and

nuclear stopping-powers and straggling for arbitrary

target structure. The absolute y-yields are obtained for

the above resonances, the off-resonance contribution.

3. Results and Discussion

Fig.l shows a typical HI-RBS spectrum from a

Nb/Cu multilayer on a-Al2O3 substrate using 16

MeV 16O ions. In the higher energy region one can see

6 well-separated peaks coming from Nb layers with

600

400

200

I—iI I I I | I I — I — I | |

[Cu(20nm)/Nb(10nm)](i
Cu layers

0
200 300 400

Channel Number

thicknesses of 10 nm each . The peaks in the lower

energy region are attributed to the corresponding 20

nm Cu layers inserted between Nb layers. In the Cu

peaks, there appears a complicated structure which is

caused by the contributions of Cu isotopes. This

demonstrates also good mass-resolution of HI-RBS.

In the analysis of multilayered structures with many

layers, this kind of analytical technique will become

more important in the near future. The depth

resolution in this method is better (10 nm FWHM)

and a further improvement can be accomplished by

tilting a sample(3 nm FWHM).

Hydrogen atoms were introduced into the samples

after the structural analysis described above. Fig.2

shows the results of hydrogen profiling in those

samples by employing the resonant nuclear resonant

reactions, lH(l3N,ocy)l2C at 6.385 MeV. The

determination of the absolute hydrogen concentration

was made by referring to hydrogenated amorphous Si

(with 14 at.% H) on a Si crystal. The sharp peaking

around 6.40 MeV is from adsorbed water at the

surface. The shape of the hydrogen distribution

corresponds well to the depth distribution of Nb,

which implies the localization of hydrogen atoms in

the Nb layers. The peak intensity decreases with

incident energy increase apparently due to the

influence of the energy straggling of 15N ions but the

integrated area at each layer was kept almost constant
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Fig.l HI-RBS spectra of Nb/Cu multilayer sample on a-

AI2O3 substrate.
Fig.2 H concentration of Nb/Cu multilayer on a-Al2O3

substrate using 15N-NRA.
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Fig. 3 Experimental data and simulation of a Nb/Cu

multilayer on (X-AI2O3 substrate.
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Fig.4 H concentration dependence on Nb layer thickness.

and the hydrogen concentration is under thermal

equilibrium.

Fig.3 shows 1SN-NRA measurements of Nb/Cu

multilayered sample with Nb thickness of 10, 20, 30

and 40 nm in this order from the surface and the result

of the simulation. The simulated curve is in good

agreement with experimental results. The results

demonstrate that the H concentration in Nb layers

smoothly increase with of the layer thickness.

Fig.4 shows the dependence of hydrogen

concentration on the Nb layer thickness for two kinds

of samples, low-charge and high-charge ones. In the

low-charge samples, there is not any thickness

dependence on the hydrogen concentration which

amounts to less than 4 at.% but in the high-charge

samples are recognized a linear increase with Nb

layer thickness followed by a saturated concentration

of more than 10 at.%. In the low-charge samples, the

hydrogen atoms are expected to occupy the interstitial

positions. In the high-charge samples, the hydrogen

concentration at thick layers goes beyond the a-phase

limit. Hydrogen are assumed to be in the mixed state

between a-and p-phases. In thin Nb layers the

transformation into a- or |3- phases, or both can not

be caused easily because the both sides are constrained

by Cu layers.

In this report it was shown that a combined ion

beam technique like 13N-NRA and HI-RBS was useful

to obtain the depth-sensitive information about

introduced hydrogen and substrate atoms by

distinguishing the contributions from all the relevant

elements.
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IRRADIATION INDUCED IMPROVEMENT IN CRYSTALLINITY OF
EPITAXIALLY GROWN Ag THIN FILMS ON Si SUBSTRATES
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We report the improvement in crystallinity of epitaxially grown Ag films on Si (100) substrates with ion irradia-
tion. The irradiation of 0.5 MeV Si ions to 2 X 1016/cm2 at 200 °C, for example, reduces the channeling minimum
yield from 60 % to 6 % at Ag surface. The improvement originates from the decrease of mosaic spread in the Ag
thin film. In our experiments, ion energy, ion species and irradiation temperature have been varied. The better
crystallinity is obtained as the higher concentration of defect is generated. The mechanism involved in the irra-
diation induced improvement is discussed.

Keywords: ion irradiation, Ag thin film , epitaxial, crystallinity, ion channeling, grain growth

1. Introduction

Generation and migration of vacancies induced by
ion irradiation make it possible to synthesize and modify
materials at temperatures well below those required for
thermally activated processes. Ion Beam Induced Epi-
taxial Crystallization (IBIEC) [1, 2] of an amorphous
silicon and Ion Bombardment Enhanced Grain Growth
(IBEGG) [3, 4] are typical phenomena accompanied
by vacancy generation and migration. We propose here
that ion beams can be applied to improve crystallinity
in an epitaxially grown metallic thin film. It is known
that a thin film prepared by a vacuum evaporation is
composed of slightly oriented crystallites. In order to
obtain the film of better quality the elimination of the
slightly misoriented crystallites is required. Ion beam
irradiation would decrease the number of the misori-
ented crystallites due to grain growth similar to IBEGG.
Thus the crystallinity of the films is expected to be
improved with ion irradiation.

In this work, we investigate irradiation induced im-
provement in crystallinity of epitaxially grown Ag
thin films evaporated on Si substrates. Firstly, we dem-
onstrated that the irradiation of 0.5 MeV Si ions at 200
°C improved the crystallinity in the Ag thin films. Then
a variety of ion species, 2 MeV C ions and 4 MeV F
ions as well as 0.5-2 MeV Si ions, was used to irradi-
ate Ag/Si samples to discuss the mechanism involved
in the ion beam induced improvement. In this case, the
samples were irradiated at -150 °C.

2. Experimental

Thin Ag films of 80 nm in thick were prepared us-
ing a conventional evaporation method in a vacuum
system with a base pressure at 8 X 10"8 Torr or less.
Single crystalline Si with a [100] orientation was used
as a substrate, which was rinsed in dilute HF solution
prior to the deposition. The deposition rate of the film
was kept at 0.1 -0.15 nm/sec. A size of the Ag/Si sample

was typically 10 X 15 mm2. A half of the sample was
cut to anneal at 200 °C for 2 hours for comparison with
the sample irradiated at 200 °C. We shall refer the an-
nealed sample as "non-irradiated sample" when the ef-
fect of the irradiation at 200 °C is discussed through
this paper.

Irradiations of 0.5-2 MeV Si ions, 4 MeV F ions
and 2 MeV C ions were performed keeping the cur-
rent density at 0.1 (xA/cm2and 0.6 (jA/cm2for low tem-
perature (-150 °C) irradiation and elevated temperature
(200 °C) irradiation, respectively, to avoid excess heat-
ing by the irradiation, to doses ranging from 1 to 2 X
1016/cm2. All of ion energies used were chosen so that
the projected ranges of the ions, which were predicted
by TRIM [5], were much larger than the film thick-
ness. Under this condition, collision-induced defects
are expected to distribute almost uniformly in depth.

Rutherford backscattering analysis combined with
channeling technique with 1.3-4 MeV "He ions was
made in order to characterize the samples before and
after irradiation. The spot size of the analyzing beam
was 1.5 mm in diameter. The samples were mounted
on a two axis goniometer, with tilt angle and azimuthal
angle. Backscattered ions were detected with a SSD
placed at an angle of 170". The divergence of the ana-
lyzing beam was about 0.01°. All measurements were
carried out at room temperature.

3. Results and discussion

Figure 1 shows [100] aligned spectra taken from
the samples before and after the irradiations of 0.5 MeV
Si ions at 200 °C. The spectrum for the non-irradiated
sample indicate that the Ag thin film is grown epitaxi-
ally onto the Si (100) substrate. The epitaxial relation-
ship can be determined by azimuthal angle scans of
both Ag and Si yields in RBS spectra for the Ag/Si
sample as shown in fig. 2. The single crystalline Si (100)
shows a fourfold symmetry, and the Ag film on the Si
substrates also has the same symmetry. In addition to
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Figure 1: Random (broken line) and [100] axial aligned (solid
lines) spectra for 2 MeV 4He ions incident on samples before
and after 0.5 MeV Si* beam irradiation to doses of 1 X 10"/
cm2 and 2 X 101<s/cm2 at 200 *C.

Tilt Angle (degrees)

Figure 3: Angular scans of normalized Ag yields along [100]
axis for 2 MeV "He ions incident on Ag/Si samples before
(filled circles) and after (circles) irradiation of 0.5 MeV Si
ions to a dose of 2 X lO16/cm2 at 200 °C.

this result, assignments of the planar dip in fig. 2 deter-
mine the epitaxial relationship to be Ag (100) // Si
(100) with Ag [011] // Si [011].

As can be seen in fig. 1, the minimum yield xmla for
[100] axial channeling is measured to be ~ 60 % be-
fore irradiation, which is relatively large compared with
a calculated value of 4 % for a perfect Ag crystal for
[100] orientation [6]. The ^min value at the surface is
decreased to approximately 6 % with the irradiation.
This result exhibits that the irradiation improve suc-
cessfully the epitaxial crystal quality of the Ag thin
film. The improvement in crystallinity of the Ag film
can be recognized also in fig. 2.

Figure 3 presents [100] axial angular scans of Ag
yields for the samples before and after the irradiation
of Si ions to 2 X 1016/cm2at 200 °C, where the yields
are evaluated from total area of the Ag peak in the RBS
spectra. The channeling half angle ip^ as well as the
Xmln are decreased considerably after the irradiation.

120 240

Azimuthal Angle (degrees)

360

Figure 2: RBS yields from Ag/Si as a function of the azi-
muthal angle for a tilt angle of 7". "Ag (non-irr.)" and "Ag
(irr.)" represent Ag yields from a non-irradiated sample and
a sample irradiated to 2 X 1016/cm2 at 200 *C, respectively,
and a yield of underlying Si (100) for the non-irradiated
sample is indicated by "Si". Four asterisks ( ' ) in each curve
correspond to a {100} plane.

The presence of shoulders in the angular scan reflects
good crystal quality for the irradiated sample. As for
non-irradiated sample, the observed rf/m value of 1.13°
is remarkably larger than a calculated value of 0.74°
[6] for a perfect Ag crystal. This discrepancy indicates
that the non-irradiated film has a mosaic structure, in
which crystallites are misoriented slightly each other,
and therefore the decrease of ifim after the irradiation
may correspond to decrease in an angular spread of
crystallite orientations.

Next, we investigate the change in the angular spread
of crystallite orientations in the Ag films before and
after irradiation. The angular spread a in the Ag film
can be estimated by the use of the method developed
by Ishiwara and Furukawa [7]. Figure 4 shows the
square of the observed tym values as a function of Z/E
(Z=2 in this work) for samples before and after irradia-
tion. According to the method by Ishiwara and
Furukawa, intercepts with the vertical axis correspond
to o2ln2 values. From fig. 4, we evaluate a to be 1.1°
for the non-irradiated sample, and to be 0.4° and 0.3°

O)

%

0.5 MeV Si* - • Ag/SI at 200°C

non-irr.

Z/E (MeV1)
Figure 4: A plot of squared HWHM versus Z/E of analyzing
beam for a non-irradiated sample (filled circles), a low dose
(1 X 1016/cm2) sample (filled triangles) and high dose (2 X
lO'Vcm2) sample (circles). Three lines are obtained by a least
square fitting method.
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Table 1: Observed x m i D
a n d a with respective to [100]

orientation before and after irradiation of 0.5 MeV Si ions at
200 *C. Calculated values for a perfect Ag crystal are also
presented for comparison.

1.0

sample

non-irr.
1 X 1016/cm2

2 X 1016/cm2

calculation

Xmin (%)

61
17

9
4

an
1.1
0.4
0.3
0.0

for the low dose (1 X 1016/cm2) sample and the high
dose (2 X 10l6/cm2) sample, respectively. The observed
crvalues are listed in table 1 together with the ^ ^ val-
ues. Thus the irradiation reduces the angular spread of
crystallite orientations. It can be, therefore, concluded
that the irradiation induced crystallinity improvement
observed here originates in the decrease in the angular
spread of crystallite orientations with respective to [100]
orientation.

Finally, we shall discuss the mechanism involved
in the crystallinity improvement induced by irradiation.
The improvement in crystallinity has been examined
by varying ion energy and ion species at irradiation
temperature of -150 °C. Figure 5 presents the depen-
dence of a change in crystallinity a after irradiation on
a nuclear deposited energy calculated by TRIM [5] .
The change in crystallinity a is defined as (̂ °°°*'" - tf"•)/
tf"; where ̂ m-in- and rf"- are minimum yields in aligned
spectra for samples before and after irradiation, respec-
tively. The irradiation is carried out up to a dose of 1 X
1016/cm2at -150 °C. A positive value of a means im-
provement of crystalJinity. In fig. 5, the larger deposi-
tion energy produces the larger change in crystallinity.
In other words, the better crystallinity is obtained as
the higher concentration of defect is generated. This
result implies that the collision-induced defects de-
crease effectively the spread of crystallite orienta-
tions in the Ag film. Furthermore, as can be seen in fig.
5, we observed the improvement in Ag crystallinity in
all cases examined, although underlying Si substrates
were heavily damaged or amorphized at the Ag/Si in-
terfaces under the irradiation to 1 X 1016/cm2at -150 °C.
Thus collisional atomic rearrangements not at the Agl
Si interface but in the Ag film are responsible for the
decrease in the spread of crystallite orientations. In
addition, the difference in a between irradiation at 200
°C and-150°C is found to be only - 1 0 % . Such a
weakly temperature dependence is similar to Ion Bom-
bardment Enhanced Grain Growth (IBEGG) [1]. From
these results, the irradiation induced improvement in
crystallinity of the Ag film is supposed to be a special
case of IBEGG. A major [100] oriented grain with larger
size can grow through the radiation-induced anneal-
ing while a minor smaller tilted grain is decreased in
size. As a result, we observed the decrease in the spread
of crystallite orientations with irradiation. Additional

O

»

I
O

0.5

Ixio16/cm
0 5 M e V s r

4 MeV F*

1.5 MeV S i "

2 MeV C* -X.

0.5 MeV Si*

JL
0 10 20 30

Nuclear Deposited Energy (eV/A)

Figure 5: The change in crystallinity a after irradiation to 1
X 1016/cm2at -150 "C (filled circles) and 200 *C (circle) in
one case as a function of nuclear deposited energy at a depth
of 40 nm for Ag film. The a values are estimated from mini-
mum yields in aligned spectra for samples before and after
the irradiation. A definition of a is shown in the text.

methods like TEM observations provide further infor-
mation about the irradiation induced improvement in
crystallinity. Such experiments are now in progress.

4. Conclusion

We have demonstrated that ion irradiation improves
the crystallinity of epitaxially grown Ag thin films
evaporated on Si (100) substrates; the collision-induced
defects cause the decrease in spread of crystallite ori-
entations in the film. Temperature dependence as well
as defect concentration dependence of the crystallinity
improvement suggests that the observed phenomenon
is similar to irradiation enhanced grain growth. We
suppose that major [100] oriented grains with larger
size grow through the radiation-induced annealing
while minor smaller misoriented grains are decreased
in size, which results in the crystallinity improvement.
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RBS AND RNRA STUDIES ON SORPTION OF EUROPIUM BY APATITE
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**• Department of Materials Development, JAERI/Takasaki

The sorption mechanism of europium, alternative of divalent TRU has been studied based on the depth profiles of
elements obtained by Rutherford Backscattering Spectrosoopy (RBS) and Resonant Nuclear Reaction Analysis
(RNRA).

The positive peak for Eu and the negative peak for Ca were observed in the subtracted RBS spectra of the apatites
on which Eu was sorted from that of the fresh apatite. This indicates that Eu was sorbed on apatite, while a fraction
of Ca was released from apatite. The peak height for Eu in the RBS spectrum of the apatite obtained at 75 °C was
higher than that of the apatite at 40 °C. The depth profile of hydrogen of the apatite on which Eu was sorbed was
similar to that of the fresh apatite. The concentration of Eu in the solution decreased with increasing temperature.
On the contrary, the concentration of Ca increased with increasing temperature.

Thus, it is concluded that a fraction of Eu is exchanged for Ca in the structure of apatite.
Keywords: Apatite, europium, sorption, waste disposal, RBS, RNRA.

1. Introduction
The concept of radioactive waste disposal, in

particular of high level waste (HLW) with a high
content of Trans Uranium (TRU) elements, includes the
use of various engineered and natural barrier to avoid any
contact with the biosphere. HLW must be separated
from the environment for geological periods of time in
order to prevent the transition of TRU into the food
chain. Various countries have developed the concept
for the disposal and have investigated a variety of
immobilizing barriers. hi general it can be
distinguished between geological (natural) and
engineered barriers. The geological barriers depends on
the geological, mineralogical and hydrological
conditions of the waste repository. The engineered
barriers include the waste form, the canister, overpack
and the backfill materials! 1].

During the last 30 years various concepts have been
tested on laboratory level for the conditioning of the
waste in form suitable for the dlsposal[2,3]. In most
disposal concepts, borosilicate glass is produced and
filled directly into stainless-steel canisters for disposal.
It should be noted that glass is not thermodynamically
stable, but is in a metastable state.

An important feature for the long-term safety is the
leaching of TRU elements from the glass. In
geological formation, one can expect various leaching
rates for the relevant TRU elements, depending on the
age of the repository, temperature and pressure. Since

the geological conditions may change, a more or less
strong mobilization of TRU elements may occur. In
order to prevent the dispersion of TRU elements, an
additional barrier is loaded to backfill materials. The
expecting effect of the additional barrier is to prevent
the dispersion TRU elements by fixation in insoluble
compounds.

Due to the following chemical, mineralogical and
geological experience, phosphates are regarded as a
possible additional to backfill materials,
i) In neutral and alkaline solutions only phosphates of

univalent cations are soluble,
ii) Some 10 % of the total number of minerals found

in the hydrothermal and sedimentary rocks are
phosphates,

iii) Apatite Ca5(PO4)3OH orCa5(PO4)3F absorbs many
kinds of cations including UO2

2+ and Th4* from
aqueous solutions under normal conditions,

i v) The efficiency of sorption by hydroxyapatite is kept
up to lOOt:.

However, the sorption mechanism of TRU elements on
apatite is not known.

Rutherford Backscattering Spectroscopy (RBS) and
Resonant Nuclear Reaction Analysis (RNRA) can give
depth profile of elements in materials from the surface.
In the present study, the sorption mechanism of
europium, alternative of trivalent TRU, such as Am(III)
and/or Cm(III), has been studied based on the depth
profiles of elements obtained by RBS and RNRA.

- 377 -



JAERI-Conf 97-003

2. Experimental
2.1 Apatite

A single crystal of apatite obtained at Cerro de
Marcado, Durango, Mexico, was used. Approximately 5
x 5 mm samples with 0.4 mm thickness were provided
in the sorption experiments. X-ray diffraction pattern
of hydroxyapatite, one of the apatite, is shown in Fig. 1.

2.2 Sorption experiments
The single crystals of apatite were contacted with 10

ml Eu solution of 0.1 mM at pH 6.4 for 10 days at 40
and 75 °C. After separation of apatite from the Eu
solution, the depth profiles of elements of Eu, Ca, P and
O in the apatite were measured by 2.4 Me V 4He RBS.
The hydrogen depth profiles were determined by RNRA
of 'H(13N, a y)I2C at 6.385 MeV. The concentrations
of Eu, Ca and P in the solutions were measured by
inductively coupled plasma atomic emission
spectroscopy (ICPAES). The depth profiles of elements
in the fresh apatite which was not contacted with the Eu
solution were obtained as reference case.

3
O
U

10

Fig. 1 X-ray diffraction pattern of hydroxyapatite.

3. Results and discussion
Figs. 2a and 2b show the RBS spectrum of the fresh

apatite and the apatite contacted with the Eu solution at
40^C. Fig. 2a shows that the fresh apatite contains
small amounts of the heavier elements than Ca.
However, no peak of heavy element is observed On
the contrary, the peak of Eu in RBS spectrum is
observed in Fig. 2b. ThepHsofthe solutions are 6.9 at
40 °C and 6.2 at 7 5 ^ .

The subtracted RBS spectra of the apatites on which
Eu was sorbedat 40 °C from that of the fresh apatite is
shown in Fig. 3. The positive peak for Eu and the

negative peak for Ca were observed in Fig. 3. This
indicates that Eu is sorbedon the apatite, and a fraction
of Ca was released from the apatite.

The peak height for Eu in the RBS spectrum of the
apatite obtained at 75 °C was higher than that of the
apatite at 40 °C (Fig. 4). And the energy of the lower
edge of the peak for Eu in the apatite obtained at 75°C is
lower than that in the apatite obtained at 4 0 1 . This
shows that Eu intrudes to deeper position at higher
temperature. We assume that the chemical form of
apatite is C a ^ O ^ F and the density of apatite is 2.3
g- cm"3. The depths where Eu intruded into the apatite

- 3 7 8 -



JAERI-Conf 97-003

are then determined to be 290 and 350 nm at 40 and
15°C, respectively.

The depth profile of hydrogen in the fresh apatite and
apatite on which Eu was sorbed at 40 and 7 5 t are
shown in Fig. 5. Small amounts of difference among
three kinds of samples were detected by employing
RNRA. The depth profile of hydrogen in the fresh
apatite and the apatite on which Eu was sorbed was
similar to that of the fresh apatite. This indicates that
hydrogen does not intrude into the apatite during the
sorption experiments. Thus, hydrogen does not
contribute to the release of calcium from the apatite
during the sorption experiment.

2,000

1,500

1.000

500

1000 1500 2000 2500

Energy (KeV)

Fig. 2a RBS spectra of the fresh apatite.

2,000

1,500

oo
1,000

500

500 1000 1500 2000 2500

Energy (KeV)

Fig. 2b RBS spectra of the apatite contacted with the Eu
solution a t 4 0 t .

2000

1500

_1000
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500

•500
500 1000 1500 2000

Energy (KeV)
2500

Fig. 3 The subtracted RBS spectra of the apatites on
which Eu was sorbed at 40 °C from that of the fresh

apatite.

100

2100 2150 2200 2250 2300 2350 2400

Energy (KeV)

Fig. 4 RBS spectra of the apatite at the energy range
from 2100 to 2400 KeV.

The concentrations of Ca, Eu and P in the solutions
at 40 and 75T! are shown in Fig. 6. The concentration
of Eu sorbed on the apatite increased with temperature.
And the concentration of Ca in the solution also
increased with temperature. The exchange of Eu for
Ca in apatite can be expressed by the equation.

1.5Ca-Apatite ^ Eu-Apatite.
If all calcium released from the apatite is assumed to be
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exchanged for Eu, the relative fraction of Eu exchanged
for Ca are calculated to be 0.12 and 0.18 to the fractions
of Eu sorbed at 40 and 75 °C, respectively.

Europium exists as Eu3* in the solution around pH
6.5. Since higher valence cation has higher selectivity
of the sorption on minerals, trivalent europium is
preferentially sorbed on apatite to sodium which is a
counter cation in the solution. Eu aquo ions adsorb
rapidly at the highly polar apatite surface [4].
Approximately 40% of equilibrium fraction of Eu are
sorbed on hydroxyapatite [5]. However,

approximately 0.3 of total Eu is sorbed on apatite for 10
days at 40°C (Fig. 6). Specific surface area of apatite
is 6.4x10^ m 2 g ' . This value is quite lower than
those of kaolinite (26.4 m 2 g ' ) andsericite (2.2 m2g
'). This is the reason of the slow sorption rate.

Fig. 6 concentrations of Ca, Eu and P in the solutions
at40and75<€.

Coordination numbers and ionic radii between
Eu(m) and Ca(U) are similar. In a variety of
biochemical molecules Eu has been used as replacement
probe for Ca [6]. These facts support the replacement
of Eu to Ca in the structure of apatite.

In the initial stage of the alteration of feldspar,
hydrogen is exchanged for cations in the structure of
feldspar. However, hydrogen does not intrude into the
apatite during the sorption experiment. Thus, the
release of Ca from the apatite is not caused by the
exchange of hydrogen for calcium in the structure.

Therefore, a fraction of Eu is exchanged for Ca in the
structure of apatite.

1,400

1,200

1,000

£ 800
3
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40°C 1
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Fig. 5 Depth profile of hydrogen in the fresh apatite and
apatite on which Eu was sorbed at 40 and 75 °C.

4. Conclusions
The sorption mechanism of europium, alternative of

trivalent TRU has been studied based on the depth
profiles of elements obtained by Rutherford
Backscattering Spectroscopy (RBS) and Resonant
Nuclear Reaction Analysis (RNRA).

It is concluded that a fraction of Eu is exchanged for
Ca in the structure of apatite.
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DEVELOPMENT OF A NEW PICOSECOND PULSE RADIOLYSIS SYSTEM
BY USING A FEMTOSECOND LASER

SYNCHRONIZED WITH A PICOSECOND LINAC

- A STEP TO FEMTOSECOND PULSE RADIOLYSIS -
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A new picosecond pulse radiolysis system by using a Ti sapphire femtosecond laser synchronized with a
20 ps electron pulse from the 38 MeV L-band linac has been developed for the research of the ultra fast
reactions in primary processes of radiation chemistry. The timing jitter in the synchronization of the laser pulse
with the electron pulse is less than several picosecond. The technique can be used in the next femtosecond pulse
radiolysis.

Keywords: femtosecond pulse radiolysis, single electron pulse, single laser pulse, stroboscopic, primary
processes of radiation chemistry

1. Introduction
Primary processes of radiation chemistry is very

important to know the whole reaction processes
induced by high energy radiation. Pulse radiolysis
technique is one of the most powerful method to
research the primary processes, because very fast
reaction can be detected directly.

Geminate ion recombination[l] of electrons and
radical cations produced by ionization is a very
important reaction as a first step of the primary
process. Although many studies on the geminate ion
recombination have been done by many researchers,
there are still problems on the kinetics and initial
spatial distribution of the geminate pairs. Table 1
shows the lifetimes of geminate pairs in several non-
polar liquids. The lifetimes are in order of
picoseconds, by which it have been difficult to
observe the process of the geminate ion
recombination.

We had developed the picosecond pulse
radiolysis system in order to elucidate the ultra fast
reaction process induced by high energy radiation. So
called twin-linac system[4] and LL-twin-linac
system[5] were developed in 1984 and in 1991,
respectively. The technical difficulty in the
picosecond pulse radiolysis is the generation of the

Table 1 Characteristic lifetimes of
geminate pairs[2,3]

liquids

trans-dec al in
methylcyclohexane

n-hexane
cis-decalin

cyclohexane
isooctane

neopentane
TMS

mobilities

(cm2/Vs)
0.013
0.044
0.071
0.10
0.23
5.3
50
100

lifetime

(ps)

35
16

9.4
5.6
3.2

0.43
0.63
0.31

picosecond analyzing light. The twin-linac system
was composed the two picosecond linacs. One is used
as irradiation source, and the other is used for the
generation of the Cherenkov light as the analyzing
light. In order to measure at infra red region,
picosecond diode laser was used as the analyzing light
in LL-twin-linac system.

Recently, a new picosecond pulse radiolysis
system[6,7] has been developed in Osaka university.
The femtosecond laser which is synchronized with the
picosecond electron pulse by radio frequency (rf)
system, is used as the analyzing light. The merits of
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the new system are as follows.
1) Wide wavelength covered from ultra violet to
infrared region.
2) High reliability
3) A step to femtosecond pulse radiolysis
4) Many other application

2. Generation of Picosecond Electron Pulse
38 MeV L-band (1.3GHz) electron linac at ISIR,

Osaka University can produce a single picosecond
pulse. The injection part is composed of a thermal
electron gun, two 1/12 (108MHz) sub harmonic pre-
bunchers and a 1/6 (208 MHz) sub harmonic pre-
buncher, a 1.3 GHz pre buncher and a 1.3 GHz
buncher. The repetition of the single pulse is 60 Hz.
The pulse width and pulse charge are 20 ps and 67 nC,
respectively. The pulse beam is conducted to the
irradiation room by a achromatic beam transport.

3. System of Femtosecond Laser
The femtosecond laser system is located in the

irradiation room. A femtosecond Ti-sapphire laser is
excited by a 12 W Ar ion laser. The Ti-sapphire laser
has a compensation system of the time jitter, so called
'lock to clock' system .The pulse selector can select a
single laser pulse from laser pulse train of which
frequency is 81 MHz. The wavelength region of the
single laser pulse is from 700 nm to 950 nm, which is

Time

Fig. 1 Pulse width of laser pulse at 800 nm driven with
81.27 MHz from linac if system

converted to the other region from ultra violet to
infrared by the second harmonic generation, the third
harmonic generation, and the optical parametric
oscillation. The generation of white light which is
very convenient light for the absorption spectroscopy
is also available by adding the regain amplifier to the
laser system.

4. Synchronization of Laser Pulse with Electron
Pulse

The femtosecond laser pulse is used for

RF
System

Trigger
System

Lfnac
Gun Linac

- * > Phase
Shifter

i

_ ^ Linac Gun

—&*• Pulss Selector

Ti-Sapphira
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SHG
THG
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Work
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1
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1
Shaping

AmD.

• * •

" * "

A / D

Fig. 2 New picosecond pulse radiolysisi system
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analyzing light and the picosecond electron pulse is
used for the radiation source. The synchronization
between the laser pulse and the electron pulse is
controlled by the radio frequency (rf). The original rf
of linac is 54 MHz which is corresponding to 1/24 of
the rf of the L-band linac. The designed operation
frequency of the femtosecond laser is 81 MHz. The rf
system was rearranged by using the rf of 27 MHz
which is the common frequency between 54 MHz and
81 MHz.

Fig.l shows the femtosecond pulse shape in the
operation of the rf frequency of 81.27 MHz provided
from the linac rf system observe by a autocorrelator.

The linac triggering system produces the very
accurate trigger signals to drive both the gun of the
linac and the pulse selector in the laser system. The
timing jitter of the trigger signal is less than 20 ps
which is enough to make the single electron pulse and
the synchronized single laser pulse.

5. Picosecond Pulse Radiolysis
Fig. 2 shows the new picosecond pulse

radiolysis system. The rf system and trigger system
control the both the L-band linac and the femtosecond
laser. The detection system is composed of a photo
diode, a charge amp., a shaping amp., an A/D
converter which is controlled by a work station.

In the absorption spectroscopy, it is necessary to
change the time difference between the electron pulse
and the analyzing pulse. By changing the phase of the
rf (81 MHz) inserted between the rf system and the Ti-
sapphire laser, the time position of the laser pulse
against the electron pulse can be changed
continuously.

The detail of the performance of the new
picosecond pulse radiolysis system is reported at the
conference.
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6. Femtosecond Pulse Radiolysis
The time resolution of the new picosecond

pulse radiolysis system depends on the present
electron pulse width of 20 ps. The pulse width will be
improved up to 5 ps by the optimization of the linac.

It is necessary for the femtosecond pulse
radiolysis to construct a new linac. There are several
idea on the femtosecond linac. One is the high
performance S-band or X-band linac combined with a
laser photocathod and a rf gun. The other is laser
plasma accelerator[8] in which electrons are
accelerated by very strong plasma wake field.
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CONCURRENT IRRADIATION EFFECTS WITH IONIZATION AND
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Single crystals of MgAl2O4 were irradiated concurrently with a homogeneous ion beam and a focused
electron beam in TEM-accelerator facilities to get insight into the concurrent irradiation effects with ionization
and displacements. Various kinds of 30 or 300keV ions ( He+, O+, Mg+, Ar+ and Xe+) and 200keV or lMeV
electrons were used to provide a wide range of nuclear (Sn) and ionizing (S ̂  stopping powers. Dislocation loops
were formed both inside and outside the electron beam at 870K under concurrent irradiation with 30keV ions
(He+, Ar+ and Xe+)and lMeV electrons. In the case of irradiation with 300keV ions and 200keV electrons, on the
other hand, a preferential formation of voids or bubbles and a suppressive formation of dislocation loops were
observed inside the electron beam. On the basis of these results, we pointed out the importance of the nuclear
stopping power which causes the diffusion of cations toward the outside of the focused electron beam.
Keywords: MgAJ2O4, irradiation, displacement, ionization, microstructure, TEM

1. Introduction
Magnesium aluminate spinel (MgAl2O4) has

been expected to be used as a variety of components
in fusion energy systems, such as magnetic diagnostic
coils, insulators and radio frequency windows, because
of its excellent radiation resistance under neutron
irradiation [1-3]. The superior resistance has been
found to be attributed to its structural and ionic
characteristics, which lead to the high recombination
rates of vacancies and interstitials, large nuclei of
dislocation loops (anti-septets), stability of faulted
loops and site exchanges of different cations etc.[l-5].
Ionization has also been considered to affect the
nucleation and growth process of defect clusters in
ionic crystals, because ionizing radiation changes the
charge state and mobility of point defects [6]. For
example, recent studies by Zinkle [7,8] have shown
that MgAl2O4 is quite sensitive to variations in the
ionizing and the displacive irradiation spectra; few
dislocation loops were observed in MgAl2O4 under
irradiation where the ratio of ionizing stopping power
(SJ to displacive one (Sn), S,/Sn, is higher than
about 10 at 870K. This result is important for
understanding the formation process of defect clusters
in fusion materials, because they would be subjected
to high ionizing radiation as well as high displacive
radiation.

Transmission electron microscopes (TEM)
combined with ion accelerators could be a powerful
tool for studying the concurrent irradiation effects
with displacements and ionization [9,10]. The
concurrent irradiation with a homogeneous ion beam

and a focused electron beam in TEM-accelerator
facilities provides a wide range of S e /Sn as a function

of position and also does 'in-situ' observations of
microstructural evolution.

In the present study, two kinds of TEM-
accelerator facilities at Kyushu University and JAERI-
Takasaki are used to clarify the concurrent irradiation
effects with ionization and displacements in
MgAl2O4. Results on the formation process of defect
clusters are discussed in terms of the damage energy
density, electron beam profile, energies of ions and
electrons as well as the values of

2. Experimental
Single crystals of stoichiometric

(Union Carbide) were used in the present study. Disks
with a diameter of 3mm were ultrasonically cut from
sheets of MgAl2O4 and mechanically polished to a
thickness of 150/tm by adhesive tape. Those were
then dimpled to a thickness of 30/um at their center.
The dimpled specimens were thinned by ion-milling
with 6keV Ar+ ions to make a small hole in the
specimen. They were irradiated with 4 keV Ar+ ions
with an incident angle of 10° for lhr. The specimens
were annealed in air at 1670K for lhr to eliminate
defect clusters induced by the ion-milling process.

The foil specimens were subjected to 'in-situ'
observations in two TEM-Accelerator facilities of
Takasaki Ion Accelerators for Advanced Radiation
Application (TIARA) in Japan Atomic Energy
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Research Institute (JAERI) and of the Research
Laboratory of High Voltage Electron Microscope
(HVEM) at Kyushu University. The former facility
consists of a transmission electron microscope (JEM-
400FX) and two sets of ion accelerators having the
maximum accelerating voltage of 40kV and 400kV,
respectively. The latter one consists of a high voltage
electron microscope (JEM-1000) and an accelerator
with the maximum accelerating voltage of 30kV. The
details of those facilities are seen elsewhere [11,12],
Microstructural evolution was examined in MgAl2O4

under concurrent irradiation with 200keV or lMeV
electrons and various kinds of ions, such as He+, O+,
Mg+, Ar+ and Xe+, with the energy of 30 or 300keV.
The profile of electron flux shows a Gaussian
distribution, though the profile of ion flux is
uniform, as schematically shown in fig.l (a). One
can, therefore, obtain a positional distribution of the
ratio of ionizing to nuclear stopping power, SJS^, as
shown in fig. 1 (b). The nuclear and ionizing stopping
powers of electrons were calculated from McKinley-
Feshbach [13] and Bethe [14] formulas, respectively.
The nuclear and ionizing stopping powers of ions
were based on the TRIM calculations [15]. Some of
specimens were also irradiated with 200keV or lMeV
electrons at 870 to 1070K and subjected to the
Electron Dispersive X-ray Spectroscopy (EDX)
analysis.

3 . Results
3-1. Concurrent irradiation with various 30keV ions

and lMeV electrons
Fig. 2 shows weak-beam dark-field electron

micrographs in MgAJ2O4 inside and outside the
focused electron beam for the concurrent irradiation

(a) flux (art*, unit)

4*. flux ol electrons

t : ftux o( ions
j

i\

Center of electron beam Distance

(b)

S, Ionizing stopping power
S,,; nuclear stopping power

the critical value ol S,/sn by Zlnkfe

Fig. 1. A schematic illustration for the profile of ion and
electron fluxes (a) and of the positional distribution of
the ratio of ionizing to nuclear stopping powers,
(b).

with 30keV He+ ions and lMeV electrons at 870K.
The values of SJS0 were estimated to be 500 and 6
for the inside and the outside of the electron beam,
respectively. Defect clusters show up their contrast
features both inside and outside the electron beam after
irradiation for about 100s and increase in their size and
density as a function of irradiation time. Defect
clusters which appear as dot contrast features grow
into well defined loops, suggesting those clusters to
be the interstitial type in nature. No significant
differences are seen both inside and outside the
electron beam for the nucleation and growth process
of defect clusters, except for the density; rather higher
density of loops is seen inside the electron beam than
outside It in contrast to Zinkle's criterion. Another
examples of micrographs are shown in fig.3 (a) and
(b) for the concurrent irradiation with lMeV electrons
and 30keV Ar+ or Xe+ ions, respectively. Defect
clusters are observed irrespective of inside and outside
the electron beam. The suppressive formation of
dislocation loops is, consequently, not found under
the concurrent irradiation with 30keV ions and lMeV
electrons even in the cases where the value of SJS0 is
much higher than the critical value based on Zinkle's
criterion.

3-2. Concurrent irradiation with 300keV ions and
200keV electrons

A sequential bright-field images of MgAl2O4 is
shown in fig.4 for the concurrent irradiation with
300keV He+ ions and 200keV electrons. The inside of
the circle in fig.4 (a) is subjected to concurrent
irradiation with a focused electron beam and a
homogeneous ion beam, and its outside is irradiated
only with ions. Small dot contrast is seen at the
center of the focused electron beam from the early
stage of irradiation. The nature of defect clusters is
probably voids or gas bubbles, because the images of
defect clusters are white under an underfocus condition
whereas those are dark under an overfocus condition.
The defect clusters grow and their distribution spreads
toward the outside of the electron beam with
increasing irradiation time. At a high fluence level as
shown in fig.4 (d), a high density of small defect
clusters (voids or bubbles) are seen even the region
irradiated only with He+ ions. Fig.5 shows electron
micrographs in a relatively thick region (~160nm)
irradiated concurrently with 300keV O+ ions and
200keV electrons. After irradiation for 120s (fig.5
(a)), dislocation loops are formed outside the electron
beam but few loops are seen inside it. Dislocation
loops are observed both inside and outside the electron
beam after a high fluence irradiation as shown in fig.5
(b). An interesting feature in fig.5 (a) is the
preferential formation of large loops just around
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inside of e~ beam outside of e- beam

Fig.2. Weak-beam dark-field micrographs showing the accumulation process of defect clusters in MgAl2O4 inside and

outside the focused electron beam irradiated at 870K concurrently with 30keV He+ ions.

the focused electron beam. This phenomenon is
clearly shown in fig.6, which is a bright-field image
under the concurrent irradiation with 300keV Mg+

ions and 200keV electrons. Large loops are seen
around the electron beam forming a ring. Suppressive
formation of dislocation loops is also observed inside
the electron beam at the early stage of concurrent
irradiation.

Fig. 7 shows an example of bright-field images
in a thin region of MgAl2O4 irradiated at 870K
concurrently with 300keV O+ ions and 200keV
electrons. No dislocation loops are observed in the
region irradiated only with ions, but loops are seen as

inside of e' beam

double rings (indicated by rings A and B in fig.7) in
the region irradiated concurrently with ions and
electrons. Tlie radius of the small ring A almost
corresponds to that of the focused electron beam, and
the larger one seems to correspond to that under
taking photographs. The radius of the ring which
consists of dislocation loops increases with increasing
the radius of the focused electron beam. Further, the
more clear ring with larger loops can be seen under
the concurrent irradiation with the more intense
focused electron beam.

outside of e' beam

Fig.3. Examples of electron micrographs showing the microslructure inside and outside the electron beam irradiated at
870K concurrently with 30keV Ar+ ions or Xe+ ions.
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12OS0& 180sec 48C3CC 1000sec

Fig.4. Sequential bright-field images showing microstructural evolution in MgAl2O4 irradiated at 870K concurrently

with 300keV He+ ions and 200keV electrons.

3-3. Effects of electron irradiation on MgAl2O4 at

elevated temperatures
Some of annealed MgAl2O4 specimens were

irradiated only with electrons at about 1000K for
cJarifing the effect of electron irradiation itself.
Fig.8 (a) is a typical example of bright-field electron
micrographs of MgAl2O4 irradiated at 1070K with
200keV electrons to a fluence of lxl027e/m2. A high
density of voids is seen inside the electron beam.
Similar microstructural evolutions are also observed
under irradiation with 200keV electrons at
temperatures higher than 1000K, though the

Fig.5. Bright-field images in MgAJ2O4 under concurrent
irradiation with 300keV O+ ions and 200keV electrons at
870K . Irradiation time is 120s (a) and 420s (b) with a
flux of lxl0l7ions/m2s.

incubation fluence for the void formation increases
with decreasing irradiation temperature. It should be
also noticed here that the microstructure in fig.8 is
quite similar to that observed under concurrent
irradiation with 300keV He+ ions and 200keV
electrons in fig. 3. The relative concentration of Mg,
Al and 0 atoms was examined by energy dispersive
X-ray spectroscopy (EDX) along the broken line
drawn in fig.8 (a), and it is shown in fig.8 (b). The
relative concentration of O and Mg atoms decreases
inside the electron beam, suggesting that cation atoms
diffuse from the inside to the outside of the electron
beam. Zn atoms might be introduced in the specimen
during annealing in an electric furnace.

A part of specimens were also irradiated with

lMeV electrons at 870K with a flux of 3xl023e/m2s.
Black/white contrast features were formed at the center
of the electron beam after some incubation time, and
they were quite different from the microstructural
evolution under 200keV electron irradiation.

Fig.6. An example of bright-field images in MgAJ2Q4
under concurrent irradiation with 300keV Mg+ ions and
200keV electrons to a fluence of lxl0 l9ions/m at
770K.
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ii i

Fig.7. A bright field image in a thin region of MgAl2O4 irradiated concurrently with 300keV O+ions and 200keV

electrons to afluence of lxl019ions/m2 at 870K.

4. Discussion
The concurrent irradiation with energetic ions

and electrons in MgAJ2O4 induces a variety of
phenomena depending on the irradiation conditions as
described in the previous section. The defect clusters
observed under irradiation in the present work are
summarized in fig.9. The open and closed symbols
represent the irradiation concurrently with ions and
electrons, and that only with ions, respectively. The
critical ratio based on Zinkle's criterion (S/S^IO) is
shown in fig.9 as the solid line. Only dislocation
loops are seen below the solid line, satisfying the
criterion. However, above the line (high ionizing
radiation field), dislocation loops and voids or

(a)

Distance [nm]
Fig.8. Microstructure in MgAl2O4 irradiated at 1070K
with 200keV electrons (a), and the relative concentration
profile of atoms examined by EDX along the broken line
in the micrograph (b).

bubbles are realized without any systematic
dependence on irradiation conditions. Zinkle [8] and
Kinoshita et al. [9] have pointed out the importance
of localized density of ionization rather than
homogeneous one. The localized energy density of
ionization is much higher under ion irradiation
compared with that under electron irradiation, even
though the values of S^S,, are identical. This comes
from that high energy ions transfer their energy to
electrons and lattice atoms in a localized region along
the ion path. The discussion explains that no
suppressive formation of dislocation loops under
electron irradiation concurrently with 30keV ions, but
can not explain the variety of microstructural
evolution as shown in fig.9. It is, therefore, concluded
that the ratio of ionization and displacement, or SJS0,
expresses the concurrent irradiation effects but is not
always a good parameter, especially for the higher
ionizing radiation field.

As mentioned in section 3, the microstructural
evolution under lMeV electron irradiation is quite
different from that under irradiation with 200keV
electrons. The ionizing and nuclear stopping powers
of electrons in MgAl2O4 are shown in fig. 10 as a
function of energy. The nuclear stopping power
includes both the contribution to the displacement of
atoms and to the induced diffusion. It can be seen in
fig. 10 that 200keV electrons produce no
displacements in MgAJ2O4, though lMeV electrons
induce displacements (isolated Frenkel defects) in it.
The defect clusters with black/white contrast features
formed under lMeV electron irradiation, therefore,
seem to be the interstitial-type dislocation loop
through the nucleation and growth process. According
to Kinoshita et al. [16], however, irradiation with
lMeV electrons induces no defect clusters in
MgAJ2O4 up to the fluence level of 1027e/m2 except
for Y -alumina precipitates at 1070K. The discrepancy
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between Kinoshita's work and this is not clear, but
might depend on the concentration of impurities in
the specimens including those introduced in the
process of preparing TEM transparency.

In contrast to the irradiation with lMeV
electrons, voids or bubbles were formed under
irradiated with 200keV electrons. The EDX analysis
in fig.8 shows that cation atoms (especially Mg
atoms) diffuse from the inside to the outside of the
electron beam. Furthermore, Sickafus et al. [3] and
Cooper et al. [17] have found that cation atoms easily
exchange their lattice sites in MgAJ2O4 under neutron
irradiation via structural vacancies. Those results
suggest that 200keV electrons induce diffusion of
cations toward the outside of the electron beam
through the high concentration of structural vacancies
in MgAl2O4, although no displacements occur. This
kind of diffusion causes the enrichment of vacancies
and oxygens inside the electron beam and probably
leads to the formation of voids or bubbles. Also, the
stopping powers in fig. 10 provide a useful
information on the mechanism of cation diffusion
under 200keV electron irradiation. Namely, the
nuclear stopping power without displacements
increases remarkably around 400keV with decreasing
energy, though the ionizing stopping power does
around lOOkeV, suggesting an importance of diffusion
induced by the transfer of small kinetic energy (less
than a few eV) from 200keV electrons to lattice
atoms. Buckely et al. [18] also found the void
formation in MgAl2O4 under irradiation with a
focused lMeV electron beam, and pointed out the
importance of the positional density of secondary
electrons for the formation of voids under the focused
electron beam. This mechanism, however, does not
explain the difference in the microstructural evolution
between 200keV and lMeV electron irradiations,
though there is a small difference in the ionizing
stopping power between them as shown in fig. 10.

On the basis of the electron-irradiation induced
microstructural evolution in MgAl2O4, the concurrent
irradiation effects with ions and electrons are
discussed. lMeV electron irradiation concurrently with
ions induces almost no significant change in the
nucleation and growth process of defect clusters in
MgAl2O4, except for lighter ions, such as He+ ions.
The main effect of lMeV electron irradiation is the
production of isolated Frenkel defects, and they
scarecely nucleate defect clusters in MgAl2O4 because
of the large size of nuclei [2,4]. Favorable sites for
the nucleation of loops seem to be provided by ion
irradiation, or by displacement cascades containing a
high concentration of point defects in a localized
region. It is, therefore, considered that lMeV electron
irradiation contributes mainly to the enhancement of
the growth process of defect clusters nucleated around
cascade regions under irradiation concurrently with
ions and lMeV electrons. This is the reason why the
higher density of loops were observed inside the
electron beam under the concurrent irradiation with

He+ ions.
In the case of concurrent irradiation with

200keV electrons and 300keV ions, the ionizing
stopping power as well as the nuclear one for the
induced diffusion becomes important, and causes the
diffusion of cations from the inside to the outside of
the electron beam. Moreover, it has been shown that
small dislocation loops produced by irradiation with

Ar+ ion and neutrons disappear during the subsequent
irradiation with 200keV electrons [16,19]. The
irradiation with the focused 200keV electron beam is
considered to eliminate the nuclei or embryo of loops
produced by ions and induces diffusion of interstitials
and vacancies toward the outside of the beam. This
probably causes a high concentration of interstitials
around the focused electron beam due to the difference
in the mobility between interstitials and vacancies. As
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1 0 "

1 0 "

1 0 r

4ft * •

/ * o

t ^^ <S& °

0

;asd« anadt

f».ai • a

! o ^ • o

Energy flux or displacement [eV/m 2s]

Fig.9. Defect clusters formed in MgAl2O4 at 870K under
concurrent irradiation with ions and electrons(open
marks) or only with ions (closed marks) as functions of
energy flux of ionization and displacement.

200 400 600 800 1000 1200

Electron Energy [keV]

Fig.10. Stopping powers in MgAl2O4 under irradiation
with electrons as a function of energy. Each curve
corresponds to the ionizing stopping power or the
nuclear one which causes displacements or diffusion.
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a result, large dislocation loops are formed around the
electron beam as shown in figs.5 and 6. Such
directional diffusion is effective even in the case of
thin foil specimens, where the surfaces provide sinks,
as shown in fig.7, leading to the preferential
formation of loops around the focused electron beam.
Under the light ion irradiation, on the other hand,
dislocation loops are not found both inside and outside
the electron beam. This probably comes from the low
density of point defects within cascade regions. In this
case, the concurrent irradiation effects are simillar to
that observed under irradiation only with 200keV
electrons, that is, the preferential formation of voids
or bubbles inside the beam. Namely, the distribution
of Frenkel defects within cascade regions, which is
controlled by the local density of nuclear deposition
energy, is a critical factor for the selection of
suppressive formation of loops or preferential
formation of voids inside the 200keV electron beam.
Finally, the possible impact of the implanted ions on
the nucleation of defect clusters should be noted
especially for the irradiation with light ions[9].

Conclusions
We have investigated the concurrent irradiation

effects with displacements and ionization by using the
TEM-Accelerator facilities. Dislocation loops appear
at ratios of SJS^ smaller than 10, though loops and
voids or bubbles appear at the ratios larger than 10.
Cation diffusion under 200keV electron irradiation is
revealed to play an important role for the concurrent
irradiation effects, and it is based on the radiation
induced diffusion by the nuclear energy without
displacements.
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THE ANNEALING BEHAVIOR OF HYDROGEN

IMPLANTED INTO Al-Si ALLOY

Masahiko OGURA, Norisuke YAMAJI, Makoto IMAI,

Akio ITOH, and Nobutsugu IMANISHI

Department of Nuclear Engineering, Kyoto University, Sakyo, Kyoto 606-01, Japan

We have studied effects of not only defects but also an added elements on trap-sites of hydrogen in metals. For

the purpose, we observed depth profiles and thermal behaviors of hydrogen implanted into Al-1.5at.%Si alloy

samples in an implantation-temperature range of liquid nitrogen temperature (LNT) to 373K at different doses.

The results were compared with those for pure aluminum samples. It was found that hydrogen is trapped as

molecules in grain boundaries of Al/'Si.

keywords: trapping, trap-site, hydrogen, implantation, aluminum, silicon, thermal behavior

1. Introduction

The trapping mechanism of hydrogen in metal

has been one of the most interesting subjects not only

in the technical field of fission and fusion reactor

devices, but also in the fundamental researches of

ion-implanted systems. Hydrogen implanted into

metal can produce vacancies, which greatly influence

trapping systems of hydrogen. Thus, the defect-

recovery stage in metal acts an important roll in trap-

ping of hydrogen. Several groups studied the trapping

phenomenon of hydrogen implanted into aluminum.

According to J.P.Bugeat et al. [1], hydrogen im-

planted into aluminum at temperatures of 33 to 175K

stably forms a vacancy-hydrogen (V-H) complex at

the telrahedral site of lattice. However, for implanta-

tion beyond 200K hydrogen locates at a "random po-

sition" and gets less stable than below 175K.

S.M.Myers et al. [2,3] showed that the trap-site of

hydrogen implanted into aluminum varies with the

implantation dose. Deuterium (D) implanted at an

energy of 15keV below 170K produces only a V-D

complex with a binding enthalpy of 0.52eV at a dose

of 8 x io 1 5 D/cm2, but forms a D2 bubble with an en-

thalpy of 0.71eV at 8 X10 1 6 D/cm2.

Theoretical calculation also has been done for the

V-H interaction. The result showed that hydrogen is

most stable at the tetrahedral site of the lattice va-

cancy and that the monovacancy can combine five

hydrogen atoms at most [4]. Another study showed

the monovacancy in the fee structure can combine as

many as six hydrogen atoms [5].

An element added to metal (and also alloy) can

influence the trapping system intricately. Such an

influence, however, has been scarcely studied. The

purpose of the present report is to systematically study

the hydrogen behavior in alloys.

Depth profiles and thermal behaviors of hydrogen

implanted into Al-1.5at.%Si samples were measured

for several conditions of implantation-temperature

and dose, and were compared with those for pure

aluminum. It is discussed how silicon as additive

element influences the trapping system of hydrogen in

aluminum.

2. Experiment

Specimens used were 10mm square and lmm

thick Al-1.5at.%Si alloy (Al-Si) and 99.9999% alu-

minum single crystal (pure Al). Each specimen was

electropolished and mounted on a sample holder,

whose temperature could be controlled from liquid

nitrogen temperature (LNT) to 400K in vacuum of

~ 1 0 ' 5 P a . 30keV hydrogen ions ( H ) were then im-

planted at a beam current density of 0.8~1.4MA/cm2

Ion-Implanted H
4He+ Beam , .

.Incident Cfe^Jarge t

Experimental
Setup of

ERD

To Beam Monitoring
System

fyum-Mykir

SSDforERD

To the Analyzing System
of H Distribution

Fig. 1. Schematic diagram of an experimental setup.
Surface barrier detector are denoted as SSD.

- 391 -



JAERI-Conf 97-003

[X10121, 3 r

2 -

E
o
c
o

i_

"c
<D
O
C
o
O

1 -

100 ,-
experiment
simulation

10l7H/cm2

200
Depth (nm)

400

Fig. 2. Depth profiles of hydrogen in aluminum. Im-
plantation dose is 3 x io16 H/cm2. A set of dots means
the experimental profile. The solid line is a simulated
profile[6].

to doses of 3 X 1016 and 1 x 1017 H/cm2. Each sample
was kept at a temperature of LNT, room temperature
(RT) or 373K during implantation (373K only for Al-
Si). Hydrogen stopped around 300nm in depth [6].

After the implantation, the depth profiles of hy-
drogen were measured by an elastic recoil detection
(ERD) method [7] using a 2MeV-4HeMon beam, as
shown in Fig. 1. The 4He* beam was collimated to 1-
mm square in size and incident at an angle of 75° to
the normal of the target surface. Surface barrier detec-
tors were set at angles of 30° and 160° with defining
slits of 4mm and 2mm in diameter, respectively. Hy-
drogen energy spectra were taken with the forward
detector combined with a front 4He-stopping absorber.
The 4He+ beam current was monitored with the back-
ward detector. A beam current density was in the or-
der of 5nA/mm2 on the target.

Hydrogen distributions were measured in an iso-
clinal annealing mode from 300 to 573K at a rate of
IK per minute. We identified trap-sites of hydrogen
for each sample by analyzing the change of the depth
profiles during annealing.

Figure 2 shows an example of the depth profiles
of hydrogen implanted into pure Al at the dose of 3 X
1016 H/cm2 along with a simulated profile. The ex-
perimental profile has two peaks. The peak at Onm is
caused by hydrogen trapped as H2 bubbles in a metal-
bulk/surface-oxide interface [2] and that adsorbed on

200 300

Implantation Temperature (K)

Fig. 3. Retention of hydrogen in the implantation
region vs. implantation temperature.

surface, and is called a surface peak. The other peak
around 300nm is caused by implanted hydrogen, and
the peak and the region covering the peak are called
here "implantation peak" and "implantation region",
respectively. Because of a limited resolving power of
ERD(~50nm), the experimental profile is broader
than the simulated one.

3. Result and discussion
Figure 3 shows retentions of hydrogen staying at

the implantation region as a function of implantation
temperature for the two doses. For the LNT implanta-
tion almost all of implanted hydrogen stayed in the
region for both the Al-Si and pure Al samples. How-
ever, no hydrogen stayed at the implantation region in
the pure Al samples for the RT implantation. The
dependence of the retention on the implantation tem-
perature in the case of pure Al is explained as follows:
The hydrogen implantation produced vacancies as
irradiation damages in Al. Hydrogen implanted at
LNT was stably trapped at the tetrahedral position of
the monovacancy as a lattice defect [1]. On the other
hand, hydrogen implanted at RT disappeared imme-
diately after the implantation mainly because the va-
cancies tended to move before trapping hydrogen.

The retention factor for hydrogen implanted into
Al-Si at RT was as high as 50~70%. Figure 4 shows
the depth profiles of hydrogen implanted into Al-Si at
LNT and RT. The RT profiles indicate that hydrogen
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Fig. 4. Depth profiles of hydrogen implanted into Al-
Si at the dose of 1X 1017 H/cm2. Solid and dashed
lines denote implantation at LNT and RT, respec-
tively.

was under way of diffusion from the implantation
peak to surface layer and in depths. The fact shows
that the existence of 1.5at.%Si in aluminum causes
other trap-sites of hydrogen. There remained no hy-
drogen in the case of 373K implantation.

Figures 5 and 6, respectively show the changes of

the depth profiles of hydrogen implanted into pure Al
and Al-Si during the annealing process. In the case of
Al, the amount of hydrogen decreased without vary-
ing the shape of profile, and hydrogen could be found
nowhere except the implantation region and surface.
This shows that the detrapped hydrogen moves
quickly to the surface layer or in depths without being
retrapped in aluminum.

On the other hand, in the Al-Si case the amount
of implanted hydrogen decreased broadening the
shape of peak. The concentration in the region of 100
~200nm depth increased first below 440K and then
decreased with increasing annealing temperature.
The fact shows that hydrogen released from the im-
plantation region is retrapped by another trap-site
existing in bulk.

Figures 7 and 8 show annealing temperature de-
pendences of average hydrogen concentration in the
implantation region for the implantation conditions.
The concentrations were normalized to those at RT
(300K).

For the implantation at LNT in pure Al (Fig. 7),
the value of concentration decreased even at RT for
the case of 3X 1016 H/cm2 implantation, and began to
decrease rapidly at 340K. On the contrary, in the case
of 1X1017 H/cm2 implantation, the value didnt de-
crease up to 380K, and began a rapid decrease at
440K. The result corresponds with the fact observed

[x10',21 [X10

200

Depth (nm)
400

Fig. 5. Changes of depth profiles of hydrogen in pure
Al measured at several temperatures during annealing
Lines show the profiles measured at 300K (solid line),
410K (dotted line), 430K (dashed line), or 450K
(chain line).

200

Depth (nm)

400

Fig. 6. Same as Fig. 5 for Al-Si. Lines show the pro-
files measured at 300K (solid line), 410K (dotted line)
430K (dashed line), or 450K (chain line).
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LNT-implantation
O Al 3X 10"
D AM x 10"
x Si 1 x 10"

H/cm'

0.01 300 400 500

Temperature (K)

Fig. 7. Thermal behaviors of hydrogen implanted at
LNT into pure Al with the doses of 3 x io16 H/cm2

(open circle) and 1X io17 H/cm2 (open triangle), and
into Si with the dose of 1X 1017 H/cm2 (cross). The
values of average concentration are normalized to that
of the implantation region measured at 300K.

by Myers et al. that the hydrogen trap-site in Al is
influenced by the implantation density [2]. That is, in
the case of 3 x io16 H/cm2 implantation, a trap-site of
hydrogen is the vacancy(V)-hydrogen(H) complex,
while in the case of high density 1 x 1017 H/cm2, hy-
drogen bubbles are formed and the trap-site becomes
more stable.

In the case of LNT implantation, as shown in Fig.
8, the amount of implanted hydrogen influenced
thermal behavior of hydrogen even for Al-Si, and the
concentrations decreased rapidly at the same tempera-
tures observed for Al depending on the doses. The
fact indicates that hydrogen implanted at LNT into
either Al-Si or pure Al can be trapped by similar dy-
namics, such as V-H complex or H2 bubble formation
in the lattice of aluminum because of the great superi-
ority of aluminum amount and stability of hydrogen
implanted at LNT. However the thermal behavior of
hydrogen in Al-Si has a characteristic that its gradi-
ent of decrease is generally smaller than in pure Al.
That is to say, hydrogen in Al-Si remains up to a
higher temperature than one in pure Al.

In the case of RT implantation into Al-Si, the
density of hydrogen didni influence the thermal be-
havior, and it behaved in the same way as the case of
the 1 X io17 H/cm2 implantation at LNT with respect

c
Z3

0.1

c
o
c
o
O

001

Al-Si
• 3x 10'*H/cm?. LNT
O 3x 10"H/cm2, RT
O lxir j "H/cm?. LNT
A l x 10" H/cm?. RT

300 400 500

Temperature (K)

Fig. 8. Same as Fig. 7 for Al-Si. LNT- and RT-
implantation with the doses of 3 x io16 H/cm2 (open
square and open tilted square, respectively) and 1X
1017 H/cm2 (open circle and open triangle).

to the change of average concentration.
Candidates for trap-sites in Al-Si alloy are as

follows:
(1) Trapped by silicon (for example, Si-H chemical
bond),
(2) a bond between H and Si solute in Al, and
(3) H2 bubble precipitated in the grain boundary
Al/Si.

The first assumption is contradictory to the fact
that our observation of the thermal behavior of hydro-
gen in Si showed a constant hydrogen concentration
up to 573K (Fig. 7). Really, the Si-H chemical bond is
very tight and demands annealing temperature higher
than 800K to be dissociated.

In general, the H-solute binding energy is lower
than a quarter of the V-H binding energy in alumi-
num, 0.52eV [8], which refuses the second assump-
tion.

Silicon solves in aluminum at most 0.05at.% be-
low 573K [9], which is the maximum annealing tem-
perature of our experiment. Thus, a part of additive
1.5at.%Si deposits, so that grain boundaries of Al/Si
are produced whole in the sample.

J. C. Liu et al. [10] studied the hydrogen behavior
in the Al/Si(lll) interface formed by epitaxial growth
of Al on Si(l l l) , and experimentally showed that
hydrogen was easily trapped at the Al/Si interface
because there is an energy barrier preventing the pas-
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sage of hydrogen from the interface into silicon. In
their experiment, hydrogen began to decrease at 300K
and disappeared rapidly from the Al/Si at 390K inter-
face, and they drew a conclusion that hydrogen is
trapped as an aluminum hydride phase.

On the contrary hydrogen implanted into the Al-
Si samples at RT behaved like that in pure Al at the
dose of l x i o 1 7 H/cm2 rather than hydrogen in the
Al/Si(lll) interface shown by J. C. Liu et al. In addi-
tion, aluminum hydride is chemically decomposed
below 380K [11]. The Al/Si boundary in the Al-Si
sample is expected to have a different lattice structure
from the epitaxial growth Al/Si(lll) interface. Thus,
we can conclude that hydrogen implanted into the
Al-Si samples at RT is stably trapped as H2 bubble in
the Al/Si grain boundaries. Energy barriers at Al/Si
existing whole in the sample cause a phenomenon
that detrapped hydrogen is retrapped at another site.
Because of this, the gradient of decreasing curve for
the Al-Si sample is generally smaller than that for the
pure Al sample.

4. Conclusion
We have measured the thermal behaviors of hy-

drogen implanted into the Al-1.5at.%Si and pure Al
samples under the several conditions of implantation
temperature and dose. It was found that silicon added
to aluminum influences the hydrogen trapping in the
following way:
-Hydrogen implanted at RT is trapped in the Al-Si
sample but is not in the pure Al sample.
- The depth profile in Al-Si during annealing
changes in a manner different from in pure Al. The
fact is caused, by the detrapping-retrapping of hydro-
gen in Al-Si.

—Hydrogen decreases more slowly in Al-Si than in
pure Al.

From these results, we have concluded that H2

bubbles are formed in the grain boundaries of Al/Si
alloy.
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EFFECT OF CASCADE REMNANTS ON FREELY MIGRATING DEFECTS
IN Cu -1 % Au ALLOYS

A. IWASE1-2, L. E. REHN1, P. M. BALDO1 AND L. FUNK1

^Materials Science Division, Argonne National Laboratory, 9700 S. Cass Ave. Argonne 1L
60439
2japan Atomic Energy Research Institute, Tokai-mura, Naka-gun, Ibaraki, 319-11, Japan

The effects of cascade remnants on Freely Migrating Defects (FMD) were studied by measuring
Radiation-Induced Segregation (RIS) in Cu-l%Au at 400°C during simultaneous irradiation with
1.5-MeV He and (400-800)-keV heavy ions (Ne, Ar or Cu). The large RIS observed during 1.5-
MeV He-only irradiation was dramatically suppressed under simultaneous heavy ion irradiation.
For Cu simultaneous irradiation, the suppression disappeared immediately after the Cu irradiation
ceased, while for simultaneous inert gas (Ne or Ar) irradiation, the suppression persisted after the
ion beam was turned off. These results demonstrate that the displacement cascades created by
heavy ions introduce additional annihilation sites, which reduce the steady-state FMD
concentrations. As the cascade remnants produced by Cu ions are thermally unstable at 400°C, the
RIS suppression occurs only during simultaneous irradiation. On the other hand, the inert gas
atoms which accumulate in the specimen apparently stabilize the cascade remnants, allowing the
suppression to persist.

INTRODUCTION

The concept of freely migrating defects
(FMD), i.e., those vacancy and interstitial
defects which survive energetic
displacement events and become free to
migrate, has proved important for
unders tanding the microstructural
development of materials irradiated at
elevated temperatures. During the past
decade, many experimental and computer
simulation studies have focused on
determining the production rate of FMD.
The experimental results show that the
production rate of FMD depends strongly
upon the energy spectrum of the primary
knock-on atoms[l-3]. At high recoil
energies, the production rate of FMD was
found to be only a few per cent of the
modified Kinchin-Pease value. The
dramatically small production rate of FMD
was initially believed to result from
/n/racascade recombination and clustering
of defects[ 1]. However, several computer
simulation studies have reported values of
10-30% of the modified Kinchin-Pease
value for the fraction of defects which
survive the iniracascade defect
annihilation^^].

Recently, Wiedersich has presented
simple rate-theory calculations which
suggest that the cascade remnants, L e.,
small interstitial and vacancy clusters

generated within a single cascade event may
serve as annihilation sites for FMD
generated by other cascades [6]. He pointed
out that such intercacade interactions might
explain the apparent discrepancy in FMD
production rates between the experimental
values and those obtained from computer
simulation. In this paper, we report
experimental results which indeed
demonstrate that intercascade annihilation at
cascade remnants reduces the FMD
production rate substantially [7].

EXPERIMENTAL PROCEDURE

To study the effect of cascade remnants
on the FMD production rate, we employed
Rutherford Backscattering Spectrometry
(RBS) to measure RIS in Cu-1% Au during
simultaneous irradiation with 1.5-MeV He
and (400-800)-keV Cu, Ne or Ar. The
heavier ions generate primarily energetic
displacement cascades; the 1.5-MeV He is
highly efficient for generating FMD and
provides a strong RBS signal. To insure
that the analyzed area was irradiated
uniformly, 1 and 3 mm diameter apertures
were used to define the He and heavy-ion
beams, respectively. The specimen
temperature was held at 400°C during
irradiation. We also studied single-ion
irradiations, as well as the effects of pre-
irradiation with heavy ions.
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RESULTS AND DISCUSSION

RBS spectra acquired before and after
irradiation with 1.5-MeV He at 400°C to a
calculated dose of 1.1 dpa are shown in
Fig. la. A strong reduction in the
backscattering yield at and below the Au
leading edge is observed after irradiation.
This reduction reflects the Au depletion and
Cu enrichment in the near-surface region as
a result of RIS. Au is an oversized solute in
Cu and the interaction between self-
interstitials and Au atoms is relatively weak.
4ence a preferential transport of solvent
i toms (Cu) toward the surface is induced
by the interstitial flux[2]. The amount of Au
depletion near the surface can be determined
quite accurately by taking the difference
between the initial and any subsequent RBS
spectra. One of such difference spectra
acquired during 1.5-MeV irradiation is
displayed in Fig. lb. The area of negative
RBS yield is directly proportional to the
amount of the near-surface Au depletion. In
the following, we plot measurements of this
area as a function of calculated dpa, and
discuss the behavior of RIS in Cu-1 % Au
during single and simultaneous irradiations
with He and Cu, Ne or Ar.

Simultaneous irradiation with 1.5-
MeV He and 800-keV Cu, and Cu
pre-irradiation

Figure 2 shows the measured Au
depletion as a function of calculated dpa for
1.5-MeV He only, for 800-keV Cu only,
and for simultaneous irradiation with He
and Cu. For simultaneous irradiation, the
abscissa denotes the sum of the dpa
calculated for both beams. From the results
shown in Fig. 2, it is clear that the Au
depletion during simultaneous irradiation
cannot be described by the sum of two
independent contributions, one from the He
irradiation and one from the Cu irradiation.
Instead, the RIS from the He-beam is
actually suppressed under simultaneous
irradiation by the Cu ions. For He plus the
5 particle nA Cu simultaneous irradiation,
the Au depletion rate is the same as during
irradiation with only 5 particle nA of Cu.
This means that the 5 particle nA Cu
completely suppresses the contribution to
RIS from the He irradiation; only the RIS
due to the Cu irradiation appears.

700 750 800 BSO 900
CHANNEL NUMBER

950 1000

b)

700 800 850 900
CHANNEL NUMBER

950 1000

Fig. 1 (a) RBS spectra for 1.5-MeV He
incident on Cu- 1% Au before (dashed line)
and after (solid line) 1.5-MeV He
irradiation to about 1 dpa. (b) Difference
spectrum obtained from (a)
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a
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Fig. 2 Measured Au depletion plotted as a
function of calculated dpa for 1.5-MeV He
only (open diamonds), 800-keV Cu only
(solid circles, 1 particle nA; solid squares, 5
particle nA), and simultaneous irradiation
with He and Cu (open circles, 1 particle nA
Cu; open squares, 5 particle nA Cu). For
simultaneous irradiation, the abscissa
represents the sum of the dpa from both
beams.
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Fig. 3 Amount of Au depletion near the
surface as a function of calculated dpa for 2
hours of simultaneous irradiation with He
and Cu ( 1 particle nA) and subsequent He
only irradiation for an additional 2
hours(solid circles). For comparison, data
for He single ion beam irradiation (open
diamonds) and for simultaneous irradiation
for 4 hours with He and lparticle nA Cu
(open circles) are also plotted.

To examine the stability of the cascade
defects responsible for the observed
suppression, the following experiment was
performed; first, RBS spectra were
measured for two hours under simultaneous
1.5-MeV and 800-keV Cu (I particle nA)
irradiation. At the end of the two-hour
period of simultaneous irradiation, the Cu
beam was turned off, and the RBS
measurements were continued during He-
only irradiation for an additional two hours.
The result is shown in Fig. 3. Almost
immediately after the Cu beam is turned off,
the Au depletion rate recovers to the same
value measured previously during He-only
irradiation. The short-lived nature of the
suppression effect was also observed by a
pre-irradiation experiment. Even after a
heavy pre-irradiation at 400°C with Cu to a
dose of >10 dpa, we measured the same Au
depletion rate as without pre-irradiation
during subsequent He irradiation.

Simultaneous irradiation with 1.5-
MeV He and 400-keV Ne or 800-

keV Ar, and pre-irradiation with Ne
or Ar

The same experiments as described in the
previous section were performed using
400-keV Ne. In Fig. 4, the measured Au
depletion is plotted as a function of
calculated dpa for a 1.5-MeV He-only
irradiation, a 400-keV Ne-only irradiation
and a simultaneous irradiation with He and
Ne. The suppression of RIS seems to be
much stronger than for Cu irradiation. The
Au depletion rate is strongly saturated at
high dpa under the He+Ne simultaneous
irradiation. The contribution of Ne atoms
can be observed more clearly in Fig. 5. The
figure displays the Au depletion as a
function of calculated dpa for 2 hours of
simultaneous irradiation with 1.5-MeV He
and 400-keV Ne(lnA) followed by He-only
irradiation for an additional 2 hours.
Results for 4 hours of He-only irradiation
and for 4 hours of He+Ne simultaneous
irradiation are also plotted. In contrast to the
Cu results, there is hardly any recovery of
the Au depletion rate after the Ne beam
ceases. The suppression of RIS remains
strong during continued He-only
irradiation. The persistence of the
suppression effect from Ne irradiation was
also observed in a pre-irradiation
experiment.

The results obtained for Ar irradiation,
He+Ar simultaneous irradiation and pre-
irradiation with Ar are all similar to the Ne
results discussed above. Again,
simultaneous irradiation strongly
suppresses the Au depletion. The
suppression of RIS after pre-irradiation
with Ar is also very strong as was found
for Ne pre-irradiation.

Effect of cascade remnants on the
apparent production rate of FMD

The experimental results described above
clearly demonstrate that RIS in Cu-l%Au is
strongly suppressed under simultaneous
He+heavy ion irradiation. Because the RIS
is driven by the persistent flux of FMD to
the specimen surface, this suppression
means that the concentration of FMD is
reduced by interactions between the FMD
created by the He irradiation and the
cascade damage generated by the heavy
ions. As the flux of heavy ions increases,
i.e., as the fraction of cascade damage
increases, the suppression becomes
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stronger. These findings therefore confirm
the original suggestion by Wiedersichf 6]
that cascade remnants produce additional
annihilation sites for FMD. Transmission
electron microscopy (TEM) observations
indicate that the defect clusters developed
within individual cascades in Cu are
thermally unstable and short-lived at
400°C[8,9], which explains why the RIS
suppression disappears immediately after
the Cu beam is turned off.

For Ne and Ar irradiation, however, the
suppression via defect clusters remains
even after the heavy ion beam ceases. Pre-
irradiation with Ne or Ar, but not Cu, also
suppresses the RIS strongly. This
persistence is possibly due to the inert gas
atoms which accumulate in the specimen
during irradiation. The previous TEM
studies show that even small amounts of
gas atoms stabilize the defect clusters even
above 400°C[10]. The present results
suggest that the Ne or Ar atoms
accumulating in the specimen stabilize the
cascade remnants so that they remain
effective as annihilation sites for FMD.

SUMMARY

The effect of cascade remnants on the
production rate of FMD was studied using
simultaneous irradiation with 1.5-MeV He
and (400-800)-keV heavy ions and in-situ
RBS measurements in Cu-1% Au. Cascade
remnants generated by heavy ions act as
annihilation sites for FMD, and reduce the
efficiency for producing FMD. As the Cu
ion produced cascade remnants are short-
lived at 400°C, the FMD production rate
recovers immediately after the Cu beam is
interrupted. On the other hand, for inert gas
irradiation, the FMD production rate
remains suppressed after the inert gas
irradiation ceases.
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Fig. 4 Measured Au depletion plotted as a
function of calculated dpa for 1.5-MeV He
only (open diamonds), 400-keV Ne only
(solid circles, 1 nA; solid squares, 10 nA),
and simultaneous irradiation with He and
Ne (open circles, 1 nA Ne; open squares,
10 nA Ne). For simultaneous irradiation,
the abscissa represents the sum of the dpa
from both beams.

2000

TOTAL DPA

Fig. 5 Amount of Au depletion,near the
surface as a function of calculated dpa for 2
hours of simultaneous irradiation with He
and Ne ( 1 nA) and subsequent He only
irradiation for an additional 2 hours(solid
circles). For comparison, data for He single
ion beam irradiation ( open diamonds) and
for simultaneous irradiation for 4 hours
with He and 1 nA Ne (open circles) are also
plotted.
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Transition Radiation(TR) X rays are expected to be a high brilliant X-ray source because the interference
among TR X rays emitted from many thin foils placed periodically in vacuum can increase their intensity and
make them quasi-monochromatic. In order to study the interference (resonance) effects of TR, we measured the
energy spectra of TR for several sets of thin-foil stacks at various emission angles. It was found that the reso-
nance effects of TR are classified into intrafoil and interfoil resonances and the intensity of TR X rays increases
nonlinearly with increasing foil number,attribuling to the interfoil resonance. It became evident that the bril-
liance of TR is as high as that of SR.

Keyword:X-ray source, transition radiation, intrafoil resonance, interfoil resonance, brilliance

1.Introduction
In recent years, high brilliant X-ray beams are

widely used in a various fields ranging from funda-
mental researches to industrial applications[l]. For
the purpose, strong radiation sources such as synchro-
tron radiation(SR) have been designed, constructed
and used in these fields. However, it is expensive to
build and operate these facilities. Therefore, it is de-
sired to develop and construct a cost-effective high
brilliant X-ray source.

Transition radiation(TR) is expected to be an alter-
native brilliant X-ray source because TR is efficiently
converted from low energy electrons in the X-ray
region compared to SR[2]. The purpose of this study
is to experimentally reveal properties of TR and to
apply TR as the X-ray source .

2. Transition radiation
TR is an electromagnetic wave emitted when a

charged particle crosses a boundary of different di-
electric media. When a relativistic electron passes
many thin foils placed periodically in vacuum, TR X
rays emitted from the respective boundaries can inter-
fere with the others and become a quasi-
monochromatic beam. The interfered TR is called
resonant transition radiation(RTR), which is classi-
fied into two types[3]. One is an intrafoil resonance
where TR emitted from the front and back surfaces of
each foil interferes, and the other is an interfoil reso-
nance occurred among different foils.

The intensity of TR per photon energy per solid
angle for a single boundary of media is given by[4]

aco sin2 0 ^ 2 n s
2 2 \ 1 ~~ 2 / s \ /

where No is the number of photon, 6 is the emission
angle, a is the angular frequency of photon and a is
the fine structure constant(=l/137). Z is the formation
lengths of media expressed by

U- •-sin2
(2)

where /3 is vie, v is the speed of an electron and $ are
dielectric constants of media. When X rays are pro-
duced from a relativistic electron, Eq.(2) can be ap-
proximated by

* - " * * —r. P>
"V* -*•

where a>i are the plasma frequencies of the respective
media, y is the Lorentz factor of the electron. Then
RTR X rays are concentrated in a small forward cone
with an apex angle Bally.

When N foils placed periodically with the same
thickness // and spacing l2, the intensity of TR is
given by[5]

d2Nn F F
Nf>u"

(4)

where FiroU and FNfolh are the intrafoil- and interfoil-
resonance factors expressed by[6]

^ (5)

Nf>ih
l + e-*g-2e-*"7/2cos2Aar

l + e " - 2 e " / 2 c o s 2 A r (6)
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where a =Mjli+^2l2, X=l,/Zt+l2/Z2 and nl2 are the
X-ray absorption coefficients of the two media.

Then the resonant photon energy for the partial
RTR(only intrafoil resonance) is obtained from

-x, (7)

where n is an integer. Because of a small emission
angle, the resonant energy hardly depends on the
emission angle. While, the resonant photon energy
for the entire RTR(intrafoil and interfoil resonance)
is determined by Eq.(7) and the following equation:

1 it — (8)

where m is an integer. In this case, even at a small
emission angle, Z2 depends on the emission angle,
because a)2 is zero( co2 is the plasma frequency of
vacuum). Therefore, the resonant energy depends on
the emission angle. The two types of RTR(intrafoil
and interfoil resonances) can be identified by measur-
ing dependencies of energy spectra on the emission
angle.
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Fig.l Calculated TR energy spectra emitted by 130MeV
electrons at angles of 0.3,1 and 2mrad.

(a) single boundary between vacuum and a Kapton foil
(b) single 7.5nm thick Kapton foil
(c) two 7.5|im thick Kapton foils with a fixed spacing of

50nm
(d) ten 7.5p.m thick Kapton foils with a fixed spacing of

The above feature is displayed by energy spectra of
TR calculated from Eq.(4),as shown in Figs.la-d for
emission angles of 0.3, 1 and 2mrad for 130MeV
electrons passing through Kapton-foils stacks in vac-
uum[7]. Figure la shows the TR energy spectra emit-
ted from the single boundary between vacuum and a
Kapton foil. The intensity of TR decreases monotoni-
cally with photon energy, and no resonance is found.
Figure lb shows the TR energy spectra emitted from a
7.5nm thick Kapton foil. Two peaks can be seen at
about 1.5 and 3.5keV arising from the intrafoil reso-
nance. Figure lc shows the energy spectra emitted
from two Kapton foils with a fixed 50(im spacing. It
is known from Fig.lc that the interfoil resonance
shifts the peak energies depending on the emission
angle. Figure Id shows the energy spectra of TR emit-
ted from a 10-foils stack. It is shown that the intensity
of TR increases nonlinearly with increasing foil num-
ber and the X rays become quasi-monochromatic at
the same time.

3.Experiments
The experiments have been done using two elec-

tron accelerators. One is a 300MeV Tohoku linac and
a pulse stretcher ring SSTR[8] at the Laboratory of
Nuclear Science(LNS), Tohoku University. The other
is an INS-electron synchrotron at the Institute of Nu-
clear Study(INS), University of Tokyo.

The former was intended to reveal the intrafoil-
and interfoil-resonance effects of TR. The latter was
done to find the dependence of the intensity of TR
on the number of foils and to compare the expected
intensity of TR with that of SR .

(l)130MeV experiment^]
The experimental setup is shown in Fig.2. Elec-

trons with an energy of 130MeV were incident on the
targets described below. The TR X rays emitted from
the targets passed through a vacuum-end window
made of a 7.5nm thick Kapton foil and were detected
by a gas proportional counter. The counter was set in
air and filled with latm PR-gas, and the energy reso-
lution was 20% at 5.894keV(55i5e). A movable 0.8mm
width vertical slit in front of 1.0mmx30mm window-
less aperture of the counter defined the X rays to a
small emission angle. A 1.0mm thick aluminum X-
ray absorbing shutter was inserted alternately for the
measurement of Bremsstrahlung background.
The current of the electron beam swept away by a
bending magnet was monitored with a
SEM(secondary emission monitor) located down-
stream , and was kept at about lOOpA during the ex-
periments. The diameter of electron beam was about
5mm in FWHM at the position of the counter.
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Bending
Magnet

SEM

Target

Silt

Fig.2 Schematic diagram of the experimental setup at LNS.

Three targets(the single foil and two sets of foil
stacks composed of two 7.5nm thick Kapton foils set
at 1.5mm and 50\im spacing, respectively) were used
for the experiments.

(2) lGeV experiment
The experimental setup is shown in Fig.3. The

lGeV electron beam from ES crossed a target. TR X
rays emitted from the target were detected with an X-
ray crystal spectrometer with an energy resolution of
about 3.3% for the 8.1keV Cu-K X rays. Bremsstra-
hlung background was measured by the same method
used in the 130MeV experiment. A Polaroid film was
set outside the crystal spectrometer for taking a pro-
file of TR.

RTR X rays

IGeV bending magnet
electrons

\

'proportional

thin foil stack I h<?£Sl / counter
At shutter K£H

crystalspectrooeter

shield block

Fig.3 Schematic diagram of the experimental setup at BNS-
ES.

The electron current was monitored with an ioniza-
tion chamber set behind a bending magnet.

The four targets(eight-foils stack made of 12.5|xm
thick Kapton with a fixed spacing of lOO^m, and one-,

four- and eight-foils stacks made of 50(xm thick Kap-
ton with a fixed spacing of 200nm) were used for the
experiments.
4. Result and discussion

(1) 130MeV experiment
The measured TR X-ray energy spectra from the

three targets are shown in Figs.4a-c along with en-
ergy spectra calculated with the same parameters as
the experiments. Figure 4a shows the energy spectra
emitted from the single foil. Two peaks at about 1.5
and 3.5keV appears arised from the effect of intrafoil
resonance. Figures 4b and 4c show the energy spectra
emitted from the two sets of two-foils stacks with
1.5mm and 50^m spacing. In Fig.4b, the 1.5mm
spacing is so large that TR emitted from the two foils
could not interfere( intrafoil resonance only, partial
resonance) and the shapes are similar to those of
Fig.4a. In Fig4c, the 50|am spacing is close enough
that TR emitted from the respective foils interfered
with one another by the interfoil resonance (intrafoil
resonance and interfoil resonance, entire resonance).
A good agreement was obtained between the meas-
ured and calculated energy spectra. Two types of
resonance effects were identified from these results .

o.oi
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r- 0.02
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0

0.02

0.01

(c)

Spacing 50|im

0 2 4 6
PHOTON ENERGY(keV)

Fig.4 Comparison between measured and calculated TR
energy spectra for 7.5jJ.m thick Kapton-foil stacks.
(a) single foil,
(b) two-foils stack 1.5mm spacing, and
(c) two-foils stack 50um spacing.
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(2) lGeV experiment
Figure 5 shows the profile taken for the eight-foils

stack of 12.5nm thick Kapton with the spacing of
lOOnm. The profile formed a ring indicating that the
interfoil resonance occurred.

Fig.5 TR profile for 8-foils stack of 12.5nm thick Kapton
with the fixed spacing of

Figure 6 shows the energy spectra emitted from the
one-, four- and eight-foils stacks of 50nm thick Kap-
ton with the fixed spacing of 200nm. The energy
spectra calculated for the same parameters as used in
the experiments are also shown in Fig.6. The energy
spectra show three peaks at about 3.8, 5.5, 9keV for
all the targets and are reproduced well by the calcula-
tion. The peak intensity at 9keV of TR X rays for the
8-foils stack is about 9 times as high as that of the
single foil. On the contrary, the peak intensity at
5.5keV is about 4 times as high as that of the single
foil. This is because low energy X rays generated
from upstream foils are absorbed by downstream foils,
but high energy X rays are not absorbed so much. The
peak intensity at 9keV for 8-foils stack is not simply
the sum of the intensities generated by the individual
foils. The fact that the intensity of TR increases non-
linearly with increasing the number of foils reflect the
effect of interfoil resonance.

Figure 7 compares the brilliance of the present TR
X rays (eight-foils stack of 12.5^im thick Kapton with
the fixed spacing of lOO^m) with those of SR pro-
duced at bending magnets of Photon Factory
(2.5GeV) and SPring-8 (8GeV) [8]. The figure shows
that the brilliance of TR intensity is as high as the
bending magnet SR. The result support that TR X ray
can be used as a high brilliant X-ray source.

Fig.6 Comparison between measured and calculated TR
energy spectra for 1-, 4- and 8-foils stacks of 12.5um
thick Kapton with the fixed spacing of 200nm.

0 .1 1 10 102

w a v e length [A]

Fig.7 Comparison between the brilliances of SR and TR.
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IRRADIATION EFFECTS ON C-AXIS LATTICE PARAMETER IN EuBa2Cu3Oy
IRRADIATED WITH ENERGETIC IONS
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We report an irradiation effect on c-axis lattice parameter in EuBaoCu3Oy oxide superconductors when irradiated
with ions of energy ranging from 0.85 to 200 MeV. For the irradiation with low energy(0.85-2 MeV) ions, the
defect production and the resultant c-axis lattice expansion were dominated by elastic collisions. On the other
hand, for the irradiation with high energy(120-200MeV) ions, the change in the c-axis lattice parameter was
found to be much greater than that expected from the elastic displacement of target atoms. For high energy ion
irradiation we could observe the excessive increase of c-axis lattice parameter reflecting additional production of
defects which can be attributed to the electronic excitation. The large increase in c-axis lattice parameter due to
high energy ion irradiation should be taken into account for the study on the interaction between vortices and
irradiation-induced defects.
Keywords: Irradiation effect, EuBa2Cu3Oy, thin films, defect structures, electronic excitation

1.Introduction
The properties of high-Tc superconductors such

as transition temperature, T^ critical current density,
Jc, and irreversibility line are quite sensitive to
defects and disorders in a specimen. As irradiation
with energetic ions is one of a useful methods to
introduce defects and disorders artificially in a
controlled manner, a lot of ion-irradiation
experiments on high-Tc superconductors have been
performed for the last several years to study the
effects of defects on the superconducting properties
[1-3]. Especially, the enhancement of vortex pinning
and the increase in critical current density by
irradiation have drawn much attention of researchers.
Since the interaction between irradiation-induced
defects and vortices strongly depends on the shape,
the size, and the spatial distribution of defects, it is
important to understand the mechanism of defect
production and.hence, the mechanism of energy
transfer from energetic ion to high-Tc
superconductors.

Two kinds of interactions between incident ions
and high-Tc superconductors have been considered to
be possible origins of defect production. These
interactions are known as the elastic collision and
the electronic excitation. The nuclear stopping
power Sn which is defined as energy loss of incident
ion per unit length via elastic collision and the
electronic stopping power Se defined as energy loss
by electronic excitation are the fundamental
parameters to express the interactions. Transmission
electron microscopy (TEM) observations have
shown that continuous latent tracks are produced
along the ion beam path in Y l ^ C ^ O y (YBCO)
irradiated with GeV ions [4,5]. As the diameters of

tracks are strongly correlated with the value of Se

and continuous tracks cannot be observed by
irradiation with low-Se ions, it has been believed
that the tracks are produced by electronic excitation.
The changes in electrical resistivity at the normal
state and T c by ion-irradiation have been also
discussed in terms of S n and Se[3]. Concerning the
c-axis lattice parameter, which is one of the
important parameters for the determination of
superconducting properties, though the data on
YBCO and GdBa2Cu3Oy irradiated with Xe ions [6]
and protons [7] have been reported, systematic study
of irradiation effect has not been performed so far.
In the present work, we have investigated the ion-
irradiation effects on c-axis lattice parameter of
EuBa-)Cu3Oy (EBCO) superconductors using
various ions ( He, C, Ne, Ar, Ni, I, and Au) with a
wide energy range from 0.85-MeV to 200-MeV, and
have discussed the irradiation effect in terms of Sn

andS e

2.Experimental procedure
In the present experiment, we used c-axis oriented

EBCO thin films which were made using magnetron
sputtering method [8,9]. The film thickness was
about 3000A, T c was about 83K and the values of c-
axis lattice parameter before irradiation were
estimated to be around 11.7350A. Ion irradiations
were performed with 0.85-MeV He, 1-MeV C, 0.95-
MeV Ne and 2-MeV Ar using a 2MV Van de Graaff
accelerator at Japan Atomic Energy Research
Institute (JAER1), and with 200-MeV Ni, 200-MeV
1 and 120-MeV Au using a tandem accelerator at
JAER1. The specimens were irradiated along the c-
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axis direction at room temperature. We paid attention
to limit the irradiation-induced change in c-axis
lattice parameter around 1 % or less so that we could
clearly define the diffraction peak position. The
values of c-axis lattice parameter were measured
before and after irradiation from an X-ray (CuKa)
diffraction pattern. We measured the peak positions
of (OOl)-peak to (0010)-peak and the least square
fitting method was used, when estimating the values
of c-axis lattice parameter. To determine the lattice
parameter exactly, we adopted the extrapolation
function proposed by Nelson and Riley [10]. As we
need the value of Sn and S e for each irradiation for
the following discussion, TRIM-92 computer code
[11] was used to calculate S n and Sg.

3.Results and discussion
The increase in c-axis lattice parameter was also

observed for C, Ne and Ar irradiation. In Figs l(a)-
(d), the values of AC/CQ are plotted as a function of
<J> for He, C, Ne and Ar irradiation, respectively,
where CQ is the c-axis lattice parameter before
irradiation and Ac the irradiation-induced change in
c-axis lattice parameter. The figures show that AC/CQ

follows linear dependence on F and the slope of
AC/CQ against <l>, (AC/CQ)/<X>, markedly differs for
each irradiation. In Figure 2, we plotted the values
of (Ac/cO)/<t> as a function of S n for low energy
(0.85-2 MeV) ion irradiations. In the figure, we
note (AC/CQVO can be regarded as a linear function
of Sn. The value of (AC/CQ) is expected to be
proportional to the defect concentration in a
specimen. Therefore, the experimental result
shows that the concentration of defects increases
linearly with increasing the energy transferred
elastically from ions to the specimen, i.e. the elastic
collision is a dominant process for defect production
as long as irradiations with the low energy ions are
concerned. This result is consistent with the change
in the electrical resistivity at the normal state and Tc

by low energy ion irradiation in a sense that the
experimental data can be explained by the elastic
interaction alone[3].

We turn next to the lattice parameter change by
high energy (120-200MeV) ion irradiation. Figures
3(a)-(c) show AC/CQ as a function of <I> for Ni, I
and Au irradiations, respectively. Linear <X>-
dependenceof AC/CQ could be observed again. The
slope of AC/CQ against <t> is, however, much larger
for high energy ion irradiation than for low energy
ion irradiation. This result can be found more clearly
in Figure 4, where the values of (AC/CQ)/^ for low
energy ions and for high energy ions are plotted as a
function of Sn. The value of (Ac/cO)/<J> for 200-
MeV Ni irradiation is an order larger than that for 1-
MeV C ion irradiation, although the values of Sn

are almost the same for both irradiations. The
deviation from the data obtained for low energy ions
became much more pronounced when the specimen

was irradiated with 200-MeV I or 120-MeV Au
ions.

Since the films used in the present experiment were
not self-supported but epitaxially grown on MgO
substrate, we have to rule out the possibilities of
effects originated from MgO substrate,
e.g.possibility of specimin contamination by
backscattered Mg and/or O atoms or possibility of
lattice distortion due to increased difference between
the lattice parameter of MgO lattice and that of
irradiated EBCO. In order to rule out such
possibilities, we prepared the specimens with
different thickness of lOOnm, 300nm and lOOOnm
and measured the values of (AC/CQ)/<P for each
specimen after the irradiation with 200-MeV I ion.
As a result, we could not find any systematic
dependence of data on specimen thickness, and the
values of (Ac/co)/<E> fell within (1.8±0.4)*10"

l^cm^. Therefore, we do not have to consider the
effects attributed to MgO substrate.
From above experiments, we concluded that another
defect production process besides the elastic
collision clearly exists for high energy ion
irradiations.

As a most probable process of defect production
besides elastic collision is an electronic excitation,
we discuss the experimental data in terms of the
electronic stopping power, S& in the following. To
demonstrate the effect of electronic excitation on
defect production, the damage efficiency has been
often used[12,13]. The damage efficiency is defined
as the ratio of the actual irradiation-induced change
in a certain property to that expected from the elastic
interaction. In the present study, the damage
efficiency is calculated by dividing the experimental
value of (AC/CQ)/<I> by the value obtained for the low
energy ion irradiation experiment where only elastic
collision contributes to the defect production.
Figure 5 shows the damage efficiency as a function

of Sg. For low Sg, the damage efficiencies scattered
around the value of unity within an experimental
error. This means that the defects are produced
dominantly through elastic collisions. With
increasing Se, however, the damage efficiency
became much bigger than unity. This Se-dependence
of the damage efficiency clearly demonstrates that
the additional defect production for high energy ion
irradiation is caused by electronic excitation.

It is well known that the columnar defects induced
by swift heavy ions are effective pinning center for
vortices, and a lot of work have been performed[14-
16]. The consideration of increase in c-axis lattice
parameter in the form of strain field around
amorphous region has not been done intensively.
For the study of the interaction between columnar
defects and vortices, fluence-equivalent field value,
B<t>, by which we can correlate ion fluence and
corresponding density of vortices, is a useful
parameter and has been used in several
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papers[15,16j. The ion fluences used in the
previous papers for the production of columnar
defects were 5*1010 cm"2 - 2.5* 1011 cm"2,
corresponding to B<j> = 1 to 5 Tesla. The present
result shows that for the irradiation with high
energy I ion or Au ion , the fluence of Bp = 1 to 5
Tesla causes about 0.1-1 % c-axis expansion on
average. Our results show that such a large
expansion of c-axis lattice parameter should not be
neglected, when considering ion-irradiation effects
on the superconducting properties and, thus, pinning
properties of vortices.

From TEM observation, 2 keV/A has been
believed to be a threshold for the observation of
continuous amorphous tracks[17-19]. For the 200-
MeV Ni irradiation (Se = 1.2-keV/A), since the
value of S e is less than 2-keV/A, continuous tracks
might not be clealy observed when using TEM.
Our result clearly shows that the electronic
excitation can contribute to the defect production
even when S e is less than 2-keV/A.

Finally, we mention the possible mechanism of
defect production due to electronic excitation. There
are two major models; thermal electron spike model
and Coulomb explosion model. If the former model
is valid for our irradiation, there should be an
effective temperature increase which is realized
locally along ion paths. The oxygens at Cu-O chain
sites are known to be very sensitive to annealing
temperature[20], and the c-axis lattice parameter has
been proved to scale with the oxygen content at Cu-
O chain sites[20]. Therefore, in order to test the
validity of thermal electron spike model, it is
possible to use oxygen-sensitive c-axis lattice
parameter as a probe of the effective temperature
increase during irradiation. These experiments are
now in progress, and the results will be reported
elsewhere.

Conclusion
EBCO oxide superconductors were irradiated with

several ions of 0.85-200 MeV and the changes in c-
axis lattice parameter were measured. For low
energy (0.85-2 MeV) ion irradiation, the defect
production and the resultant lattice expansion was
caused only by elastic collisions. On the other
hand, for high energy (120-200MeV) ion irradiation,
the change in the lattice parameter was found to be
much greater than that expected from the elastic
displacement of target atoms. These experimental
results show that the high energy ion irradiation
produced an additional number of defects which can
be attributed to the electronic excitation. Our results
show that the large increase in c-axis lattice
parameter due to high energy ion irradiation should
be taken into account for the study on the
interaction between vortices and irradiation-induced
defects.
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The change in c-axis lattice parameter as a function of
fluence, <I>, for E u I ^ Q t j O y irradiated with (a)0.85-
MeV He, (b)l-MeV C, (c)0.95-MeV Ne, and(d)2-MeV
Ar. The change in c-axis lattice parameter, Ac, was
normalized by c-axis lattice parameter before
irradiation, CQ. The straight line is drawn according to
the least square fitting of the data.
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The values of (Ac/co)/<t> as a function of S n for the low
energy ion irradiation, 0.85-MeV He, 1-MeV C, 0.95-
MeV Ne, and 2-MeV Ar. The straight line is drawn
according to the least square fitting of the data.
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The values of (AC/CQ)/<J> as a function of S n for

irradiation with the high energy ions (open circles) and
for irradiation with the low energy ions (closed
circles).
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The change in c-axis lattice parameter as a function of
fluence, F, for EuBa2Cu3Oy irradiated with (a)200-MeV
Ni, (b)200-MeV I, and (c) 120-MeV Au. The change
in c-axis lattice parameter, Ac, was normalized by c-
axis lattice parameter before irradiation, CQ. The
straight line is drawn according to the least square
fitting of the data.

- 409 -



JAERI-Conf 97-003

102

s

D
am

ag
e 

E
f

•

#Hs Ne»

. . . j . . .1 . „ . . ,

."in

-

10" 10°
Se (keV/A)

as a function of Se for the
Fig.5
The damage efficiency
irradiation with low and high energy ions. The dotted
lines are guides for the eyes based on the data.

References
[ l ] S e e for example , High-Temperature
Superconducting Materials Science

and Engineering, editted by Donglu Shi,
1995.USA.PERGAMON.
[2]D.Bourgault, S.Bouffard M.Toulemonde,
D.Groult, J.Provost, F.Studer, N.Nguyen and
B.Raveau, Phys. Rev. B39 (1989) 6549.
[3]B.Hensel, B.Roas, S.Henke, R.Hopfengartner,
M.Lippert, J.P.Strobel. M.Vildic, G.Saemann-
Ischenko and S.Klaumunzer, Phys. Rev. B42 (1990)
4135.
[4]V.Hardy, D.Groult M.Hervieu, J. Provost,
B.Raveau and S. Bouffard, Nucl. Instr. and Meth.
B54 (1991) 472.
[5]D.Bourgault, M.Hervieu, S.Bouffard, D.Groult
and B.Raveau, Nucl. Instr. and Meth. B42 (1989)
61.

[61B.Roas, B.Hensel, S.Henke, S.Klaumunzer,
B.Kabius, W.Watanabe, G.Saemann-Ischenko,
L.Schultzand K.Urban, Europhys. Lett. 11 (1990)
669.
[7]T.Koener, G.Linker, O.Meyer, S.Meyer,
S.Massing, B.Strehlau, M.Cantoni, and H.-
U.Nissen, Physica C 214 (1993) 1.
[8]H.Asano, M.Asahi, and O.Michikami, Jpn. J.
Appl. Phys. 28 (1989) L981.
[9]O.Michikami, M.Asahi, and H.Asano, Jpn. J.
Appl. Phys. 29 (1990) L298.
[10] J.B.Nelson and D.P.Riley, Proc.Phys.Soc.57
(London, 1945) 160.
[11]J. P. Biersack and L. G. Haggmark, Nucl.
Instrum. Meth. 174(1990) 257.
[12]A. IwaseandT. Iwata , Nucl. Instrum. Meth.
B90 (1994) 322.
[13]A.Dunlop and D.Lesueur, Materials Science
Forum Vols.97-99 (1992) 553.
[14]B.Holzapfel, G.Kreiselmeyer, M.Kraus,
G.Saemann-Ischenko, S.Bouffard, S.Klaumunzer,
and L.Schultz, Phy. Rev. B48 (1993) 600.
[15]W.Gerhauser, G.Ries, H.W.Neumulier,
W.Schmidt, O.Eibl, G.Saemann-Ischenko, and
S.Klaumunzer, Phys. Lett. Lett. 68 (1992) 879.
[16]L.Civale, A.D.Marwick, T.K.Worthington,
M.A.Kirk, J.R.Thompson, L.Krusin-Elbaum,
Y.Sun, J.R.Clem, and F.Holtzberg, Phys. Rev.
Lett. 67(1991)648.
[17]Y.Zhu, Z.X.Cai, R.C.Budhani, M.Suenaga and
D.O.Welch, Phys. Rev. B48 (1993) 6436.
[18]B.Bauer, C.Giethmann, M.Kraus, T.Marek,
J.Burger, G.Kreiselmeyer, G.Saemann-Ischenko and
M.Skibowski, Europhys. Lett. 23 (1993) 585.
[19]V.Hardy, J.Provost, D.Groult, Ch.Simon,
M.Hervieu, B.Raveau, J. Alloys and Comp. 195
(1993)395.
[20]Y.Ueda and K.Kosuge, Physica C 156 (1988)
281.

- 4 1 0 -



Proceedings of the 7th international Symposium on Advanced Nuclear Energy Research
Recent Progtess in Accelerator Beam Application (March 18-20, 1996. Takasaki. Japan*

JAERI-Conf 97-003

An In-situ RBS System for Measuring Nuclides Adsorbed
at the Liquid-Solid Interface
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An in-situ RBS system has been developed in which heavier nuclides adsorbed at the inner surface of a thin
lighter window specimen of liquid container in order to determine the rate constants for their sorption and release
at the interface. The testing of a thin silicon window of the sample assembly, in which Xe gas of one
atmosphere was enclosed, against the bombardment of the probing ion beam has been performed. A desorption
behavior of a lead layer adsorbed at the SiCte layer of silicon window surface into deionized water has been
measured as a preliminary experiment.

Keywords: liquid-solid interface, silicon, lead, Rutherford backscattering spectrometry (RBS)

I. Introduction
Understanding of adsorption and desorption

processes of atomic and molecular species at the
liquid-solid interface is of essential interest in points
of view of fundamentals and applications. In the
technology for geologic radioactive waste disposal,
adequate containment is estimated to result principal
from low solubility-limited release rates of the
radioactive reactor products, even if low-velocity
flowing ground water is present using the
radioactivity measurement of nuclear reactor products
[1,2]. For estimation of a period of time for
radioactive material to reach the biosphere, reliable
data on the rate constants for the adsorption and
desorption at the liquid-solid interface are primarily
required. In the fundamentals, the information on the
adsorption sites at the solid surface in contact with
liquid is also interesting.

In the JAERI-Universities collaboration project
for advanced application of MeV ion beam materials
analysis, the in-situ RBS system has been developed
in order to measure the depth distribution of stable
heavy nuclides adsorbed at the inner surface of a thin
film window of a liquid container, which is irradiated
with a probing MeV ion beam and to determine the
rate constants of sorption and dissolution of various
nuclides at the liquid-solid interface. In order to
achieve the aim, it is primarily necessary to prepare a
tolerable thin film specimen which can isolate the
vacuum system for the RBS system from the liquid
specimen. In such systems where the thin film
specimen is single-crystalline, the lattice site of
adsorbates at the surface can be isolated by means of
the channeling technique.

In this paper, we report the performance of the
thin silicon window, with a SiCfe surface layers, of a
liquid container, in which Xe gas of one atmosphere
is enclosed instead of water, against the bombardment
of 9MeV He+ ion beam for the RBS measurement
that was generated from the 3MeV Tandem
Accelerator in TIARA facilities. A desorption
behavior of a lead layer adsorbed at the surface of
SiCh layer into water is presented which has been, in
preliminary, obtained for testing the system
developed.

II Experimental
The thin window of the silicon specimen was

fabricated using preferentially slow etching of heavily
B-implanted silicon. The starting materials were
(100)-oriented silicon disks of 0.4mm in thickness
and of 10mm in diameter, one face being mirror-
finished. 4MeV B+ ions, of which the projected range
is 5.5|im, were uniformly implanted into the mirror-
finished surface to a dose of lxlO16 ions/cm2 at a
random direction. The implanted disks were annealed
at 950°C for an hour to reduce damage produced by
the implantation, and to form an oxide layer of about
0.25um on the surface.

The thinning process was almost similar to the
work of Cheung [3]. The details were described
elsewhere [4]. First, the unmasked major portion of
3mm in diameter at the center of the unimplanted
surface was removed by a CP-4A etching (a mixture
of nitric acid, hydrofluoric acid and glacial acetic acid
in the volumetric ratio of 5:3:3). After the CP-4A
etching, the mask was removed and the sample was
cleaned in a hot ethanol bath. The sample was further
etched by the EDP etching (a mixture of
ethylenediamine (17ml), pyrocatechol (3g) and water
(8ml)) in a glass beaker heated to about 100°C. In the
EDP etching, the sample was etched only in the
mask-etched region and the etching was stopped at the
implanted boron surface.

The silicon disk with a thinner window of 3mm
in diameter was used for the wall of the sample
assembly, which is installed in the small vacuum
chamber of the experimental apparatus shown
schematically in Fig.l. The sample assembly was
made of stainless steel and quartz glass, and sealed
with O-rings. The vacuum chamber was connected to
a beam line of 3MeV Tandem accelerator. The sample
was irradiated with 9MeV He" ion beam through a
carbon slit with a hole of 2mm in diameter. The
backscattered ions were measured with an annular-type
SSB detector. The introduction of liquid and gas into
the sample assembly was performed through a inlet
pipe of stainless steel, which was somewhat inclined
to the horizontal.
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Inlet of liquid and Xagae

Fig. 1 Experimental arrangement of an in-situ RBS
system for measuring nuclides adsorbed at the liquid-
solid interface, in which the sample assembly is
installed.

Il l Results and Discussion
For testing the tolerable strength of the thin

silicon window against the pressure difference of one
atmosphere under irradiation of 9MeV He" ion beam,
Xe gas was enclosed in the sample assembly. The
thin silicon window was irradiated with 9MeV He"
ion beam of 0.6mm in diameter at an ion flux of
1.9xlO13/cm2s in perpendicular to the surface. A
typical RBS spectrum of 9MeV He" from the sample
assembly is shown in Fig.2. It is clearly seen from
Fig.2 that a broad peak between the channel 550 and
680 represents the backscattering from Xe atoms and
large three peaks represent that from the silicon
window. The backscattering from Si atoms in the
back plate of quartz glass appears at lower energies of
a small peak at the channel number of 275. In the
experiment, the space between the silicon window aid
the quartz back plate was reduced to be 4.5mm so that
the Xe peak would not overlap the Si peak. The
average thickness of Xe gas target estimated from the
peak width indicated that Xe gas pressure was kept at
one atmosphere.

50000

40000

4H©+ Irradiation flux 1.9x10" /crn^s

After Irradiation
4He3.1x101s/cm2

200 400 600
Channel Number

800

Fig.2 A typical RBS spectrum of 9MeV He" ion beam
from the silicon window of the sample assembly in
which Xe gas of one atmosphere was enclosed.
Thickness of the silicon window was 5.5nm.

The silicon window was continuously irradiated
with 9MeV He++ ion beam up to 3.1xlO17/cm2. The
RBS energy spectrum was obtained after the
irradiation. The RBS spectrum was the same as that
in Fig.2, which indicates that the silicon window is
tolerable against such a heavy irradiation under the
pressure difference of one atmosphere.

Using the sample assembly developed, a
dissolution behavior of a Pb layer deposited on the
oxidized backsurface of the silicon window into water
has been measured in preliminary. Deposition of the
Pb layer onto the silicon window and measurement of
die Pb thickness were done in the other chamber [5].
The thickness of Pb layer measured by means of the
RBS technique was 4.3ML/Si(100). The RBS spectra
of 9MeV He++ ion beam from the silicon window
with the Pb layer as-deposited on the backsurface are
shown in Fig.3, where short and long accumulated
spectra are plotted. It is seen from Fig.3 that the weak
peak from the Pb layer appears around the channel
numbers of 560-580. The RBS spectra obtained just
after injection of deionized water in the sample
assembly are shown in Fig.4, where short and long
accumulated spectra are also plotted. It is clearly seen
from Fig.4 that the Pb peak disappears in both
spectra. This fact indicates that the Pb layer on the Si

as-deposited ( no water Injection)

0 100 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 700 800

Channel Number

8000

6000

f 4000

3
2000

0 100 200 300 400 500 600 700 800

Channel Number

Fig.3 RBS spectra of 9MeV He++ ion beam from the
silicon window of the sample assembly with a Pb layer
as-deposited on the backsurface, where short and long
accumulated spectra are also plotted at the top and
bottom, respectively.
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Fig.4 RBS spectra from the silicon window of the sample
assembly obtained just after injection of deionized water,
where short and long accumulated spectra are also plotted
at the top and bottom, respectively.

window has been completely dissolved into deionized
water before the RBS measurement. It took 3min
from the end of water injection to the start of RBS
measurement. Therefore, the dissolution time of the
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Pb layer into deionized water in estimated to be
shorter than 0.02 s ' . Such a high dissolution rate
constant is ascribed to high solubility of deionized
water.

IV Summary
The in-situ RBS system has been developed, in

which heavier nuclided adsorbed at the inner surface of
a thin lighter window specimen of a liquid container
in order to determine the rate constants for their
sorption and release at the interface. The sample
assembly may also used for irradiation of biosample
in various liquid with high energy heavy ions.
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Design and Analysis of X-band Femtosecond Linac
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Abstract. Femtosecond quantum phenomena research project is proposed at Nuclear Engineering Research

Laboratory, University of Tokyo. The research facility consists of an X-band (11.424GHz) femtosecond electron

linac, a femtosecond wavelength tunable laser, two S-band (2.856GHz) picosecond electron linacs and measuring

equipments. Especially, we aim to generate a lOOfe (FWHM) electron single bunch with more than lnC at the

X-band femtosecond linac. Ultrafast processes in radiation physics, chemistry, material science and microscopic

electromagnetic phenomena are going to be analyzed there. Here the design and analysis of an X-band femtosecond

linac is presented. The simulation of electron dynamics is carried out including magnetic pulse compression by using

PARMELA and SUPERFISH. It is found by the simulation that the 600ps (tail-to-tail) electron emission from a

200 kV thermionic gun can be bunched and compressed to 110 fs (FWHM) with the charge of 0.8 nC which gives

7.3 kA. We plan to use one high power X-band klystron which can supply 60 MW with more than 200 ns pulse

duration. The flatness of plateau of the pulse should be 0.2% for stable ultrashort bunch generation.

1. Introduction
A subpicosecond (700fs at FWHM) electron single

bunch was produced and measured at the S-band linac

of Nuclear Engineering Research Laboratory,

University of Tokyo, in 1994[1]. Since then the

electric charge has been enhanced up to lnC per

bunch. Now the subpicosecond time-resolved

measurement for radiation physics and chemistry is

under way. Here we propose a new femtosecond

ultrafast quantum phenomena research as the next

project in order to investigate ultrafaster phenomena,

where both lOOfc (FWHM) electron and laser single

pulses are available. The facility consists of an

X-band (11.424GHz) femtosecond electron linac, an

femtosecond wavelength tunable laser, two S-band

electron linacs and several diagonostic and analyzing

equipments. This facility enables us to measure,

analyze and visualize excitation, ionization and

relaxation of atoms and molecules and ultrafast

process of radiation damage and surface phenomena of

materials.

The X-band linacs have been under design at

Stanford Linear Accelerator Center (SLAC)[2] and the

National Laboratory for High Energy Physics

(KEK)[3,4] for the linear collider projects, while the

X-band linac discussed here is to be used as a

femtosecond accelerator for radiation physics,

chemistry and material science. As to the design of

the X-band linac, the most important problem is to

suppress both longitudinal and transverse beam

broadening due to space charge effect, namely

Coulomb repulsive force, during bunching of

electrons. The space charge effect causes the

broadening of the electron bunch in the longitudinal

and transverse directions. As to the longitudinal

direction, the electron bunch must be compressed by a

subharmonic buncher system to the pulse width of

less than one period (87.5ps) of the X-band frequency

before the X-band accelerating tube so as to generate

an electron single bunch. The space charge effect in

the transverse direction causes the deviation of

electrons from the central axis, which degrades the

efficiency of magnetic pulse compression. In order to

take those issues into account quantitatively, the

numerical transport simulation of electrons has been

carried out by using PARMELA and SUPERFISH.

Finally the feasibility of generation of a lOOfs

femtosecond electron single bunch has been

confirmed.

2. X-BAND FEMTOSECOND LINAC

The layout of the X-band linac designed here is
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shown in Fig.l. It consists of a thermionic gun,

subharmonic bunchers (SHB), two accelerating tubes

and achromatic magnetic pulse compressor which

consists of two dipole magnets and three quadrupole

magnets. RF power for the accelerating tubes is

supplied by an X-band klystron. There are solenoidal

coils along the linac to generate axial magnetic field

for controlling the transverse dimension of the bunch.

The variation of the phase space distribution during

the magnetic pulse compression of the compressed

bunch is schematically depicted in Fig.l. Electron

transport simulation is carried out by using

PARMELA, and SUPERFISH is used to calculate the

electromagnetic field in the SHB's and accelerating

tubes. Based on the results of PARMELA and

SUPERFISH, the parameters of each component are

determined. Determined parameters of each

component and numerical results of the electron beam

is explained in the following.

2.1 THERMIONIC ELECTRON GUN

The thermoinic gun of the present S-band linac

operates at 90kV and generates electron emission of

600ps (tail-to-tail) by the cathode of Y796 and the fast

grid-pulser[5]. In the design of the X-band linac, the

gun voltage increases up to 2Q0kV for the purpose of

suppression of the space charge effect and then the

phase velocity at the end of the gun is 0.7c. The

cathode of Y646E is planned to be used for lower

emittance. Other parameters are determined as

follows. Beam size in the tranverse direction is about

8mm. Normalized emittance is 20rcmmmrad. Pulse

length is 200ps(FWHM), average current is 5A,

which means an initial charge per bunch is 3nC. The

spatial distribution of the electrons is assumed to

follow the Kapchinsky-Vladimirsky distribution in the

calculation. In the K-V distribution (K-V), the

particles occupy on the surface of the six-dimensional

(x,x',y,y',z,z') hyperellipsoid.

2.2 SUBHARMONIC BUNCHERS

We plan to install two subharmonic bunchers. The

first SHB is a coaxial single-cell RF cavity which is

the same as used in the present S-band linac. The

frequency is 476 MHz which is the 24th

subharmonics of 11.424GHz. Peak voltage is

designed to be 50kV due to the high voltage limit of

the cavity. The second SHB is a 6-cell traveling wave

type prebuncher. The frequecy is 2.856GHz which is

the 4th subharmonics of 11.424GHz. Input power is

600kW. The maxmum amplitude of the electric filed

is 4.0MV/m. Only the bunching is done in the first

Acceleration
-Ez

Energy Modulation
Energy Spread (5E/E)

Cl B

476MHz SHB

ii II 1

200keV
Thermionic
Electron
Gun

Longitudinal Phase Space Diagram

2.856GHZ
Subharmonic
Prebuncher

11.424GHZ
Klystron

Original Pulse Shape Compressed Pulse Shape

Fig. 1 Basic design of the X-band femtosecond linac
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SHB, while both the bunching and acceleration are

done by the second SHB. At the end of second SHB,

the averaged velocity becomes about 0.85c. We

adopted this double SHB system because of the high

voltage limit of the first 476MHz SHB.

The region from the thermionic gun to the entrance

of the first accelerating tube is called a injector

section.

2.3 SOLENOID COIL

In the non-relativistic region along the injector

section, the space charge effect has an large influence

on the beam size in the transverse direction. The

aperture of the accelerating tube is about 8.4mm in

diameter. So the transverse beam size must be

suppressed by an external longitudinal magnetic field.

In the calculation with PARMELA, the external

magnetic field is supplied by locating various kinds of

circular coils with different radii and currents. The

magnetic field distribution generated by these coils is

shown in Fig.2. The variation of both the pulse

length and beam size versus the longitudinal

coordinate in the injector section is shown in Fig.3.

It shows that the required conditions for a high charge

single bunch are satisfied at the entrance of the

accelerating tube.

5000

Time(ps) [Tail-to-tail]
7001 ~T '

Beam size (mm) [FWHM]
5

50 100 '150 200 250 300

Injector section Accelerating tubes 'C '

Fig.2 External longitudinal magnetic field profile

Beam size

0.7mm

0 50 100 150 200
0

_V300 z (cm)

6.6ps

Fig.3 Variation of pulse width and beam size (horizontal

and vertical) from the gun to the end of the second

acceleration tube.

2.4 ACCELERATING TUBE

There are two accelerating tubes in this system. This

is because the second accelerating tube is used for the

energy modulation of the electron bunch for the

magnetic pulse compression. It is designed to operate

the 11.424GHz constant-impedance traveling wave

and 2/3JT. mode. The design of accelerating tube is

performed by calculating the electromagnetic traveling

wave in the accelerating tubes with SUPERFISH.

The first and second accelerating tubes contains 75 and

78 cells, respectively. RF power is supplied to the

accelerating tubes by the X-band klystron. The

klystron is expected to be able to supply 40MW at the

entrance of the tubes. 30.10MW is supplied to the

first and the second accelerating tubes, respectively.

The maximum electric field of both accelerating tubes

are 35.6MV/m and 25.6MV/m, respectively. At the

second accelerating tube, the phase of accelerating field

is tuned for the electron bunch so as to ride on the 45 °

RF phase for energy modulation as shown in Fig. 1.

The pulse length is 3.9ps (FWHM) and both the

horizontal and vertical normalized emittances are

70Jtmm mrad. The whole charge (3nC) of the initial

beam is-transported. In the present S-band linac, for

example, the pulse width at the end of the second

accelerating tube is about lOps (FWHM). The

specificatoin of the X-band accerelating tubes is
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written in Table 1.

Table 1. Pamameters of

Constant impedance

Traveling wave

Shunt impedance

Q-value

Group velocity

Filling time

Attenuation constant

Field gradient

Aperture

Phase accuracy in cells

Length

acceleraiong tubes

Z/3n mode

78.0MW/m

6663

0.037c

54.4ns

0.473N/m

40-25MV/m

<|>8.4mm

0.5°

0.6m

2.5 X-BAND KLYSTRON

An X-band klystron is supposed to supply at least

60MW at the exit of its output cavity although

40MW is supplied to the accelerating tubes. We take

a margin by taking into account the power loss in the

X-band waveguides. The pulse duration is 200ns

considering the filling time of 54.4ns. The

specification of the X-band klystron is summarized in

Table 2. The flatness of plateau of the pulse should

be 0.2% for stable ultrashort bunch generation.

X-8AND LINAC 35L OF UNIVERSITY OF TOKYO
52

Precise measurement of power and phase of the

X-band klystron is going to be done in order to check

its stability and reliability.

Table 2. Pamameters of X-band klystron

Output power ^ 60MW

Pulse width(flat-top) ;»200ns

Flatness of plateau +0.2 %

(±1°RF phase)

Input power 500W by TWT

Repition rate 50pps

2.6 MAGNETIC PULSE COMPRESSOR'

We choose the achromatic arc-type magnetic optics in

order to achieve both pulse compression and small

beam size as shown in Fig.l. The variation of the

longitudinal phase space distribution of electrons is

shown Fig.5. Note that the direction of the

longitudinal axis is opposite to that of Fig.l. Finally

the single bunch with a width of HOfs (FWHM) is

successfully generated. Final nominal energy is

30MeV and the charge of the final beam is 0.8nC

which gives the peak current of 7.3 kA. This is 27%

of the initial charge(3nC). It has been confirmed that

the X-band linac is effective for 100 fs electron single

bunch generation.

110fs[FWHM]
5000

y(cm)

.2300

Phase(degree)
Y vs. X

x(cm)

element 224
0. .2500

nqood=
.3000

267

e-es vs ohi-phi

31.2MeV

28.5MeV

a j 3 o 7

Phase(degree)

enerqy J in 0 Ox- 0.
21 26

Fig.4 Longitudinal phase space diagram and transverse beam profile after magnetic pulse compression by PARMELA
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3 SPECIFICATION OF THE FACILITY

The specification of the whole facility beside the

X-band linac is described below. The layout of the

machines are shown in Fig.5.

3.1 FEMTOSECOND WAVELENGTH TUNABLE

LASER

The laser is used as a probe light source in the light

absorption measurement for radiation physics and

chemistry. Main oscillater and amplifier are

Ti-sapphire which produces lOOfs light pulses of the

wavelengh of 720-850nm. The wavelength can be

expanded from 700nm to 1.1mm by using the

wavelengh converter. The repetition rate of laser

pulses is tuned to be 79.3MHz by the lock-to-clock.

The single pulse operation is also available by the

pulse selector with the EO crystal synchronized by the

main trigger system.

3.2 HIGH CHARGE S-BAND ELECTRON LINAC

It is important to study fast quantum phenonema not

only in the femtosecond time domain but also in the

picosecond and nanosecond time domains to

understand their whole process. From point of view

of measurement with high signal-to-noise ratio, it is

beneficial to use an S-band linac for the study in the

picosecond and nanosecond time domains since it can

obtain more electric charge per bunch than an X-band

linac. For the purpose we plan to use a 200kV

thermionic electron gun to get as much charge per

bunch as 5nC at the first S-band linac. It consists of

the 200kV gun, the 476MHz subharmonic buncher,

two travelling wave accelerating tubes and the

achromatic arc-type magnetic pulse compressor so that

the wide range of pulse structures such as 500fs - lOps

single bunch and 5ms macro pulse.

RF amplifier room

Picosecond L.J
phenomena

Femtosecond
phenomena

Fig. 5 Femtosecond ultrafast phenomena research laboratory

- 419 -



JAERI-Conf 97-003

3.3 CHERENKOV RADIATOR S-BAND

ELECTRON LDSfAC

The second S-band linac is used as a Cherenkov

radiation source in the light absorption measurement.

Its specification is the same as the first S-band linac

except the 90kV gun which is the same one as the

current machines have. Further, an advanced RF

electron gun with a laser photocathod is to be tested at

the second linac.

3.4 RF CONTROL AND TRIGGER SYSTEM

476 MHz has been chosen as the main RF generated

by the master oscillator. S-band RF (2.856MHz) and

X-bandRF (11.424GHz) are generated firom 476MHz

RF by the frequency multipliers. On the other hand,

79.3MHz RF which is 1/6 of 476 MHz is generated

by the frequncy devider to synchronize the

femtosecond laser with the linacs. A trigger pulse is

generated so as to be synchronized with a specified

476MHz RF phase and fed to drive the electron guns,

the femtosecond laser and the streak camera.

3.5 PULSE MEASUREMENT EQUIPMENTS

A new femtosecond streak camera with the time

resolution of 50 fs is now under development. After

the development is completed, we plan to introduce it

for both on-line pulse diagnosis and femtosecond

ultrafast measurement for radiation physics and

chemistry. We are also going to construct the

Michelson interferometer for off-line pulse diagonosis

via optical transition radiation[6].

3.6 ANALYZING EQUIPMENTS

The following analyzing eqiupments plan to be

installed for wide-ranged utilization; Sample

temperature control system, Electron Spin Resonance

Analyzer (ESR), Electron Scattering Analyzer

(ESCA), Fourier Transform Infrared Monochrometer

(FTIR), Time-resolved Plasma Monochrometer and

Mass-spectrometer, High power wide-ranged

wavelengh tunable laser etc.

4 CONCLUSION

Femtosecond ultrafast phenomena research1 facility is

proposed at Nuclear Engineering Reserch Laboratory,

University of Tokyo. The facility consists of the

X-band femtosecond electron linac, the femtosecond

laser, the high charge S-band electron linac and the

Cherenkov radiator S-band electron linac. The X-band

femtosecond linac can generate a 100 fs high charge

electron single bunch. The transport simulation of

the electron bunch was carried out based on

PARMELA and SUPERFISH associated with the

design of the X-band linac including the magnetic

pulse compression for generating the femtosecond

single bunch. It consists of the thermionic gun, the

subharmonic bunchers, the two accelerating tubes and

the magnetic pulse compression system. According

to the numerical results, it is found that 600ps

(tail-to-tail) electron emission from a thermionic gun

can be bunched to 3.9ps (FWHM) at the exit of the

second accelerating tube. By the magnetic pulse

compression, it was finally compressed to llOfs

(FWHM) with the charge of 0.8nC, which

corresponds to 7.3 kA. Therefore, the feasibility of

generating a femtosecond electron single bunch has

been confirmed Furthermore, the X-band klystron of

60 MW and 200 ns is feasible so that X-band

klystrons developed for the linear collider projects are

expected to be directly introduced. However, precise

measurement of power and phase of the X-band

klystron is needed in order to check its stability and

reliability.
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PROTON ACCELERATION BY RF TEn MODE
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We found that protons are accelerated significantly by RF TEn mode in a cylindrical cavity. In this method,

protons get the perpendicular kinetic energy, so we thought it might be a compact accelerator, and studied the

feasibility by numerical simulation.

1. Introduction

In medical science, a plan to kill cancers by

using accelerated protons was initiated. For this

application, proton-accelerators must be compact

enough to be installed in hospitals.

When we were studying the energy recovery from

protons ejected out of the D-3He fusion reactor by

using RF TEH mode in rectangular cavity[l-4], we

found that proton are accelerated significantly by RF

in some conditions. Then, we developed the method,

and came to the conclusion that TE^ mode in a

cylindrical cavity is best. Because it need relatively

weak axial magnetic field, and it is more stronger

structurally against the vacuum than a rectangular

cavity.

This accelerator does not need such a long distance

as linac, because protons get perpendicular energy.

And it can accelerate protons continuously. So it may

be a proton accelerator for hospitals.

In this paper, we explain the principles in section

2, in section 3, describe the equations used in numerical

simulations and Section 4 reviews those results and

the conclusions are presented in section 5.

2. Principles

A schematic picture is shown in Figure 1.

Protons are injected into the solenoid coil with a little

perpendicular component of the velocity. Then, they

get perpendicular kinetic energy while move spirally

through the cavity.

Figure 2 shows electric field of TEn mode in a

cylindrical cavity. The electric field of RF TEU mode

in a cylindrical cavity has only a component in the

vertical plane to the axis of the cavity.

Protons gyrate around the axis with the same

frequency as the RF (resonance condition). At the point

A, protons are accelerated and go to the point B after

a half period. Then the electric field is inverted, so

protons are accelerated at the point B. After all, the

protons can be accelerated continuously.

solenoid

proton trajectory

cavity

solenoid

Figure 1. Schematic of the proton accelerator by RF TEn

mode in a cylindrical cavity.

•:electric field

-cavity wall

Figure 2. Electric field of TE,i mode and the proton

trajectory in a cylindrical cavity
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3. Equations
3.1 RF field

The radial and azimuthal electric field of RF

TEn mode in a cylindrical cavity is expressed in the

form

E = --2--7 (k r) sin0sin£ zcoswt c\\
' kr ' y '

Ee = Eo- J[{ker) • z coscjt, (2)

where Eo is a constant, co is the angular frequency,

J\ is the first order Bessel function, kc = g'u la,

k = xl L, Qn is the second solution of J[ = 0, a

and L are the radius and the length of the cavity,

respectively.

The electromagnetic fields generated by protons

is estimated to be so weak compared with the RF

field as to be neglected, in the case that the current is

not so large.

3.2 Relation between parameters

The magnetic field (Z?o) and the radius of the

cavity are given by

dt my

1 . .
vxB v(vE) (5)

where v is the velocity of the proton, 7 is the Lorentz

factor, E is the electric field of RF, and B is the

sum of the magnetic field of RF and the solenoid.

Here, the space charge of protons is neglected.

200

12.5 15

EWMAX

17.5 20

a =
- (c/ 2/LY

(3)

(4)

where / is the frequency of RF, mp, e, and c are

the mass of a proton, the electron charge, and the

speed of light, respectively.

3.3 Equations

In order to study the trajectory of protons,

we solved the Lorentz equation numerically,

Figure 3. Proton energy after accelerated versus
maximum amplitude of electric field on the cavity
wall.

4. Results

The parameters used for the calculations are

listed in Table 1. We varied the other parameters, and

tried to find the acceleration limit and optimum

conditions about the amplitude of the electric field of

RF, the amplitude of magnetic field by the solenoid,

and the phase of RF field. The reason why we vary

Table 1. Parameters used for simulations

RF frequency / [MHz]
Axial magnetic field [T]
Cavity radius a [m]
Cavity length L [m]

Initaial energy of protons Wo [MeV]

2.19
5.0

0.5

50
3.4
1.94
7.0

1.0

1.84
10
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the amplitude of the magnetic field by the solenoid is

that the cyclotron frequency of proton varies with its

energy and the resonance conditions do not satisfied.

Figure 3 shows the proton energy at the exit for

L = 5lm], wt = 1.0 [MeV], as a function of £»„«,

the maximum amplitude of electric field at the cavity

wall. Figure 4 shows the proton trajectory in the

optimum condition. We can see that the proton get

perpendicular kinetic energy and the gyration radius

is getting larger.

We found the acceleration limit through the

simulations as shown above. The maximum

accelerated energies of each parameter are shown in

Table 2.

The results show that the initial energy of protons

limit the acceleration efficiency. So the cavity length

should be about 5 [m] for acceleration to 150 [MeV]

(the amplitude of RF must be large).

y(m)

-0.5 •

-0.5

x(m)

Figure 4. Proton trajectory in the cavity in the optimum

condition

When EKMX > 14 [MeV], protons are too much

accelerated and the cyclotron frequency become

smaller than the RF frequency. So protons are

decelerated. Figure 5 shows the proton trajectory when
EWH*X = 1 6 [MeV].

Figure 6 shows the energy of accelerated protons

as a function of SB, the correction rate of magnetic

field of the solenoid (that is, B = (1 + <5,)#0), for which

the resonance conditions are satisfied.

In the optimum condition, the cyclotron frequency

varies from about 53 to 46 [MHz], while the RF

frequency is constant. Hereby it must be possible to

accelerate protons more effectively by the tapered axial

magnetic field.

-0.5

Figure 5. Proton trajectory in the cavity when the amplitude
of RF is too large.

200

0.070 0.090

Figure 6. Proton energy after accelerated versus correction

rate of magnetic field of the solenoid. L = 5 [m],

W, = 1.0 [MeV].
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Table 2. The maximum energies after accelerated

L [m] Wt [MeV] EWMM [MV/m] Energy [MeV]

5.0
5.0
7.0
7.0
10
10

1.0
0.5
1.0
0.5
1.0

0.5

14.0
6.0
12.0
6.0
12.0

5.0

158
83
147
92
134

90

5. Conclusion

In this paper we have numerically studied the

proton acceleration by RF TEl 1 mode in a cylindrical

cavity. We have confirmed that protons are accelerated

to more than 150 [MeV], and that it may possibly be

a compact proton-accelerator. And it is necessary to

use the tapered axial magnetic field for attaining more

effective acceleration.
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Gokasho, Uji, Kyoto, 611, Japan

Design of a multistage depressed collector for a 1.2MW L-band CW klystron was accomplished, by using a
newly developed numerical simulation code.
Keywords: klystron, multistage depressed collector, klystron simulations

/ . Introduction
Future plans of accelerator applications will be

particularly concerned about minimi sing operating
costs, and the costs of electric power for high-power
klystrons will be a significant part of overall costs.
Maximizing klystron efficiency is a continuing effort,
but currently designed klystrons have almost achieved
theoretically maximum efficiency. Depressed
collector technology can overcome this problem by
directly recovering energy from spent beam.

The objective of our study is to develop high-
power CW klystrons with enhanced efficiency, by
incorporating depressed collector technology into
them. In case efficiency of a klystron is 65% without
a depressed collector, over 90% efficiency can be
achieved by recovering 80% of energy of the spent
electron beam. In addition, depressed collectors can
be smaller than the existing collectors because of
greatly reduced heat flux on the collector surfaces.
The concept of depressed collector technology is not
new and applied to medium-power klystronsfl], but
there are many difficulties in incorporating it into
high-power CW klystrons with highly efficient energy
recovery because of the broad energy spread and high
emittance of the spent beam.

Design of a multistage depressed collector for a
1.2MW L-band CW klystron was accomplished by
using numerical simulation code.

Collector

Electron Gun

2. Klystron simulations
The first step of the multistage depressed

collector design is to get the detail information on the
spent electron beam. For this purpose, a self-
consistent klystron numerical simulation code was
developed and applied to a 1.2MW L-band klystron.

2.1. Construction of the model
The developed simulation code uses panicle-in-

cell methods (2-D in space and 3-D in velocity
coordinates) in time stepping processes, including
relativistic electron dynamics:

du_

dt
E + uxB ~u (1)

where «is electron velocity, E and B are time varying
fields and y is Lorentz factor. The simulation code
takes account of electromagnetic fields induced by
electron beam (E^ Bb), RF-cavity fields (Ee, Bc) and
external focusing magnetostatic field (flf):

(2)

2.1.1 Computation of electromagnetic fields
induced by the electron beam

To calculate the beam-induced electromagnetic
fields, wave equations of scalar potential $, and
vector potential Ab in Lorentz gauge are solved in
each time step using finite element method (FEM).
The wave equations are written as follows:

(3)
dt2

Fig.l. Schematic diagram of a klystron with a multistage
depressed collector.

where p is charge density and J is current density of
the electron beam. The EM-fields are given by the
following equation:
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dAb

dt

cavity. This procedure has the advantage that V
converges in a few RF-periods despite the high Q
factor of the cavity (see fig.4).

2.1.2 Modeling of RF-cavity
Interaction between the electron beam and each

RF-cavity is modeled with an equivalent circuit as
shown in fig.2. Excitation of RF-cavity fields by the
bunched (or modulated) electron beam is replaced by
beam-induced current I*, which is given by:

e-J"dt,
(5)

where £«o is precalculated eigenmode pattern of the
cavity (see fig.3) a n d / = a/ln= l/Tis the operating
frequency. The RF-cavity fields are given by:

Ec(r,t) = (6)

and cavity voltage V is related to bean-induced
current /b as follows:

(7)
jeoL

where equivalent circuit parameters (L, C and G) are
given by the measured resonant frequency afc, quality
factor Q and shunt impedance R as follows:

R/Q =

a>0C
G '
1

(8)

Beam induced current I\> calculated from eq.(5)
depends on cavity voltage V because J depends on V,
so iterative calculations are necessary to get 4 and V
which satisfy both eq.(S) and (7). In this simulation
code, V is revised iteratively in every RF-period until
/b calculated from eq.(5) satisfies eq.(7). The
successive V is given by.

_ y ( 'bO (9)

'"*where /to, A."" are the beam-induced currents
calculated from eq.(5) with V = 0, V*0 applied to the

Fig.2. Equivalent ca-cuit of RF-cavity. The circuit parameters
(L, C and G) are given by measured resonant frequency, Q
factor and RIQ parameter of each cavity.

Axlol Distance [mm]

Fig.3. Typical electric field lines of the fundamental mode
calculated using FEM with trkngukr grid cells. High
accuracy was achieved (below 0.1% error for the resonant
frequency).

Rulpan
Liiiginery put

Fig.4. Variation of cavity voltage through iterative
calculations. The cavity voltage converges on the final value
in about 10 RF-periods. The Q factor of the cavity is 3000.

2.1.3 Calculation of focusing mognetostotic field
Vector potential A{ induced by the focusing coils

Ji is calculated including pole pieces using FEM from
the following equations:
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V x | - V x A , | = / f ,

and magnetic field is given by:

Bt = V x A,,

where

*f=[Bf/,0,2>fiI].

(10)

(11)

(12)

o

£

tO.0 90.0

Beam Voltage Eb [kV]

Fig.7. Efficiency at saturation as a function of beam voltage.

I
S

0 MO 1000
Axial Distance [mm]

Fig.S. Calculated focusing magnetostatic field.

2.2. Simulation results
The simulation code was applied to a L-band

CW klystron to get detail information on the spent
beam. The perviance of the beam injected from the
electron gun is 0.9fiA/V3/2. Fig.6 shows the calculated
output power as a function of drive power with
various cathode voltages, and the efficiency at
saturation is shown in fig.7. The calculated efficiency
compares closely with the measured value.

The results with cathode voltage of -90kV and
drive power of 12W are shown in fig. 8 and fig.9.
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*
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b
o
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Fig.8. (a) Spatial distribution of electrons in the drift tube,
(b) kinetic energy along the drift tube and (c) beam current
along the drift tube. The dashed lines indicate axial positions
of cavities.

Fig.6. Output power as a function of drive power.

Kintlie Cnvqy |kaV)

Fig.9. Energy distribution of the spent electron beam. The
dashed line indicates the cathode voltage (-90kV).
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3. Multistage depressed collector analyses

3.1. Theoretically maximum energy recovery
For first evaluation of energy recovery with

multistage depressed collector, theoretically
maximum collector efficiency was calculated for the
operation of -90kV cathode voltage.

When energy distribution of spent electron beam
/(V) (beam current with electrons of under V[6V]
kinetic energy) is given, the theoretically maximum
power collected with N stages depressed collector can
be determined by solving the following problem:

maximize Pcti = ftVn(j(yn+l)-I(Vn)) (13)

collector current and power values were calculated as
shown in table 1.

subject to (14)

where Vn[V] is electrode potentials of depressed
collector. The constraint (eq.(14)) means that the
potential of the last stage electrode was selected to be
equal to that of the electron gun cathode, to simplify
power supply system (see fig.l).

Fig. 10 shows theoretically maximum collector
efficiency as a function of output power, and the
overall efficiency of the klystron with depressed
collector is shown in fig.il. These results represent
that over 75% efficiency can be achieved with 5
stages depressed collector and further significant
enhancement of efficiency cannot be achieved with
more stages.

3.2. Design of collector geometry
Design of depressed collector geometry for

saturated output power (beam voltage of 90kV and
drive power of 12W) was done by using a recently
developed particle-in-cell simulation code, which
traces electrons through electrostatic and
magnetostatic fields. The klystron simulation results
on velocities and positions of the spent electrons were
used as the input conditions for the depressed
collector design.

Repeated design refinements resulted in an
optimized geometry for 5 stages depressed collector
with electrode potentials stepping at equally spaced
intervals (see fig. 12). Care was taken to assure no
electron backstreeming towards the collector entrance.
In addition, the geometry was designed within the
size of the existing collector.

The simulation results provide current values for
each electrode. And these values were adjusted to
account for an estimated adverse effect of secondary
electrons, assuming that electrons collected from the
direction of the collector entrance to each electrode
yield secondary electrons with certain yield ratio and
the secondary electrons go to the adjacent more
positive electrode. On these assumptions, the

100

u
c

!S 50
w
;•>
t-l

oo
<L>

Bi

0.50 1.00 1.50

Output Power[MW]

Fig. 10. Theoretically maximum collector efficiency as a
function of output power.

>»ocu

W

0.50 1.00

Output Power[MW]

Fig.l 1. Overall efficiency with theoretically maximum
recovery as a function of output power.
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Fig.12. Electron trajectories and equipotentkl lines in multistage depressed collector.

4. Conclusion
A program for incorporating multistage

depressed collector technology into high-power CW
klystrons was initiated.

To get the detail information on velocities and
positions of the spent electrons at the collector
entrance, a self-consistent klystron simulation code
was developed. The calculated output power shows
good agreements with measurements.

Evaluation of theoretically rpaxi^vr" recovery
represents that over 75% overall efficiency can be
achieved with 5 stages depressed collector and further
significant enhancement of efficiency cannot be
achieved with more stages.

Repeated design refinements using a particle-in-
cell simulation code resulted in an optimum collector
geometry. The results indicated over 30% efficiency
of energy recovery leading to about 70% overall
efficiency, which is very encouraging as a first
collector design.

In the next stage, optimizing electrode potentials
and geometry of external focusing magnetic field will
result in a further enhanced efficiency.

Table 1
Calculated collector efficiency and overall efficiency

including estimated effect of secondary electrons.

Secondary
yield ratio

0.0

0.5

1.0

(without MDC)

Recovery
efficiency [%]

35.8

34.0

32.2

_

Overall
efficiency [%]

70.5

69.9

69.3

60.5

References
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REQUIREMENTS FOR DESIGN OF ACCELERATOR, BEAM TRANSPORT,
AND TARGET IN A STUDY OF THERMONUCLEAR REACTION CROSS

SECTION
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A compact acclerator with high current ion source, low energy beam transport elements
and windowless gas target was desinged to investigate the thermonuclear reaction cross
section. The idea of this project focused on the cross section measurement of the fusion

reaction data He+ He- He+p+p at 25keV. The system will be installed in Otoh Cosmo
Observatory (1270m.w.e.) to get rid of the huge cosmic and enviromental background. It
consists of NANOGUN ECR ion source, focusing elements made of permanent magnets

window less He gas target and/or He plasma target and detector telescopes with low
noise and low background. Requirements for these were discussed technically and various
ideas were proposed.

1.Introduction

The process of pp-de+v is the basic fusion
reaction for hydrogen burning in the sun and the
prime reaction in chain producing photons and
neutrinos. There are many works of theoretical
estimations about the reaction rate in the reaction
chain in the sun, on the other hand the precise
measurement of neutrinos from the sun is one of the
most important current physics issues. The
measurements of neutrino flux of pp reaction were
reported by GALLEX and SAGE, and more energetic

neutrino fluxes were measured by Homestake •* Cl
target experiment and Kamiokande water cherenkov
detector. The inconsistency of theoretical estimations
and experimentally measured value is not thoroughly
solved up to now.

The rate of pp-de+v is too small to be measured
in the laboratory at the energy of only a few keV as it
actually occurs in the sun. The astrophysically
important nuclear reactions like this in the range of
keV regions are too difficult to study except for
neutron induced reaction. The pp reactions is followed

by the reactions, d+p- He+y, He+ He-a+2p,

+ He- Be+y, and so on. These cross sections of

the reactions are ai most 10"^"cm ai the low energy
region realized in the solar system. Then, the
measurement is also difficult to study in the over
ground laboratory.

Wfe are planning to construct a compact ion

accelerator facility with high current, low energy
transport and plasma target at the underground
laboratory in Otoh Cosmo Observatory (1270m.w.e.),
which is now under construction by Research Center
for Nuclear Physics(RCNP).

In this paper, we discuss the requirements on the
ion source, low energy beam transport, gas target and
plasma target and calorimetric device for current
measurement, various background sources and their
estimates, data taking and analysis. In particular, we
should take into account the Luna's results as a
preceding experimental group[l]. Studies of the

•%e( He,2p) He reaction have been carried out over a
wide range of energies, down to E=90keV. Thus the
astrophysical S-factor are deduced by fitting a
polynomial function with S(0)=5.5MeVb. However,
there exists very large uncertainties in the
experimental results and theoretical arguments. In the
extrapolation of S(E) the Coulomb potential of the
target nucleus and projectile is assumed such that the
resulting from bare nuclei. However the experimental
data obtained up to now, the target nuclei are usually
in the form of neutral atoms. Incidentally, in very low
energy region electron shielding effects on the reaction
rate become important for understanding and
extrapolate low energy data. Therefore, we propose
the plasma target by using the EBIS type synthesized

plasma as a bare % e target discussed in section 5.
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2. Ion source
For highly efficient, low-power ion source of

helium ions, there are duoplasmatron ion source and
electron cyclotron resonance(ECR) ion source. In
addition, we also investigated other high current ion
source such as duopigatron ion source or PIG ion
source, however as a low-powered high brightness ion
source here remain former two candidates.
Comparison of particular performances between these
sources are listed in table l.[2]. Wfe seriously
considered the simpler structure of source and power
supply and longer lifetimes of used elements such as
filament lifetime. A very compact ECR source

(NANOGUN)can afford 1.7mA 3 He 1 + or 200M.A

J H e z + with very small rf power[2]. Even though of
the beam emittance of these sources duoplasmatron
has better qualities than ECR ion source it could be
compensated with specially designed low energy beam
transport from source to target. We preliminary tested
the production of helium ions of each charge state by
using present NEOMAFIOS ECR ion source and the
obtained current is shown in Fig. 1.

The ECR ion source is favored for molecular
interference reduction since the electron temperature of
ECR plasma becomes higher than that of

duoplasmatron and molecular ions such as HD+

molecule decreases so much.

T,

. HB

H

*

L i - "

L

I

\
\

\

N

\ A r

Charge State

Fig. 1 Output current of RCNP NEOMAFIOS ECR-ion
source

3. Low energy beam transport
Non-contaminated high current beam transport

(>lmA) should be designed for a gas target or a
plasma target without deterioration of the beam
qualities and reduction of the beam current. For this
purpose, we introduce strong focusing system by
using a permanent magnet developed by Mori et.al[3].
Recent material studies for the high remanent field
develop the material having a capability of good

(a) duoplasmatron
Model 350 duoplasmatron
Ion species and current

Helium (3He, 4He)
current maximum He++

General Performance
Life
Energy spread

Beam divergence
Emittance Data

Helium beam
Source aperture
Energy
Emittance

Electrical requirements
Power required
Controls required

2.5mA at 30keV
(estimate > 2uA)

1000-hr filament life with H2
-15eV

8degree full angle

0.010 in
25keV
1.6cm rad eVl/2(beam cur.
1mA He+)

800W
Filament current
Gas flow
Arc current
Extraction voltage

(b)ECR NANOGUN

ECR freq.
Diam. of plasma cham.
Length of mirror
Br on wall
Bz Max
Conf. of Magnet
Normalized emittance
typical

14.5GHz
6.6cm
16.0cm
0.9T
LIT
Radial FeNdB+Axial FeNdB
0.3n mmmrad
lOOrt mm mrad for 15 kV
q/m=0.25

Optimization for low charge state operation possible and
low power comsumption down to some W is enough to
extract lmAe of monocharged ions

1.7mA of He+with 20W
the extraction system is made of an electrode coupled to
a Einzel lens so that transmissions up to 90% for
Iext<0.5mA and 50% for Iext>2.0mA.
UHF power TWT transmitter

Table 1 Main characteristics of duoplasmatron[Ionix-
model 350(old-version) duoplasmatron) and
NANOGUN of Pantechnik

machining properties like ordinal metals. So we
propose the PrFeB material for these magnetic
focusing elements. Wfe calculated the beam optics
with transport programs including the space charge
effect when the maximum field gradient of the
permanent quadrupole magnet is 50T/m. As discussed
in target design later we will use a differential
pumping for the gas target or plasma target system,
therefore the aperture slits in front of the target in the
low energy beam transport are strongly limited by the
evacuating condition with pumping system. In order
to discriminate molecular interference or coniaminated
intrusion of accelerated species we must analyze the
ion beam. Luna's group used the 90 degree bending
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magnet with adjustable devices for the angles of entry
and exit faces to get good astigmatic focusing. In this
sense we are discussing whether it is capable of

discriminate the interfered particles from 3He1 + or
3 He 2 + only by using quadrupole focusing devices or
not. Simultaneously, we consider the analyzer magnet
of permanent magnet capable of changing the field
strength[4]. Focusing properties and analyzing power
can be separately controlled .
Necessarily if we can apply the permanent magnet to
focusing and analyzing magnet, we can remove the
power supply usually required for LEBT at a lower
incident energy. It is very convenient to install the
total system into the underground laboratory in a
limited electricity condition. Fig. 4 shows the
designed compact accelerator, low energy beam
transport and gas target system.

4. Gas target
The design of the windowless gas target is a

crucial problem for the studies of the 3He(3He,2p)4He
reaction. It consists of differential pumping system
and gas recirculation and purification system. Wfe
prepared roots blowers and a few turbo-molecular

pumps. For 3He gas of less than lmbar pressure in
the target chamber, the pumping system should
evacuate the several stages between the chamber and

beam transport(less than lxlO'5 mbar). In particular
target gas is compressed by the roots pumps and
finally recirculated into the target chamber. The
recirculation system consists of purification via liquid
nitrogen cooled charcoal (completely degassed in high
temperature) and storing vessel for batch type process.
In RCNP we developed several types of recirculation

and purification system for 3He acceleration with
internal ion source at RCNP AVF cyclotron [5]. It
should be noted that there contains impurities if the
purification system use the organic composite as
absorption traps. As stated in the article, the
recirculation purification system consists of helium
tight pumps, oil-free diaphragm membranes
compressors, resoivoir vessels, compound gauges,
ultra fine regulated valves and quadrupole mass
spectrometer.

The preliminary result for the analysis of

commercial 3He gas composition was obtained by the
measurement of the output current for NEOMAFIOS
source, and the result is shown in Fig. 2.

Wfe are also proposing the accelerator mass
spectrometry to analyze the various composition of

Fig.2 Preliminary result for the analysis of commercial

He gas composition by a measurement of the
output current for NEOMAFIOS source

commercial 3He-gas in RCNP AVF cyclotron.

5. Plasma target
Generally thermonuclear fusion reaction

experiments from astronuclear physics interests,
stellar evolution, energy source, neutrino problem
have been done not completely in the same as natural
condition inside the stars and sun. To deduce the
thermonuclear cross section inside the sun bare target
or plasma target is crucial issues without any
assumption for screening effects in very low energy
fusion reaction studies. In the case of

He( He,2p) He reaction experiment, to do the

experiment between the accelerated He + ions and

plasma composed of 3 He 2 + , 3 He 1 + and electron is the

very suitable condition to realize the real state

happened in the sun.
In recent studies of ion trapping techniques there

are many methods to store and cool down the ion [6].
Interests of these techniques focused on single ion
trapping with laser cooling and crystallization of
atoms in an extreme case. However in this proposed
experiment the high luminosity collision between
low energy accelerated particles and dense plasma
target is final goal. Therefore, we consider energetic
ion beam trapping by electron space charge field such
as modified EBIS ion source[7]. This idea completely
comes from Saclay EBIS ion source. Compared with
ion source- and plasma- technologies for thermo-
nuclear fusion reactor, there exist distinct differences
because in source technologies low ion temperature
condition are preferred for higher brightness and in
fusion reactor studies we put the critical condition of
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energy balances. In this sense, free from these
restrictions, we can consider the EBIS source for
developed studies as a kind of synthesized plasma
target for a simulation of natural condition of the sun.

The proposed target consists of superconducting
solenoid coil, LaB^ electron gun, drift tube, electron

collector and particle detection devices. About 6T
solenoidal field radially confines the high current
electron beam of 30kev,lA. which produce radial
electric potential well for injected positive ions.
While, axial trapping would be done by electrostatic
mirror relatively higher potential than the injected
beam energy. It would be operated in continuously and
energetic beam could be injected from the end of
electron collector. Preliminary scheme is shown in
Fig.5.

Detection for charged particles should be done
inside the solenoid coil near the plasma region. Thus
solid state charged particle can detect transmitted
through drift tube and/or thin absorber for thermal
shield from the plasma radiation. Detailed detector
assembly is now under design.

In this scheme for synthesized plasma target,
we can't expect highly dense plasma. The maximum

plasma density would be about lxlO14~^/cm^
which is relatively thinner plasma than that produced

by an electrical discharge in z-pinch geometry of 10

/cm for a recent study of beam plasma interaction
[8]. However the EBIS type plasma target can hold
the plasma in longer length axially, so we would have
interaction target thickness enough to measure the
event of the thermonuclear reaction with a small
cross section.

6. Detection
In order to detect the energetic reaction particles

of protons(reaction Q-value 12.86MeV), we should
install the counter telescopes which surrounds the
target gas or target plasma. For an efficient and
background free measurement, we are studying the
Monte Carlo calculation with GIANT program to find
the optimum detector setup for targets. Ws should
consider the particular geometry and thermal shield
problems for the detection of charged particles emitted
from the plasma. To detect the charged particle emitted
from the plasma is a crucial technique, thus we
develop the test bench for this experiment.

7. Digital calorimeter
The beam current in the gas target geometry,

would be measured using a digital calorimeter

developed by J.M. Nitschke[9]. The beam is stopped
in the calorimeter, where the kinetic energy of the
projectile is converted into heat which is measured by
the calorimeter. It uses a Peltier module which is
operated in constant current pulse mode. By a feedback
the Peltier module thermally compensates the heat
generated by the particle beam. The compensation
current which is supplied in pulse mode is measured
with pulse repetition rate proportional to the beam
power.

For the plasma target, the injected current is
measured with DCCT device and plasma density with
a conventional plasma diagnose devices which include
detectors for photo-emission or x-ray emission
measurement. At least we should know the
luminosity of collision between the charged particle
and plasma. The details are under progress.

8. Couple of ECR ion source and plasma
target

As stated before, the final goal of the proposal is
the experimental studies for the measurement of the
thermo-nuclear cross section at the energetic particles
of the same temperature as that inside the sun where
bare nucleus interact with a plasma composed of
electron and helium-3 at relative kinetic energy less
than 25keV. For this purpose, we would like to
combine the source of EBIS type plasma target with
high current ECR/or Duoplasmatron ion source
directly. Injection voltage can be selected by required

collision energy of He ions. Compared to the pulse
scheme of operation for EBIS at a synchrotron
accelerator, these ECR ion source or Duoplasmatron
ion source would inject the beam into the EBIS
continuously. It is shown schematically in Fig.5.

9.Underground laboratory
The total system will be installed in the new

underground laboratory in Otoh Cosmo Observatory
where the measurement of the extremely small cross
section of the order of pico-barn is possible. Fig. 3
shows the cross sectional view of the underground
laboratory[10].

Fig. 3 Otoh Cosmo Observatory
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Fig. 4 A compact ion accelerator with low energy
beam transport of permanent magnets and gas
target system(design)

electron.
(LdB<)

Fig. 5 Couple of an ion source and a plasma
target(designed based on the Saclay EBIS source[7]

\ry T
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4-ROD RFQ LINAC FOR ION IMPLANTATION

Hiroshi FUJISAWA, Nariaki HAMAMOTO and Yutaka INOUCHI

R&D Division, Nissin Electric Co., Ltd.
575 Kuze Tonoshiro-cho, Minami-ku, Kyoto-shi,

Kyoto-fu, 601 Japan

A 34 MHz 4-rod RFQ linac system has been upgraded in both its rf power efficiency and beam intensity. The
linac is able to accelerate in cw operation 0.83 mA of a B + ion beam from 0.03 to 0.91 MeV with transmission
of 61 %. The rf power fed to the RFQ is 29 kW. The unloaded Q-value of the RFQ has been improved
approximately 61 % to 5400 by copper-plating stainless steel cooling pipes in the RFQ cavity.

Keywords: radio frequency quadrupole (RFQ), 4-rod RFQ,

1. Introduction
High energy ion implantation in

semiconductor VLSI manufacturing process has been
around for 10 years. Starting with research and
development initiative work as early as 1984 [1-4],
this technology has been rapidly accepted in
production factories. This is an inevitable trend. As
the lateral dimensions of the integrated circuit shrinks,
the only freedom left for device architecture is to seek
a possibility of constructing a circuit structure in the
direction into the wafer. This requires a means to
bring dopant ions to deeper level in the semiconductor
substrate. The most obvious and economical way to
achieve this is to implant ions in the substrate with
high energy. This process eliminates the needs of
time-consuming diffusion processes as done in a
conventional process. This is one of the reasons why
an ion implantation in high energy is needed.

History of commercial ion accelerators
originates from a Cockcroft-Walton's electrostatic
type. Use of such ion accelerator in semiconductor
device manufacture has begun around 1974 [5,6]. Ion
energies most often used in the applications were
from 30 to 200 keV for common dopants ions boron,
arsenic, and phosphorus. A small size 200 keV ion
implanter has been produced in quantities and it is
still a standard machine in production ion
implantation applications.

An emergence of commercial high energy ion
implantation machines came about 10 years later in
1985 which extended ion energy range by one order of
magnitude to 3 MeV. Both electrostatic-Tandem and rf
type ion accelerator were used in such machines [7-9].
The needs of high dose ion implantation in MeV
energies rises, however, the available ion beam
currents intensity in those conventional machine—
either in Tandem or in rf type—are not sufficiently
high. In particular, a Tandem machine suffers a large
beam loss in the charge exchange process and a
conventional rf type machine in the beam bunching
process prior to acceleration. The beam transmissions
in those accelerators drop down to ~30 %. These
limitations are not physically left out unless one is to
introduce a new means to avoid beam loss. There are
two reasons why we cannot just increase an injection

cw operation, if linac,
current to those accelerator in order to obtain higher
beam current at the target. The first reason is that
because the absolute number of spilled ions becomes
very large that they are no longer disregarded. The
accelerator is severely damaged by the bombardment
of the spilled beam and paniculate generated in the ion
impact on the various parts of the accelerator are
transported down stream reaching finally to the end
station. These contaminants severely lower the yields
and performance of the VLSI products, therefore they
are unacceptable in the production environments. The
second reason is to do with the degradation of an ion
beam in the region bounded with an ion source and an
accelerator section. To transport a high current ion
beam, the charge density of the ion flux must be
reduced. Otherwise the space-charge repulsion forces
from the self-fields of ions blow up the beam itself.
This means that an ion beam diverges and expands; so
the emittance of the beam inevitably becomes larger.
This raises up a technical problem in designing an
accelerator since the accelerator becomes unacceptably
big, when we made the acceptance of an accelerator
large.

Radio frequency quadrupole (RFQ) is a new
type of rf ion accelerator that saves this situation. A
good beam transmission in the accelerator—without
raising the ion current in the ion injection section—
increases the ion current available at the target. RFQ
surpasses any type of ion accelerator in beam
bunching efficiency and high current accelerating
capability. The value of beam transmission efficiency
in RFQ is twice large compared with an typical rf
linac with a conventional ion beam buncher. 80 % or
more of the injected ions (~5 mA) are accelerated in
the RFQ without degradation of beam quality.

We had developed a "modified" 4-rod RFQ
linac system in collaboration with Accelerator
Laboratory of Institute of Chemical Research, Kyoto
University. The RFQ linac operates in 34 MHz cw
mode. Since the confirmation of first beam in
December 25 1992, a series of beam acceleration tests
has been conducted. We have successfully confirmed
in those tests the acceleration of a few hundred |jA of
light and medium ions to goal energies [10-11]. In
conjunction with acceleration tests, the RFQ linac has
been upgraded both in its rf power efficiency and beam
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intensity. Up to date status of the linac system and
the improved subjects are presented in this report.

2. Emittance
2-1. Measurements

The size and orientations of an beam
emittance affect the transmission efficiency of the
RFQ. We studied a correlation of beam transmission
in RFQ with the input ion beam emittance. The
emittance gears used in the measurements are same as
the ones previously reported [12]. The schematic
drawing of the emittance gear is shown in fig. 1. The
probes are situated 514 mm upstream of the RFQ
electrode boundary. The emittances of a B + beam at
the entrance of the RFQ are measured and studied. The
ion source used in the experiment is a medium-current
Bernas type [13]. Figure 2 shows a typical data of
measured B + emittances compared for different values
of magnetic field intensity in the ion source plasma
chamber. In table 1, the sizes of the emittances for 90
% fraction of total beam current and the corresponding
beam transmissions in the RFQ are listed. In taking
those data, all the operation parameters in the linac
system were kept constant except for the intensity of
the magnetic field in the ion source plasma chamber.
Those results clearly indicate that the size of
emittance affects the beam transmission in the RFQ.

24 mm

1.0 mm

Alumina insulators
Electron
suppression
electrode

. Faraday
/cup

Fig. 1. schematic drawing of emittance measurement gear.

2-2. Optimization in Ion Extraction
The accel-decel extraction electrodes system

of the Bernas ion source in the RFQ test stand is
designed for a wide range of extraction currents.
Though the gap distance cannot be changed, rather
small divergence beam is obtained for several mA
extraction currents. The maximum B + accelerated
current with the standard extraction system is 0.5 mA.
We measured the injection currents to the RFQ and
modified the extraction electrode system to obtain

-10 -5 0 5
X Cmw")

-10 10

Fig. 2. measured emittance data at the entrance of the
RFQ. Beam transmission is 72% in the RFQ. The input

current is 374 |iA and the output current is 270 nA .

Table 1. Beam transmissions in RFQ vs. X,Y averaged
90 % un-normalized input beam emittances.

Transmissions X,Y averaged 90 % emiuance

72%

66%

135 Ttmm-mrad

160 Ttmm-mrad

higher currents in the linac system using a simulation
codeIGUN[13].

A BF3 plasma was produced in the ion
source. The extracted beams were mass-separated and a
B + beam is focused with a quadruple lens system. The
ion current was measured in front of the RFQ by a
Faraday cup. The extraction voltage was 30 kV.
Figure 3 shows the injection current (Ijn) and its ratio
to the extracted current (Iext) a s a function of Iext in
the standard extraction electrode system. It was shown
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Fig. 3. PIois of Ijn and Iin/Iext vs- ^ext ' n l n e standard
ion source extraction electrode system
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Fig. 5. Plots of Ijn and Iin/Iext vs- lext m t n e modified
ion source extraction electrode system

that the extracted current of 7 mA gave the highest
injection current. And the ratio was maximized at the
extracted current of 6 mA. By IGUN simulations, this
condition was found to give a minimized beam
divergence. The higher extraction currents more than 7
mA don't contribute to obtain a higher injection
current with this standard extraction electrode system.

To obtain higher injection currents, the
electrode geometry were modified to give the smallest
divergence at the extraction current of 10 mA. The
first improvement was an increase of the slit width. If
the slit width is not changed, the ion current density
of 60 mA/ctor is necessary for the extraction of 10
mA. It is difficult to produce a stable plasma at this
high density. Moreover, the gap distance must be
short to match the extraction optics and breakdowns
are apt to occur. The second was the smaller taper
angle of the plasma electrode. It was expected that this
improvement made the beam divergence of the
matched extraction smaller than the standard
electrodes. The shape and the gap distance of the
electrode were optimized by IGUN. One of the
simulation results is shown in fig. 4. This represents
the good condition of 10mA extraction.

Using the improved electrodes, the injection
currents were measured again. Figure 5 represents the
results. The injection current reached 1.5 mA at the
extraction current of 10.9 mA and the ratio of Ijn to
'ext w a s about 0.14.

The RFQ beam acceleration tests were done
with the newly designed extraction electrode system.
The maximum accelerated B + beam current was 0.83
mA with Ijn =1.37 mA. The beam transmission was
61%. The maximum current was raised by 66 %
compared with our previous record 0.5 mA.

UP-38823.7, TE-5.B eU. UI.S.B eU, NftSS-22.6, T M . B eU, USPUT-8 U

1.lZE-3A/cn. 4.58E-2 A/cnxxZ, 4.31Ell/cn**3. DEBVE-8.586 UNITS. HOLD OF DENS

Fig. 4. Plots of an IGUN simulation for the modified ion
source extraction electrode system
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3. Improvement in (?-value
In a commercial rf linac, the operating

electricity power requirement must be low. Otherwise
the maintaining costs of the linac becomes high and
so becomes the costs of the final products. In an
RFQ, as a conventional rf accelerator, the rf power
requirement is inversely proportional to its Q-value.
The unloaded Q-value of our RFQ has been improved
by 64 % from the previous value 3300 to 5400 by
replacing the stainless steel cooling pipes with
copper-plated stainless steel cooling pipes. The
surface area is only fractional to the total interior
surface areas in the cavity, but the electrical
conductivity of the material is so poor that the
degradation in the Q-value is not insignificant.

A simple qualitative analysis can be
considered as follows. Definition of Q-value in an
RFQ cavity is :

8v =

Q =
coW

(l)

where co is angular resonance frequency, W is the
energy stored in the cavity, and P is the energy
dissipated in the cavity in one rf cycle [15]. There are
be five kinds of contributions we can think of for the
energy dissipation P in an RFQ cavity:

1. ohmic loss
a. surface loss
b. contact loss

2. magnetic loss
3. dielectric loss
4. radiation loss
5. beam loading loss

The ohmic loss is categorized into two components:
surface loss and contact loss. The largest energy
dissipation in an RFQ cavity usually partaines to the
energy loss that occures at the interior surface of the
cavity. Contact loss can be omitted from concerns
since in an ideal case there is no discontinuity in the
path of current flow. Magnetic loss or dielectric loss
are left out of considerations when no such material is
present in the rf cavity. We don't have to consider
radiation loss neither because no electromagnetic
energy usually leaks out from the rf cavity. Beam
loading effectin our case counts only a fraction of
total energy dissipation. Energy given to the ion
beam in the RFQ acclerator is approximatly 1 kW,
assuming 1 mA beam with energy gain 1 MeV. This
value is neglegible compared with the typical rf
power fed into the RFQ 30 kW.

In the following estimate of degradation of
2-value, we only take into account the loss in the
interior surface of the RFQ cavity. In general,W <*= V
volume inside of RFQ cavity and P<*S interior
surface area of RFQ cavity. A fractional change of the
volume and surface area 8v and 5s as introduced by
putting a small parts in the RFQ cavity are defined:

volume of perturber
(2)

- surface area of perturber
8s =— — , (3)

To first order, the ratio of perturbed (?-value Q' to the
un-perturbed (2-value Q is expressed as:

Q' \-8v
(4)

Q 1 + ap8s '
where a.p is square root of the ratio of the resistivity
of the pertuber's material to that of the RFQ cavity,
namely copper and an =1 when the perturber's

material is copper, otp = V43 when the perturber's
material is typical stainless steel [16]. In our specific

case, 5v=10" 3 '&=3.3xl0 ' 2andap = V 4 3 . When
we put those values to equation 4, the value of the
ratio Q' IQ becomes:

Q

1-10 -3

V43'3.3x10"
— = 0.82 (5)

This means that in this crude analysis £>-value is
reduced to 82% of the value otherwise expected with
no stainless steel pipes in the RFQ cavity.

In measurements with a network analyzer,
the unloaded Q-value of the RFQ is 3300 and 5400
for the RFQ with stainless steel cooling pipes and
with copper plated cooling pipes, respectively. That is
Q' IQ = 0.61 in the measurements. Beam acceleration
tests are also done to check the improvement of the
(2-value the RFQ. 22 kW of rf power is needed to
fully accelerate a B + ion beam. It was 34 kW before
improvement. The ratio of rf power requirement
needed to fully accelerate a B + beam in the RFQ with
copper-plated stainless steel cooling pipes to before
improvement is 22/34=0.65 in reasonable agreement
with the result obtained with a network analyzer.

4. Conclusions
The RFQ linac system has been upgraded to

accelerate B + ion beam from 0.03 MeV to 0.91 MeV
at rf power of 29 kW. The accelerated B + ion current
has reached 0.8 pmA time averaged. These results
clearly demonstrate the use of this accelerator in
applications where a large dosage of ion implantation
is required. We hope that the available amount of
beam current and the rf efficient RFQ will suite for
many applications in industrial environments.
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ANALYTICAL EXAMINATION OF A SPIRAL BEAM SCANNING METHOD
FOR UNIFORM IRRADIATION

Mitsuhiro FUKUDA, Susumu OKUMURA and Kazuo ARAKAWA

Takasaki Radiation Chemistry Research Establishment,
Japan Atomic Energy Research Institute,

1233 Watanuki, Takasaki, Gunma 370-12, Japan

A new circular beam scanning method for uniform irradiation of high-energy, intense ion beams over a
large area has been developed. A sweeping speed and a trajectory density in a radial direction are kept
constant to obtain uniform fluence distribution. A radial position of a beam spot on a target and an
angular frequency of the circular motion are expressed by an irrational function of time. The beam is
swept continuously, and a beam trajectory becomes spiral. More than 90 % uniformity of the fluence
distribution can been achieved over a large area.
Keywords: beam scanning, uniform irradiation, fluence, uniformity

1. Introduction

Uniform irradiation on materials over a large
area is one of the most essential irradiation tech-
niques in applications of ion beams to research in
materials science, biotechnology and radiotherapy.
Typically more than 90 % uniformity of the fluence
distribution is required to bring the same irradia-
tion effects anywhere on a large target material or
to achieve effective radiation treatments of human
cancer patients.

Particle density distribution on a target de-
pends on a spacing between neighboring beam tra-
jectories as well as a beam width. The particle
density along a beam trajectory is inversely pro-
portional to a sweeping speed:

1 £.\J
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n
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qv' (1)

Fig. 1. Time variation of the trajectory
parameters: r m m = 5 mm, rmax — 100
turns, vo = 300 mm/s.

where n is a number of particles, £ a path length of
the trajectory, / a beam current, q a charge state
and v a sweeping speed.

Some two-dimensional beam scanning methods
for obtaining the uniform fluence distribution have
been developed so far. Either a raster beam scan-
ning systemfl, 2] or a wobbler system[3] with a set
of deflection magnets or electrostatic plates are in
common use for the uniform irradiation. In the
conventional scanning methods the scanning fre-
quency is kept constant. In case of the wobbler sys-
tem the beam is swept circularly for a few radii to
flatten the particle density distribution. An exci-
tation current of the deflection magnets is changed
stepwise so that the position of the beam spot can
be shifted to the next radius. Thus the beam has
to be cut off periodically.

A new circular beam scanning method for the
uniform irradiation has been developed. In the
new scanning system the sweeping speed and the
radial trajectory spacing are kept constant:

v = r(t)u(t) = VQ (constant)

and

\dr
—— = A (constant)
u at

radius for the
mm, N = 20

(2)

(3)

where r(t) is the radial position of the beam spot
i.e. the radius of the trajectory, ui(t) an angu-
lar frequency, VQ a scanning speed and A a radial
increment relative to an azimuth, dr/dO. The de-
flection magnets scans the beam continuously, and
the trajectory becomes spiral.

Uniformity of the fluence distribution on the
target depends on the beam width as well as the
trajectory spacing. If we use a focused beam
for the uniform irradiation, the trajectory spac-
ing have to be made small, that is, small dr/d9
is required. In order to simplify the treatment of
the equations, a radial component of the sweeping
speed vT is assumed to be negligible compared with
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Fig. 2. Time variation of the angular frequency for the Fig. 3. The beam trajectory on a target for the param-
parameters: rmln = 5 mm, r m a l = 100 mm, N = 2G eters: rm<n = 5 mm, r m a i = 100 mm, N = 20 turns,
turns, vo = 300 mm/s. vo — 300 mm/s.

an azimuthal component vg, i.e. vrjvg <C 1. The
approximate solutions of the equations are given
in the following section.

2. Theory

As shown in the equation ( 2 ), the product of
the radius and the angular frequency is invariable.
Differentiation of ( 2 ) with respect to time is

where T is a sweeping time from r m m to rmax.
From the equations ( 7 ) and ( 8 ) the constant B
is defined as

(10)

dr dui
(4)

From the equations ( 2 ) and ( 3 ), the radius and
the differential radius are expressed by the angular
frequency:

r(<) = =~r and ^ = Aw(t). (5)
u)(t) at

From the two equations the angular frequency is
given by

1

t-IB

where B is a integration constant. The radius is
then given by

r(t) = (7)

To find the constants, we define minimum and
maximum radii of the scanning as follows:

,-n = r(0) and

= rmi-nw(0) = r

rmax = r(T), (8)

(9)

An integrated azimuth after iV revolutions for
scanning from rm;n to rmax is written as

2TTN = / u(t)dt = /
-'0 Jrmtn

dr
A

Then we find
r

A =
2irN

(11)

(12)

By using the constants the full expressions for the
radius and the angular frequency are

r(t) = dv0
' m m , , o

(6) and

(13)

(14)

•KNVQ
-t

The quantities, rm ;n , rmax, v$ and N, are the
parameters to be given. Time variation of the ra-
dius and the angular frequency are shown in Figs. 1
and 2, respectively. An example of the beam tra-
jectory on a target is shown in Fig. 3. The trajec-
tory spacing is kept constant, so that the beam is
swept spirally. The sweeping time T is dependent
on the parameters.

- 442 -



JAERI-Conf 97-003

20 rr

-100 -50 0 50
Radius (mm)

100

Fig. 4. The particle density distribution in the radial
direction at an azimuth of 10 degrees for the parame-
ters: Tmm = 5 mm, Tmax = 100 mm, N = 20 turns,
Do = 300 mm/s.

3. Particle density distribution

The particle density on the scanning area was
calculated by integrating the number of the irra-
diated particles along the beam trajectory. For
rough estimation the particle density distribution
has axial symmetry, because the trajectory spac-
ing is the same at any azimuth. Uniformity of the
particle density distribution can be evaluated from
a one-dimensional particle density distribution in
a radial direction as shown in Fig. 4. In this ex-
ample variation in uniformity for the region of —50
mm to +50 mm is 2 %. More than 90 % unifor-
mity can be obtained for a large area of r < 75
mm. The uniform region can be extended more
by selecting a set of optimum parameters.

4. Conclusions

The new spiral beam scanning system will per-
form well to produce the uniform fluence distribu-
tion with less than 10 % variation over a large area.
The uniformity of the particle density distribution
depends on the set of parameters: rm)n, rm a r , TV,
v0 and the beam width. In order to repeat the spi-
ral beam scanning continuously and periodically a
specially designed power supply system is required
for the deflection magnet system, because the de-
flection amplitude, which is related to the trajec-
tory radius, and the angular frequency have an
irrational function of time. We are now designing
the power supply system that realize the first few
terms of the Fourier expansion of the irrational
function.
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DEVELOPMENT OF BEAM INSTRUMENTS AT JAERI
CYCLOTRON FACILITY

Susumu OKUMURA, Mitsuhiro FUKUDA, Ikuo ISHIBORI,
Takashi AGEMATSU, Watalu YOKOTA, Takayuki NARA,

Yoshiteru NAKAMURA, and Kazuo ARAKAWA
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1233 Watanuki, Takasaki, Gunma 370-12, Japan

A beam phase monitor and two kinds of fluence distribution monitors have been developed for measuring
characteristics of cyclotron beams. The beam phase monitor provides a beam phase signal for tuning a beam
chopping system and a beam phase selection system. A two-dimensional fluence distribution on a large area is
measured with fluence distribution monitors.
Keywords: cyclotron, beam phase, fluence distribution

1. Introduction
An ion is one of the most useful probes for re-

search in materials science and biotechnology. A wide
variety of beam characteristics are utilized for advanced
radiation applications in R&D fields of materials for
space environment and nuclear fusion reactors, biotech-
nology and new functional materials. Various irradia-
tion techniques have been developed to supply the most
suitable beam for the research. The JAERI cyclotron is
equipped with specific systems for pulsed beam irradia-
tion and uniform irradiation over a large area.

Beam pulses with the same period of an RF fre-
quency are thinned out at an interval of \\is to lms by
the beam chopping system[l] for time-of-flight experi-
ments and time-resolving analyses.

The beam phase signal produced by the beam phase
monitor is used for optimizing parameters of the chop-
ping system.

In some experiments of material science and bio-
technology, large samples are irradiated uniformly by a
beam scanning system[2]. Variation of less than ±5% in
the fluence uniformity is usually required in the irradia-
tion field. The two kinds of position-sensitive radiation
detectors, a parallel plate avalanche counter (PPAC) and
a silicon strip detector (SSD), have been used for meas-
uring the beam fluence distribution and for tuning the
scanning system.

2. Beam phase moni tor
2.1 Specifications

The beam phase monitor provides a fast timing
signal of the pulsed beam by detecting secondary elec-
trons emitted from a target inserted into the beam[3].
The structure of the monitor is shown in Fig. 1. The
monitor is driven by a stepping motor to adjust the
relative position of the target to the beam.

Two kinds of targets are adopted a 3 (im thick
aluminum-foil strip with 5 mm width and a 0.3 mm
diameter tungsten wire. The foil and the wire targets are
mounted at a distance of 50 mm and 94 mm, from the
MCP, respectively, in parallel with a micro-channel
plate (MCP, F4655-10, Hamamatsu photonics Ltd.)
and perpendicular to the beam direction. The foil target
is tilted at an angle of 45 degrees to the beam axis for
enhancement of detection efficiency of secondary elec-
trons.

Signal

Beam

2 mm
50 mm

Fig. 1 The beam pulse monitor with hollow struc-
ture, constructed from insulator rods and electrodes,
has the two targets andthe MCP. The foil and wire
targets were stretched between electrodes. The po-
sition of targets was adjusted so that the foil would
not disturb a flow of electrons emitted from the
wire target.
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Secondary electrons are collected into the MCP by
using an electrostatic field The collection field for
secondary electrons, biased up to -6 kV relative to the
entrance of the MCP facing the targets, is generated with
seven sets of electrodes. Neighboring electrodes are
connected each other by dividing resistors to form a
uniform electrostatic field The entrance face of the
MCP, and the surfaces of the wire and the foil targets
were coated with Csl for enhancing the emission of
secondary electrons[4],

2.2 Beam Phase Measurement
The beam phase monitor has been tested for a 45

MeV proton beam. The beam phase spectrum has been
obtained by measuring a time difference between a start
signal produced by the monitor and a stop signal from
the RF signal. Beam phase spectra for the two targets at
a collection voltage of- 4 kV are shown in Fig. 2. The
time structure of the two spectra is almost the same,
however the peak widths of the spectrum for the wire
target are larger than those for the foil target. The en-
largement of the peak width for the wire target may
result from flight-time spread of the secondary electrons
emitted from the wire target due to interference from the
foil target.

3. Fluence distribution monitors
3.1 Specifications

The PPAC is suitable for heavy ions because
heavy ions have enough path length in the counter. We
have designed the PPAC with a sensitive area of

120x120 mm^ consisting of eighty strips with 1.25
mm and 1.5 mm interval. The position of the incident
particle is detected by the resistive charge division
method.

Acoupleof SSD's are used for light ions, since the
signal gain of light ions in the PPAC is not so high and
the SSD has a higher-density detection volume than the
PPAC. The SSD (S2461-01 Hamamatsu Photonics
Ltd) has a thickness of 300 |im and a sensitive area of

48x48 mm^. The SSD consists of forty-eight strip
electrodes with 0.9 mm width and 1 mm pitch. The SSD
is mounted on a printed circuit board with the signal
leads for each strip electrode. Because of the special
pattern of the leads, the signals are read from every
second lead.

Beam intensity for the fluence measurement is re-
stricted by the signal processing time in amplifiers
within 1000 particles per second. Beam attenuators are
used to reduce the beam intensity to the acceptable

counting rate by a factor of 1 to 10"^.
3.2 Fluence distribution measurement

The tests of the detectors have been carried out for
a large area irradiation with the beam scanning system.
Aluminum collimators with two-dmensionally ar-
ranged 9x9 0.5 mm-diameter holes at intervals of 10

o

Foil target

FV
1.

VHM H ~ J
3 ns ; f"

FWHM
1.2 ns

J
\

Channel -Time

s
3
O

u „,

Wire target

FWHM .̂  ,
1.6 ns

)/

FWHM
1.5 ns

/.

Channel -Time

Fig. 2 Beam phase spectra measured with the foil and
wire targets at the collection voltage of - 4 kV for 45
MeV proton beam. The values of FWHM's of the peaks
were evaluated on the assumption of the Gaussian distri-
bution.

mm were placed in front of the detector for measuring
the position resolution.

Figure 3 shows an example of the fluence distri-
bution measuredwith the PPAC for 175 MeV4 0Ar8 + .
The position resolution of the X direction is 2.7 mm
FWHM and the Y direction 2.5 mm FWHM. The
resolutions of the PPAC are worse than the expected
ones of 1.5 mm equal to the pitch of the strips.

Figure 4 shows the fluence distribution measured
with the SSD for 10 MeV proton. The position resolu-
tion of the X direction is 2.3 mm FWHM and the Y
direction 1.7 mm FWHM. The intensity difference of
the peaks, especially in the Y direction, seems to be
caused by a small signal-to-noise ratio at both sides.

4. Conclusion
We have developed two kinds of beam instruments

for the measurements of cyclotron beam characteristics
in time and space. These instruments is useful for the
pulsed beam irradiation and the uniform irradiation.
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Fig. 3. An example of fluence distribution measured with PPAC for 175 MeV ^ A r . The peaks correspond to the
pattern of the collimator holes. (a)Two-dimensional distribution. (b)Projection on the Xaxis. (c)Projection on the
Yaxis.
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tern of the collimator holes. (a)Two-dimensional distribution, (b) Projection on the Xaxis. (c) Projection on the Y
axis.
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CHARACTERISTICS OF MINI ECR ION SOURCE

Yuichi SAITOH and Watalu YOKOTA

Takasaki Radiation Chemistry Research Establishment,

Japan Atomic Energy Research Institute, Gunma, 370-12, Japan

A very compact electron cyclotron resonance ion source (MINI ECR) was manufactured to
extend available energy ranges of ion beams by applying multiply charged ions to electrostatic accelerators.
The magnetic field to confine a plasma is formed only by small permanent magnets and the microwave
power up to 15 W is generated by a compact transistor amplifier in order to install the ion source at a
narrow high-voltage terminal where the electrical power feed is restricted. The magnet assembly is 12 cm in
length and 11 cm in diameter, and forms a mirror field with the maximum strength of 0.55 T. The total
power consumption of the source is below 160 W. The performance of the source was tested in a bench
stand. The results of Ar, Xe, O, and N ion generation are reported in this paper.

1.Introduction
Electrostatic accelerators enable many

kinds of experiments using beams with high quality,
such as narrow energy spread and low emittance.
Moreover, the ion beam energy can be tuned easily
and successively in a wide energy range. These
features assist a fine ion-beam analysis. However, a
maximum beam energy of a single-ended machine
is restricted by the maximum terminal voltage. An
conventional ion source placed in a high voltage
terminal mainly produces single charged ions
because of limitations of the power consumption
and the size. An n+ ion extracted from the source
is accelerated to the energies n times as high as
single-charged ion. Therefore, use of multiply-
charged ions makes it possible to increase the
maximum energy by times.

In Multiple Beam Irradiation Facility of
TIARA [1], three individual electrostatic
accelerators(3 MV tandem accelerator, 3 MV
single-ended accelerator and 400 kV ion
implanter) are provided mainly for study of
materials science and biotechnology. Ions are
accelerated in the energy range from 10 keV to
over 20 MeV by the three machines except for an
energy range of 0.4 MeV (upper limit of the
implanter) to 0.8 MeV (lower limit of the tandem
machine) for heavy ions. Low efficiency of beam
transport in the tandem machine near the low-
energy limit ( 0.8 ~ 1.6 MeV) results in an
unreasonably long experiment time. However,
high-energy heavy ion implantation around 1 MeV
has recently attracted interest for modification
studies of a deep region of materials[2]. The

Gas

E Z I Mirror Mag.NdFeBl
Sextupole Mag,
Iron Plate
Slai nI ess Caver

10
I 1 I I

TMP
Fig. 1 The schematic disign of MINI ECR
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demands of the ion beams in the above energy have
been increasing.

To improve these situations, we are
developing a very compact ECR ion source (MINI
ECR)[3], mainly for production of heavy ions with
charges from +2 to 4+, which will be installed in
the ion implanter to provide heavy ion beams with
energies from 0.4 to 1.6 MeV. The schematic
design of MINI ECR is shown in fig. 1. A space
available for the source, which is in the high-
voltage terminal, is very small. The electrical
power feed to the terminal depends on the ability
of the insulating transformer. A coil magnet is not
sufficient for the source from the view point of the
size and the electric consumption. In our source,
consequently, the magnetic field to confine a
plasma (the maximum strength is 0.55 T and the
mirror ratio is 2 ) is formed only by permanent
magnets (NdFeB), assembly of which is 12 cm in
length and 11 cm in diameter. The microwave
power up to 15 W is generated by a compact
transistor amplifier. The MINI ECR was
completed in July 1995, and the test operation in a
bench stand has been carried out for Ar, 0, N, Xe,
and the effects of wall and gas mixing were tested.

2. Test operations
2.1 Basic performance

Charge distribution of ions is extremely
sensitive to the pressure in the plasma chamber,
and production of high charged ions requires the
low pressure. However, a FT beam of over 60 uA
and the intense O°~ beam were constantly
extracted from a residual gas plasma. It indicated
some hydrous materials in the chamber degraded
the vacuum. It was observed that H and O beams
were decreased by changing a capton microwave
pressure window for a seramic one.

The pressure in the beam line of the test
bench went up when the beam was extracted. And
the total beam current measured by a Faraday cup
was low in comparison with the drain current of
the extraction high voltage power supply. It
suggests most of ion beams extracted from a
plasma were not focused well and hit the wall or
the puller electrode. We changed a diameter of the
puller extrode and an aspect ratio. After the
modifications, the beam current of Ar4+ was
improved from 1.7 to 6 uA. The basic performance
of MINI ECR is shown at table 1. The extraction
voltage and the microwave power are 10 kV and
10 W, respectively.

We can still expect the increment of
Ar' + and Ar2* beam currents by continuing the
improvement of the extraction system. When the

gas flow rate is increased to be optimized for
Ar beams, the increment of the drain current
mentioned avobe is still observed at the pressure of
about 2x10"* Torr in just after the extraction part
(the suitable pressure is under 2xlO'7 Torr in the
operation for more than 3+ charged ion). The ions
extracted from the extraction hole hit the puller
extrode, and the focusing electrode of the positive
voltage absorbs secondly electrons emitted from
the puller. It restricts the beam currents of Ar1*2*.
A tuning of the aspect ratio at the extraction
system may be effective to increase them.

Table 1. The comparision between
stain less (basic) and alminunt
sheet ( intensit ies are in nA)

Ar1 +
Ar2+
Ar3+
Ar4+
Ar6+
Ar7+
Ar8+
Ar9+

Stainless Alminum
i 46:
! 56!
! 15!

6.5
: 0.74
! 0.181
! 0.04
! 0.001

sheet
45
35
15
7.2

0.71
0.22
0.08
0.004

2.2 Test of wall effect
Injecting additional electrons to an ECR

plasma increases the extracted ion beam currents
from the source, and the several methods have
been developed for the electron injection[4,5].
Coating a plasma chamber wall with a strong
secondary electron emitter also emhances
additional electrons emission from the wall[6]. We
examined the effect using by attaching an
aluminum sheet on the chamber wall, which
surface was oxidized in the atmosphere, and had a
higher electron emission ratio than the chamber
wall of stainless steel. Table 1 shows the
comparison of the beam current with and without
the aluminum sheet. As a result, an increment of
the beam currents was observed at charge states
higher than Ar**. However Ar2* beam current was
decreased. The beam currents of Ar'*, Ar3", Ar4*,
and Ar6* were not changed comparing to the basic
performance. An aluminum sheet is effective for
producing highly charged ions. We will still
investigate the effect by changing wall materials
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1 2 3 4 5 6
Fig.2 Charge Distribution of N. The open
and the closed circle presents the beam
current with and without support
gas, respectively.

100

10

1

0.1

0.01

0.001
1 2 3 4 5 6 7

Fig.3 Charge Distribution of O. The open
and the dosed circle presents the beam
current with and without support
gas, respectively.

2.3 Test of gas mixing
It is usual to utilize a support gas with

the main element gas to intensify the production of
highly charged ions[7]. However, the interest
charge state for us is relatively low(+2-+4) We
examined the effect of support gas for production
of low charged ions. The beam intensity of N, O,
Ar, and Xe ions with and without a support gas are
presented in fig. 2-5. The support gas of helium
was prepared for the generation of N and O ions,
and oxygen for Ar and Xe ions. All measurements
were carried out with an aluminum sheet. The
effect of gas mixing was observed at charge states
higher than 4+ for N and O, 5+ for Ar, and 8+ for
Xe. The effect for heavier mass ions appered at
higher charge states.

3. Conclusion
The required beam currents at charge

states( 2+'—4+) can be obtained for N, O, Ar, Xe
without additional techniques of the wall effect and
the gas mixing method. Those methods enhanced
the beam current at higher charge states. The
maximum charge states of N, O, Ar, and Xe ions
obtained by MINI ECR are 6+, 7+, 11+, and 16+,
respectively. MINI ECR can provide enough ion
beam current of medium charge for gas samples,
and they can be accelerated to energies several
times higher (depending on their charge states)
than the single charged ions. Ion beams in the
energy from 0.4 MeV to over 1.6 MeV are
available by installing the source in the 400 kV ion
implanter. In the next step, we will modify the
source for production of metalic and highly
charged ions

0.1

0.01

0.001

0.0001

0.0001

M:O

2 3 4 5 6 7 8 9 10 11
Fig.4 Charge Distribution of Ar. The open
and the closed cirde presents the beam
current with and without support
gas, respectively.

0.01 -

0.001

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Fig.5 Charge Distribution of Xe. The open
and the closed circle presents the beam
current with and without support
gas, respectively.

- 449 -



JAERI-Conf 97-003

[1] Y. Saitoh, S.Tajima et al., Nucl. Instrum.
MethodeB, 89 23-26(1994)
[2] Jim Asher, Nucl. Instrum. Method B, 89 315-
321(1994)
[3] Y. Saitoh, W. Yokota, Rev. Sci. Instum., 67
1174-1176(1996)
[4] G. Melin et al., Report No. ORNL CONF-
9011136, 1, 1990
[5]Zuqi Xie, C. M. Lyneis, R. S. Lam, and S. A.
Lundgren, Rev. Sci. Instrum. 62, 775 (1991)
[6] M. Delaunary, Rev. Sci. Instrum. 63, 2861
(1992)
[7] H. Beuscher, Proc. of the 6th Workshop on
ECRIS, Berkeley 1985 p. 107

- 450 -



Proceedings at the 7th Internationa! Symposium on Advanced Nuclear Energy Research

Recent Progtess in Accelerator Beam Application (March 18-2(1, lWti. Takasaki. Japan)
JAERI-Conf 97-003

DEVELOPMENT OF NOISE-SUPPRESSED DETECTOR FOR SINGLE ION HIT SYSTEM

Takuro SAKAI, Tsuyoshi HAMANO, Tamotsu SUDA, Toshio HIRAO and Tomihiro KAMIYA

Takasaki Radiation Chemistry Research Establishment, Japan Atomic Energy Research Institute,
1233 Watanuki, Takasaki, Gunma 370-12, Japan

A noise-suppressed detector for single ion detection has been developed, and combined with the heavy ion
microbeam apparatus. This detector consists of a pair of micro channel plates (MCP's) and a very thin carbon
foil. The detection signal is formed by the coincidence of the signals from these MCP's, so that this detector and
the coincidence measurement unit can reduce miscounting in the circuit. The detection efficiency for 15 MeV
heavy ions was evaluated to be comparable to that of a silicon surface-barrier detector (SSD) and the miscounting
rate was 4 orders lower than the noise rate of a single MCP. The rise time of the detection signal was also
estimated.
Keywords: heavy ion microbeam, single ion hit, MCP, noise reduction

1. Introduction
The single ion hit system has been developed

for research of single event upset (SEU) in
semiconductor devices in space environment, and for
study of local irradiation effects in biological cells.
This system has been combined with the heavy ion
microbeam apparatus with a spatial resolution of
1 |4.m. It consists of two elements. One is a fast
beam switch which permits the beam injection into
the target. The other is a single ion detector which
actuates this beam switch to prevent the following
ions from hitting the target. The detail of this system
is described elsewhere[l-2]. The detection efficiency of
this detector is required to be 100 % and the noise rate
is expected as lower as possible. Because the accuracy
of this single ion hit system clearly depends on the
detection efficiency and noise rate. The fast response
is also required to keep following ions from hitting
the target. The size of the detector must be compact,
because of the spatial limit between the target
specimen and the convergent magnet lens.

We adopted a pair of annular type MCP's and a
very thin carbon foil for this detector to satisfy these
requirements. The MCP's detect secondary electrons
from the carbon foil and a target specimen itself
respectively, which are generated by a single ion
injection. Generally, a MCP is subjected to a dark
current that causes miscounting in circuits like the
single ion hit system. The combination of these
MCFs with a signal coincidence measurement system
can reduce the miscounting. The overall efficiency,
including the detection, noise rate and rise time, has
been tested using heavy ion micro beams. This paper
describes the development progress of this detector and
its performance.

2. Single ion detection system

2.1 Single ion detector
Fig. 1 presents a schematic diagram of the

single ion detector and the measurement system. The
length of the detector part is 60 mm and the width is
50 mm in diam. These MCP's are separated by a
metal shielding. Our previous detector had no
shielding and the signal interference between the
MCP's was observed. We found out that this
interference was caused by the propagation of
electromagnetic-wave, because of the high
amplification of the short pulse by a MCP. To assure
this effect, we applied test pulses to the one MCP
anode and observed output signals of the other MCP
anode. Fig. 2 (a) shows this signal interference, and
2 (b) presents the elimination of the interference by
the metal shielding. The annular type MCP's were
supplied by HAMAMATSU (F1094-21SH). They
have a sensitive area size of 20 mm in diam. and a
center hole size of 4 mm in diam. The thickness of
the carbon foil is 5 jig/cm2. The foil locates on
11.5 mm upstream from the first MCP.

Metal Shielding First MCP Second MCP

Electron collection electrode

>econdary electrons

Carbon foH

Sounterl |Counler| |Counter|

Fig. 1 The schematic diagram of the single ion detector
and the measurement system
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(a) without a metal sheilding

(b) metal sheilded

Fig. 2 The noise interference between two MCFs and the
elimination by a metal sheilding. Upper signals are test

pulses appled to the second MCP anode, lower signals are
output signals from the first MCP

2.2 Measurement system

This system is somewhat similar to time-of-
flight measurement systems[3]. The signal from the
first MCP was amplified by a fast pre-amplifier
(ORTEC VT120A) and converted to a fast negative
NIM logic pulse, whose width was 100 nsec, by a
constant-fraction discriminator (CFD, ORTEC
Model 935). This pulse was applied to the coincidence
gate on the other channel of the CFD that was
connected to the second MCP. The output signal from
this CFD would be regarded as a detection signal of
the single ion hit system, and used to actuate the fast
beam switch or a trigger signal for SEU experiments.

A SSD (ORTEC TBO16-050-150) was set at
the target position to measure the detection efficiency
of MCP. The number of injected ions was counted by
this SSD. All the efficiencies were compared with
this number. Concretely, the detection signal from
SSD was used as a start pulse of a time-to-amplitude
converter (TAC) and the stop pulse was the signal
from each MCP. The single-channel analyzer (SCA)
window width was 100 nsec, so that only a delayed
signal from each MCP, which reached the TAC
within 100 nsec just after the SSD signal, would be
counted as the detection signal. All MCP's signals
were also counted to know the noise rate.

3. Detector performance
3.1 Detection efficiency

The detector was combined with heavy ion
microbeam apparatus in TIARA (Takasaki Ion
Accelerators for Advanced Radiation Applications)
facility[4), and its performance was measured using
15 MeV C, O, Si and Ni ion beams from 3 MV
tandem accelerator. Measuring conditions were as
follows: The first and the second MCP electron
collection electrodes voltages were 100 V, 600 V, and
MCPin's, MCP0Ut's, and anodes voltages were, 1 kV,
2.5 kV, and 2.6 kV, respectively. The values of a
lower level discriminator (LLD) of CFD's were
changed from 20 mV to 1 V. In most measurements,
beam current was attenuated within 100 cps that was
counted by the SSD.

Table I shows the detection efficiencies for
15 MeV ions when the values of LLD were 50 mV,
which was considered as a optimal value for C and O
ions. The efficiency was evaluated to be 100 % of that
of the SSD for Si and Ni ions, and more than 97 %
for lighter ions. The efficiency of the first MCP was
poorer than that of the second one. This might be
understood by the difference between the numbers of
secondary electrons emitted from the carbon foil and
the SSD surface. Optimizing the shape of the
secondary electron collection electrode would be
expected to increase the detection efficiency.

Table I The detection efficiencies for 15 MeV ions

Ion species

C

O

Si

Ni

H I M MCP
efficiency (%)

97.8

98.9

100

100

Second MCP
efficiency (%)

99.3

I X

100

100

Toul detection
efficiency (%)

97.1

98.9

100

100

3.2 Miscounting rate
The typical noise rates of the MCP's were

about 1000 cps under the condition where the values
of LLD were 50 mV. On an assumption that the time
intervals between the noise pulses from two MCP's
depend on Poisson distribution, because occurrences
of the noise are random events. The miscounting rate
was estimated 0.1 cps with 100 nsec width
coincidence gate. The measured background rates were
of the order of 10"2 cps. The estimated and observed
rates roughly agreed. The miscounting rate was
reduced by 4 orders compared with a single MCP. The
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typical beam current in our experiments was 100 ions
per second, so that the miscounting probability per
ion would be less than 10'3. This value seemed to be
small compared with other factors of experiment, such
as the fluctuations of specimen uniformity.

3.3 Rise time
The rise time of the signal was observed by a

500 MHz digital oscilloscope (HEWLETT-
PACKARD 54520A). Fig. 3 shows both the SSD
and the single ion detector output signals. The rise
time of the SSD signal was considered as a couple of
tens nano seconds after the ion bombardment, because
of its cable length. The signal from the single ion
detector was 30 nsec after the SSD signal, so the rise
time of the detection signal was estimated about
50 nsec after the ion injection. This time is
sufficiently fast, because the beam switching time
mainly depends on the flight time of the ion between
the fast beam switch and the single ion detector,
whose typical time is 500 nsec[2].

Fig. 3 The timing of detection signals from the SSD and
the single ion detector Upper is from the SSD, and lower

from the single ion detector. 10 nsec/division

4. Summary
We have developed a noise-suppressed detector

for a single ion hit system. The detection efficiency
for 15 MeV Si and Ni ions is high enough, and the
rise time is sufficiently fast for this system. We are
designing the electrode shape and the potential
distributions which have higher secondary electron
collection efficiency to achieve the 100 % of detection
efficiency for relatively low LET ions. The
miscounting rate was successfully reduced by 4 orders.
It is be expected to be further reduced by using a
shorter width of coincidence gate, and almost
negligible even in the beam current of less than 100
ions per second.
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PRESENT STATUS OF THE INFRARED FREE-ELECTRON LASER OF THE
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A free-electron laser with a 38-MeV L-band linear accelerator was developed at the Institute of Scientific
and Industrial Research, Osaka University. The self-amplified spontaneous emission was observed at
wavelengths of 20 and 40 am with a high-intensity single-bunch beam passing through a wiggler. In the
oscillation experiments with a multibunch beam laser light was obtained at wavelengths from 32 to 40 am.
The peak power in a micropulse of the laser is estimated to be 8.3 MW at a wavelength of 40 am. In order
to apply the laser to basic researches some components of the linac and the optical cavity are being
improved.
Keywords: free-electron laser, electron linear accelerator, infrared laser, multibunch electron beam

1. Introduction
Free-electron laser (FEL) experiments have been

conducted with the 38-MeV L-band linear accelerator
(linac) at the Institute of Scientific and Industrial
Research (ISIR), Osaka University. High-intensity
single-bunch and multibunch beams are generated by
using the subharmonic prebuncher (SHPB) system
[1]. The self-amplified spontaneous emission (SASE)
was observed at wavelengths of 20 and 40 am with
the single-bunch beam passing through a wiggler [2].
In the oscillation experiments with the multibunch
beam from the linac laser light was obtained at
wavelengths from 32 to 40 am [3]. The peak power
in a micropulse of the FEL light is estimated to be
8.3 MW at a wavelength of 40 am.

In order to apply the FEL light to basic
researches some components of the linac and the
optical cavity are being improved.

2. Linac and the beam characteristics
2.1 ISIR linac

The accelerator system of the ISIR linac is
schematically shown in Fig. 1. The linac has a
construction optimized for generating a high-intensity

108 MHz 108 MHz 216 MHz 1.3 GHz 1.3 GHz

Pre-

buncher

Fig. 1. Schematic diagram of the ISIR linac.

single-bunch beam. The linac is equipped with a
high-current 120-keV triode gun, three SHPBs (two
are driven at the twelfth subharmonic of the
fundamental frequency and one at the sixth), two
bunchers and an accelerating waveguide 3 m long,
which are driven at the fundamental frequency. The
high-intensity beams are generally supplied to many
users for the application to radiation researches.

2.2 Electron gun and the gun pulser
A high-current electron gun (Model 12, ARCO)

is used when the single-bunch beam is generated. The
diameter of the gun cathode is 51 mm. In order to
improve the quality of the single-bunch beam a gun
having a cathode with a diameter of 20 mm (YU-156,
EfMAC) and a gun pulser are being developed.

In the oscillation experiments a cathode with a
diameter of 8 mm (Y-646B, EIMAC) is used for
generating a low-emittance multibunch beam. The
injection currents of the gun are generally 500 to 800
mA. The maximum beam energy determined by the
electron-beam loading in the accelerating waveguide is
about 25 MeV, which corresponds to the wavelength
of the FEL light of 20 am. For the shorter

wavelengths burst-mode beam
injection from the gun is necessary.
Because the round-trip time of the
optical cavity is four times as long as
the micropulse spacing of the
multibunch beam, the beam-loading
can be decreased to 25% by the burst-
mode injection. A gun pulser for the

Accelerating Waveguide
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burst mode has been developed, recently.

2.3 Subharmonic prebuncher system
The SHPB has a coaxial single-gap cavity at one

end of the inner conductor. For generating the single-
bunch beam three SHPBs are operated. When an
electron beam injected from the gun to the first SHPB
at a pulse length shorter than 4.S ns a single-bunch
beam is generated with almost no sattelite beam.

For generating the multibunch beam the first
SHPB is not operated. Only one twelfth SHPB
effectively forms the multibunch beam because the
space-charge effect on the lingitudinal expansion of
the electron beam is considerably small compared
with that of the single-bunch beam. A long-pulse
beam is injected from the gun. A micropulse spacing
corresponds to the rf period of the second SHPB and is
9.2 ns. In the cavity of the third SHPB microwave
is induced by the passage of the bunch train. So as to
keep the electric field in tbe cavity at the same
intensity over the beam macropulse, the third SHPB
is operated at a relatively low power. These realize
the bunch train relatively uniform over the
macropulse of the electron beam.

2.4 Bunchers and an accelerating waveguide
The accelerating waveguide is driven by a 20 MW

L-band klystron (TV-2022B, Thomson-CSF). The
pulse length of the microwave on the flattop is 3.9
\is. The deviation of the klystron-current on the
flattop is smaller than 0.3% (FWHM). The
prebuncher and the buncher are driven by a 5 MW L-
band klystron (E3775A, Toshiba). The maximum
beam energy is 38 MeV for no loading with electron
beam.

2.5 Beam characteristics
The characteristics of the single-bunch beam and

the multibunch beam used for the PEL experiments
are listed in Table 1. The energy spread of the single-
bunch beam has a minimum value at a charge of

Table 1. Characteristics of the electron beams

Mode
Energy
Micropulse spacing
Charge/micropulse
Micropulse length
Macropulse length
Energy spread
Normalized emittance

Multibunch
17-19 MeV

9.2 ns
2 nC

30-40 ps
1.8 ^
1.8-2%
200 irmm

Single-bunch
17 - 24 MeV

30 nC
30 ps

2%
mrad

electrons in a bunch of 33 nC. At the higher charges
the energy spread increases with the charge.

The macropulse length of the multibunch beam
accelerated is about 4 [is. The early part of the beam
with a pulse length of 2 |ns has relatively large energy
spread. In the oscillation experiments the latter part
with a length of 1.8 (is is selected with a beam slit
and is transported to an optical cavity of the FEL.
This macropulse length is 49 times as long as the
round-trip time of light in the optical cavity.

The emittance of the electron beam was measured
with a method using beam-profile monitors and Q-
magnets. The micropulse shape of the multibunch
beam was measured with a streak camera monitoring
the pulse shape of the Cherenkov light emitted from
the electron beam passing in air.

3. FEL facility and experimental nKJhods
3.1 Beam-transport system for the FEL

The experimental setup is schematically shown
in Fig. 2. The electron beam is transported with a
doubly achromatic beam-bend to the optical cavity.
There are three beam-current monitors and six beam-
profile monitors with ceramic plates. Three of those
profile monitors are placed in the wiggler gap. The
diameter of the electron beam is smaller than 5 mm in
the wiggler. The axis of the electron beam shifts by
2 mm in the wiggler at a wavelength of 40 (im.

3.2 Optical cavity
The parameters of the wiggler and the optical

cavity for the oscillation experiments are listed in
Table 2. In the SASE experiments the output mirror
of the optical cavity is removed. A diagnostic system
with a He-Ne laser is installed in order to monitor the

Table 2. Wiggler and the optical cavity

Wilier
Magnet Nd-Fe-B
Length 1920 mm
Period 60 mm
K 1

Optical
Wavelengths 32 - 40 pm
Cavity length 5532 mm
Mirror concave radii of curvature

Ml 3384 mm
M2 2763 mm

(Hole radius 0.5 mm)
Rayleigh range (at 40 \xm) 915 mm
Radius at wiggler center 3.4 mm
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BM: Bending Magnet
QM: Qradrupote Magnet

M 1,2: Ccncavc Mirror

tilt of the optical cavity mirror. ISIR Linac BM

The optical path of the output
FEL light is indicated with the
laser from the output window
of the optical cavity to the
detector. The optical cavity
mirrors are spherical Au-coated
copper plates. For the output
mirror (on the downstream side
of the optical cavity) the angle
of tilt and the position on the
axis of the cavity are remotely
controlled with stepping
motors. A part of the light
stored in the optical cavity was taken out through a
hole 1 mm in diameter of the downstream mirror.

The FEL output window is a KRS-5 plate 5 mm
thick which has a transmittance of 42% at a
wavelength of 40 Jim.

Recently, the wiggler has been rebuilt, in which
the wiggler gap can be contineously changed being
remotely controlled at the control desk of the linac.

3.3 Measurement of the FEL light
By using Au-coated plane and concave mirrors

the output FEL is transported to the detector placed
out of the accelerator room through pipes filled with
dry nitrogen gas. The light is detected with a HgCdTe
detector cooled with liquid nitrogen for a wavelength
of 20 ixm and a Ge:Be detector cooled with liquid
helium for 40 \un. The time resolution of the Ge:Be
detector was measured with the pulsed light of SASE
at a wavelength of 40 (4m. The pulse length is
estimated to be 20-30 ps. The time resolution of the
detector thus measured is 170 ns (FWHM). The
sensitivity of the detector was evaluated with a
blackbody light source and the incoherent spontaneous
emission from a multibunch electron beam passing
through a wiggler.

The output power of the FEL light was obtained
by correcting the detected power with the
transmittance of the output window and the
absorption by the air in the optical path.

4. Characteristics of the FEL light
The characteristics of the FEL light are listed in

Table 3.
In order to evaluate the FEL gain and the loss of

light in the optical cavity the time spectrum of the
laser light in the oscillation experiments was
measured at a wavelength of 40 |mn. In this
measurement the output power was approximately
800 |iJ/macropulse. The intensity of light was not

Monochromator

Detector

Fig. 2. Schematic diagram of the setup for the FEL oscillation edperiments.

Table 3. Characteristics of the FEL light

FEL mode
Pulse structure

SASE
Single

Wavelength 20—40 |om
Pulse width (FWHM)
Maximum peak power

(at 40 nm)
Spectral width (FWHM)

2 0 - 3 0 ps

14 W
2.8%

Oscillator
Pulse train

32-40 nm
9ps

8.3 MW
1.1%

saturated. The net gain, which is given by the gain
per pass subtracted by the loss in the round trip, is
52%. The loss in the round trip is 6%. A great part
of the loss is due to the diffraction loss in the cavity.
The gain of the FEL calculated with a two-
dimensional model agrees fairly well with the
experimental value.

The peak power of the SASE light will be
increased by improving tbe quality of the single-
bunch electron beams. The range of wavelengths of
the FEL light from the oscillator will be expanded to
20-150 [im by reducing the diffraction loss of light
in the optical cavity. These will be realized in the
near future.

5. Summary
The infrared FEL was developed at ISIR, Osaka

University. The SASE with the high-intensity
single-bunch beam was observed at wavelengths of 20
and 40 \im. In the oscillation experiments with the
multibunch beam FEL light was obtained at
wavelengths from 32 to 40 yun. The peak power in a
micropulse of the FEL light is estimated to be 8.3
MW at a wavelength of 40 |xm.
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Computer Simulation of 2-D and 3-D Ion Beam
Extraction and Acceleration

Shunji IDO and Yuji NAKAJIMA
Faculty of Engineering, Saitama University
255 Shimo-Okubo, Urawa, Saitama, JAPAN

The two-dimensional code and the three-dimensional code have been developed to study the physical features of
the ion beams in the extraction and acceleration stages. By using the two-dimensional code, the design of first
electrode(plasma grid) is examined in regard to the beam divergence. In the computational studies by using the
three-dimensional code, the axis-off model of ion beam is investigated. It is found that the deflection angle of
ion beam is proportional to the gap displacement of the electrodes.

Keyword: ion beam, extraction, FEM, beam divergence, beam deflection, the axis-off model

1. Introduction
The ion beam techniques are available to the

nuclear fusion and the plasma process fields.[l] The
Neutral Beam Injection (NBI) has been used to heat
the core plasma in the nuclear fusion. In the field of
the plasma processing, these techniques have been
used in the applications of ion beam etching and thin
film formation.

The productions of high current, large volume and
high density beam have been needed in the fields,
where the research and the development works have
been carried out. Fig. 1 shows the schematic view of
ion beam extraction and acceleration. The ions in a
source plasma arc extracted into the ion acceleration
stage by the electrostatic field. The ion sheath is formed
near the wall. To get the beam with small divergence,
the design of the electrodes to extract and accelerate
the ion beam is very important.

Because the divergence of ion beam depends on
the uniformity of source plasma and the shape of
electrodes and the plasma boundary surface.

In this paper, the ion beam characteristics are
investigated about the beam divergence by using the
two-dimensional code and the three-dimensional code
which have been developed by the authors. To analyze
the quality of the divergence of ion beams, the designs
of the first electrode(plasma grid) are investigated. In
these cases, the model is the two-dimensional and
axis-symmetric one. The three-dimensional code is
used to study the axis-off model of ion beam or the
negative ion source.

In this paper, the computational studies of the
axis-off model are discussed.

2. Simulation model
2.1 Physical model

Ion source which is referred in this simulation is
Basic Technology Accelerator (BTA)[2,3] in Japan
Atomic Energy Research Institute (JAERI). Fig. 2
shows the Z-Y cross section view of BTA used in the
three-dimensional simulation model. In the analyzed
region, z-axis length is 33 mm including the plasma

sheath region, the diameter of plasma grid is 8 mm
and the diameter of the acceleration electrode are
10mm. This model has 4 electrodes, that is, a plasma,
an extraction electrode, an electron suppression
electrode and a ground grid, where lOOkV, 70kV,
-5kV and OkV is applied on each electrode,
respectively. Ion species is H*.

High voltage

Extracted Ion Beam

Analysis region

Region of plasma gnd Extraction Grid
Ion Sheath

Fig. 1. Schematic view of ion beam extraction.

i i , i , i i i . . i i . . . i

0 6 10 15 20 26 80 J6

Z - A X I S [mm]

Fig. 2. Z-Y cross section view of BTA.

- 458 -



JAERI-Conf 97-003

2.2 Calculation model
Ion orbits and electrostatic distributions are obtained

by solving the following 4 equations.[4]

V2* = - -L (p

^ P T7.1
m — = - qvd>

61

p . = exp

(1)

(2)

(3)

(4)

Eq.(l) is Poisson's equation, where 0 is the electrostatic
potential, p+ and p_ are the charge density of ions
and electrons respectively. This equation is solved by
using FEM (Finite Element Method). All of the region
is divided into the finite elements so as to be shown
in Fig. 2. Those elements are triangle in the two-
dimensional model and triangular pyramid in the three-
dimensional model. Eq.(2) is the equation of ion
motion, where v is the vector of ion velocity, m is
the mass of an ion and q is the charge of an ion.
Eq.(3) shows the conservation of charge, where ; is
the vector of current density. Eq.(4) is the equation
of spatial charge density, where pa is the charge density
of electrons at the plasma boundary surface, <f>0 ' s

the electrostatic potential on the plasma boundary
surface and 7"e is the electron temperature. Fig. 3 shows
the algorithm in this simulation. Ions are traced as
macro particles. Ion orbits are calculated in the iteration
of the electrostatic potential analysis and ion motion
calculations.

In the three-dimensional code, ion beam divergence
is calculated as follows,

0 , = l 2 -

v.

(5)

(6)

(7)

where cox is beam divergence angle in x-componcnt,
vix is the x-componcnt of beam velocity when the z
is equal to 33 mm. The y-component of beam
divergence is calculated in the similar way.

3. Results and Discussions
3.1 Plasma electrode design

It is important to study the design of the plasma
electrodes to analyze the quality of ion beam. To
investigate the relation between the current density

Calculation of
charge density

Solving of electrostatic potential

calculation of elcctic field

Calculation of Ion beam

Dcc+sfbn of convcrgemcjii
of spatial charge density

NO ^ - ^ with electron

of convcrgcrnciU
f spatial charge densit

NO ^^vsvith ion beam

Fig. 3. Algorithm in this simulation.

and the beam divergence, the two dimensional FEM
code is used. The orbits of ion beam are shown in
Fig.4(a)-(c). The electrostatic potential distributions
are shown in Fig.5(a)-(c). In Fig. 4 and 5, the current
densities are (a) 250 mA/cm2, (b)150 mA/cm2 and
(c)350 mA/cm2, respectively. In the case(a), the plasma
boundary surface is nearly parallel to the r-axis. When
the current density is more increased(caseCb)), the ion
beam is focussed stronger than that in the case(a) and
the plasma boundary surface sinks to the side of source
plasma. In the case(c), the plasma boundary surface
bulges to the acceleration stage. Therefore the ion
beam trajectory is more spread than that of case(a).

The four types of plasma grid designs are shown
in Fig.6. Each grid is different in the shape of its
corners. The other electrodes as shown in Fig.7 arc
cut in the corner respectively. Then the relation
between the current density and the beam divergence
is shown in Fig. 8. In this figure, the beam divergence
angle has the minimum value in these four types of,
electrodes when the current density is 250 mA/cm1.

It is found that the ion beam with the best quality
can be obtained on this condition.
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Fig. 4. Orbits of ion beam in this simulation: (a) current
density = 250 mA/cm2, (b) current density = 150
mA/cm2, and (c) current density = 350 mA/cm2,
respectively.

(i) model 1 (b) mode! 2 (c) model 3 <d) m o d c l *

Fig. 6. Four types of plasma grid designs.

Fig. 5. Electrostalic potential distributions: (a),(b) and (c)
correspond to the case of Fig. 4.

I I ' I I I I i M I i I i i 1 i i i i I , i i i I

0 5 10 16 30 26 tO 86

Z - A X I S [mm]

Fig. 7. The other electrodes(cxcept plasma grid) design.
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32 The axis-off model
The three-dimensional code is used to analyze the

steering of ion beam depending on the axis-off model.
Here model 4 is used to study the influence of the
electrode gap of ion beam because it got the best
angle as shown in the above resulL.Fig. 9 shows the
configuration where the electron suppression grid is
axis-off by 6 [m] to the direction of y-axis. Then ion
beam is deflected to the direction of -y. Fig. 10 shows
the relation between the length of the axis-off and the
deflection angle, where the relation is proportional.
Therefore in this simulation it is shown that the steering
of ion beam can be performed.
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Beam divergence as a function of current density.
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Fig. 10. Beam deflection as a function of axis gap.

4. Conclusion
The two dimensional and three dimensional codes

in beam extraction and acceleration stages have been
developed. The characteristics of the ion beam are
investigated by these codes. It is found that the
influence of current density of plasma source is
significant. In the plasma electrode design, the
influence to the ion beam was studied. It is shown
that the steering of ion beam in the axis-off model is
realized.
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PULSED NEUTRON SOURCE
BASED ON ACCELERATOR-SUBCRITICAL-ASSEMBLY

Makoto INOUE, AkiraNODA, Yoshihisa IWASHITA,
Hiromi OKAMOTO, and Toshiyuki SHIRAI

Nuclear Science Research Facility, Institute for Chemical Research,
Kyoto University, Uji, Kyoto 611, Japan

A new pulsed neutron source which consists of a 300MeV proton linac and a nuclear fuel subcritical assembly
is proposed. The proton linac produces pulsed spallation neutrons, which are multipied by the subcritical
assembly. A prototype proton linac that accelerates protons up to 7MeV has been developed and a high energy
section of a DAW structure is studied with a power model. Halo formations in high intensity beam are also
being studied.
Keywords: pulsed neutron, subcritical assembly, RFQ, DTL, DAW, beam halo

1. Introduction
Nuclear reactor is a useful tool as a neutron source

for multidisciplinary research. But a consensus on
construction of a new reactor does not easily reach.
On the other hand an accelerator based spallation
neutron source is rather expensive to produce same
neutron flux as obtained by a reactor. Only a large
national laboratory may have such a system while
user groups are often small particularly in case of a
university researcher group. They need a flexible
local machine.

Thus our purpose is to reduce the cost of a particle
accelerator based neutron source. Some groups have
proposed accelerator driven reactors for energy
production[l]. Their systems consist of a large high-
intensity proton accelerator and a subcritical
assembly. This concept is attractive because it is safe
and economical. We adopt this idea to our
accelerator based neutron source. In our case a
subcritical assembly is used as a neutron flux booster
not as an energy amplifier. Thus our driving
accelerator comes to be fairly small and economical
than a usual spallation source accelerator which does
not use a subcritical assembly.

On the other hand a usual accelerator based
spallation source produces a pulsed neutron beam
which is useful for time-of-flight(TOF) experiments.
Although we could have a low intensity pulsed beam
by chopping a continuous neutron beam from an
existing 5MW reactor at Kyoto University Research
Reactor Institute(KURRI) we would like to get a new
pulsed neutron source.

The pulsed reactor with a mechanically moving
device which changes the geometry of the nuclear
fuel assembly from subcritical to critical with high
repetition has been considered though it may be

dangerous. At Dubna[2] an electron microtron is used
to feed electrons into a reactor core in coincidence
with the repetition. But the cross section of the
neutron production by electron is smaller than that by
proton.

In our case pulsed neutron beams at desired
repetitions can be easily obtained by the driving
accelerator operated in pulse mode. In the case of
pulse mode operation we can get a high peak intensity
pulsed neutron flux at a low average power level of
the subcritical assembly.

As an example we propose a pulsed neutron source
which consists of a 300MeV proton linac and a
subcritical assembly. This system is complemental to
the existing reactor which delivers continuous beam.
Properties of the subcritical assembly is now studied
by Prof. Shiroya of KURRI. In the present paper we
show mainly a driving linac in the following sections.

2. Proton linac
The proposed driving accelerator is a 300MeV

proton linear accelerator which consists of a multi-
cusp field ion source, an RFQ linac, a drift tube linac
(DTL) and a disk-and-washer(DAW) linac. The
lower final energy linac is less expensive. But the
neutron yield produced by proton decreases abruptly
at less than lOOMeV. Above 300MeV spallation
neutron yield is proportional to the proton beam
power. Thus we chose the linac energy of 300MeV as
the first step because higher energy accelerating tubes
can be easily added in the future.

We have already experienced design and
construction of an RFQ linac and DTL at the Institute
for Chemical Research(ICR) Kyoto University. At
Uji campus we are operating a 7MeV proton linac
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which consists of an RFQ linac and DTL[3].
Characteristics of our linac are listed in Table 1 and
its plan view is shown in Fig.l.

The operating frequency of our linac is 433MHz
which is more than two times higher than a usual
proton linac. This reduces accelerator size and
construction cost. Because of this frequency we
could use a klystron as an RF amplifier to simplify
the RF system. The RF filling time of the DTL cavity
has been also reduced to 15u,sec and then we have
obtained a 50u.sec pulsed beam in good shape. On
the other hand it is rather difficult to produce the
neutron beam of a very short pulse width when we
use the subcritical assembly as a neutron multiplier.

The DTL section accelerates proton up to 1 OOMeV
where the shunt impedance of the DTL cavity
becomes smaller than that of the DAW cavity . Then
a 1300MHz DAW structure linac accelerates the
proton above 1 OOMeV.

We have studied the DAW cavity to solve
difficulty of overlapping of undesirable resonance
frequency to the operating mode and to reduce power
loss on a washer supporting stem. A good solution
has been obtained by a biperiodic support
structure[4]. An electron analog power model at S-
band is now under construction. A cross section of
the power model is shown in Fig.2.

Because beam loss in a linac becomes very severe
in this case, another important study on a high
intensity beam property is also proceeded at our
laboratory. Space charge effect and halo formation
are studied by computer simulation. An example of
the one dimensional simulation is shown in Fig.3. An
initial distribution is supposed to be Gaussian
involving 50% beam-size mismatch. A clear halo is
observed as shown in the right figure.

3. Subcritical assembly
Protons from the linac are injected into a target to

produce neutrons. A neutron is absorbed by fissile
material which surrounds the target. Then an another
neutron is produced by fission. This process is
repeated. The total number of neutrons NJOJ in the

case of infinite material is given by N tot=Nj/(l-k),

where Nj is the neutron number of the first step, k is

the reproduction factor. The value k is less than unity
in the subcritical case. The enhancing factor 1/(1-k)
becomes very large when k closes to unity. A slightly
subcritical accelerator -based reactor in which k=0.99
was proposed by Takahashi[5] to reduce the proton
beam power. But in case of the small subcriticality,

the number of delayed neutrons, which causes a
between-pulse background for TOF experiments,
comes to be large. In order to reduce the background
it may be necessary to change the reactivity of the
reactor with the injected beam pulse. On the other
hand a large subcriticality system may work as a good
pulsed neutron source if a large number of neutrons
are produced by a high-energy high intensity proton
accelerator. Some amount of delayed neutrons are
still produced in this case.

A pulse shape of the neutron flux in the subcritical
assembly also changes according to the condition of
the assembly. A typical example of the neutron pulse
shape calculated by Shiroya[6] is shown in Fig.4.
Condition in this calculation is indicated in the figure.
The moderate value of subcriticality of k=0.95 has
been chosen. Although the background neutrons
between pulses are few, but they are still desirable to
be shut off by a rotary shutter synchronized to the
beam pulse.

4. Summary and discussion
An example of the characteristics of the proposed

system is listed in Table 2. This system will be
mainly used for pulsed neutron experiments. It is also
a useful tool fora fundamental study of an incinerator
of nuclear waste and a Thorium-cycle power reactor
based on a proton accelerator.

Although the 300MeV proton linac is desirable as
a driver it may be reasonable to start with a small
accelerator to prove the usefulness of the proposed
system. For this purpose a 20MeV deuteron linac
may be a good test stand particularly at KURRI
because KURRI users need not only a pulsed neutron
source but also a multi-purpose small accelerator.
Using this linac we can obtain 20MeV deuterons,
lOMeV protons and lOMeV/u fully-stripped light
ions . The 20MeV deuterons produce neutrons for
nuclear engineering. The light ions will be used for
radiation science and technology. And of course
properties of the target subcritical assembly will be
studied with this small accelerator. The lOMeV

proton as an ion of which can be accelerated

simultaneously with D" may be injected into a
proposed medical synchrotron.

We would like to thank Prof. Shiroya of KURRI
for his pulse-response calculations in the subcritical
assembly.
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Table 1. Characteristics or the ICR Kyoto University 7 MeV proton linac.

Ion source multi-cusp field type, proton 50keV

Accelerator structure

RFQ (four vane type)

Vane length

Cavity diameter

Charateristic radius

Min. bore radius

Intervane voltage

Transmission efficiency

DTL (Alvarez)

Cavity length

Inner diameter

Number of drift tubes

Focusing magnet

50keV-2MeV

2,195 mm

170 mm

3 mm

2 mm

80 kV

95% (30 mA)

2 MeV-7 MeV

1,868 mm

451 mm

28

NdB iron permanent magnet

RF power source

Klystron

Frequency
Peak power for each tube

Repetition rate
Duty factor

Litton L-5773

433.3 MHz

1 MW

180 Hz (Max)

1 % (Max)

Table 2. An example of the proposed pulsed reator with a proton linac.

Accelerator
Ion source

RFQ section

DTL section
DAW section

Beam intensity

Pulse width

Repetition

Neutron yield

Subcritical assembly

Fuel
Peak power

Average power
Neutrons

multi-cusp field type

2 MeV, 433 MHz

100 MeV, 433 MHz

300 MeV, 1,300 MHz

30 mA at peak

50^sec

60 Hz

1018n/sec at peak

2 3 5 U

180 MW

600 kW
IOl9n/sec at peak
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SOURCt

Fig.l. Plan view of the ICR 7MeV proton linac. Fig.2. Cross section of the DAW power model.

| after 70.39 m of beam transport|

Fig.3. One dimensional simulation of smooth focusing beam property.
The left figure shows the initial distribution in the phase space. Beam halo can be seen in the phase space of

the right figure.
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Fig.4. A typical example of the calculated pulse shape of neutrons in the subcritical assembly with pulsed
spallation injection[6].
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PRODUCTION OF SLOW POSITRON BEAM WITH SMALL DIAMETER USING
ELECTRON LINAC IN OSAKA UNIVERSITY

Yoshihide HONDA, Junichi SAWADA, Masaki YAMADA, Masaki MAEKAWA,
Shuichi OKUDA, Yoichi YOSHIDA, Goro ISOYAMA, Seiichi TAGAWA and

Takayoshi YAMAMOTO*

The Institute of Scientific and Industrial Research, Osaka University, Ibaraki, Osaka 567, Japan
*Radioisotope Research Center, Osaka University, Suita, Osaka 565, Japan

A slow positron facility using an electron linac was designed and constructed. The specifications were mainly
decided by numerical calculations. The slow positrons are transported along magnetic field line. The cross
sectional size of slow positron beam is l-2cm and the maximum conversion rate from electron to positron is
about 1.5xl0"6. This value is about 1/4 of ideal case in our system. Extraction of slow positron beam from
magnetic field region was made and preliminary brightness enhancement experiment was also performed.
Keywords: electron linac, slow positron

1. Introduction
Slow positron beam has been applied to

solid state physics or chemistry as a probe beam,
since the positron has various characteristic properties
which originate from the anti-particle of electron.
When we want to get more information about depth
profile of defects, surface structure etc., high quality
monoenergetic positron beam such as small energy
dispersion, small beam divergence, small diameter, is
needed and this kind of beam makes new approaches
possible. In order to get high quality beam, re-
emission technique is usually adopted, however, this
technique reduce intensity of positrons. Therefore
intense slow positron beam is needed and this high
current beam also saves time to acquire data The
method to get intense slow positron beam using
electron linear accelerator (linac) has been developed
In our system[l], the surfaces of tungsten foils are
normal to the direction of incident electrons, which
make possible to increase interactions between
primary radiation and tungsten foils, and positrons
are extracted normal to it. The positrons plus X-rays
coming from the converter are used The big
moderator divided into three layers is used and
successive voltage is applied to each layer to
permeate electric field effectively so that much more
slow positrons are extracted.

In this paper, the experimental setup of our
facility is described at first, then cross sectional view
and the number of transported slow positrons are
shown as functions of the Helmholtz coil current,
which surround the moderator. The optimum
conditions for extraction voltage and voltage
distribution in the moderator are also shown. A
limitation of this system is inferred in comparison
with computer simulation. Furthermore, the results
about extraction of the slow positron beam from the
magnetic field region are shown and finally the

preliminary results of brightness
experiment are also shown.

enhancement

2. Experimental setup
The typical operating conditions of S-band

electron linac[2] which is used for this experiment is
as follows: electron energy; about lOOMeV, pulse
width; 2\is and peak current; 400mA and repetition;
30pps. The production room of slow positrons is
isolated by the wall with thickness of 2.5 m and
positrons travel through this wall. The vacuum
vessels and coils of this facility, especially for
production region of slow positrons, are made of
aluminum alloy as far as possible, because aluminum
alloy reduces activation and excludes the
magnetization of the vacuum vessel which perturbs
the positron beam trajectories. Furthermore the
bases of this beam line are made of stainless steel to
avoid suffering from the irregular field caused by
magnetization.

Tantalum and tungsten are used as materials
of the converter and moderator, respectively. To
decide the sizes and arrangement of converter and
moderator, EGS4 Monte Carlo simulation code[3] was
used. It was found that the proper length of tantalum
converter is 6-8 mm and these thickness correspond to
about 1.7-2 radiation length. The converter was set
out of vacuum system in order to cool down easily
and to give access to the facility, since the converter
was expected easy to heat up by incident electron
beam and much gas come from the converter. As
the converter was set about 400mm apart from the
exit of linac, the diameter of electron beam became
large on the converter because of dispersion of air. In
this experiment, the diameter and thickness of the
converter were 20mm and 7mm respectively. In the
experiment, the energy of electrons is set between 80
and 120MeV in usual. As the diameter of electron
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beam at the position of converter was less than 20mm,
the diameter of converter was decided 20 mm.

As the radiation angles are rather broad, the
area of moderator facing to the converter should be
large enough so that the positrons and X-rays coming
from the converter intersect it effectively. Especially
for X-rays, as the major part was emitted within 45
degrees, the moderator should be set so close to the
converter so as to be exposed to X-rays effectively.
In order to satisfy these conditions, we decided that the
area facing to the converter was 70 mm x 80 mm.
The moderator is an assembly of nine tungsten foils
and these foils are aligned normal to the incident
electron beam direction and every foil is in parallel
with 10 mm intervals. In this arrangement, however,
electric field for extraction can not permeate deeply in
these intervals, so it is difficult to extract slow
positrons effectively from big moderator with
electrostatic manner. To avoid this problem, we
divide moderator into three layers and apply successive
voltages to these layers although this causes the
increase of energy dispersion of positrons. As shown
in Fig. 1 the size of every tungsten foil is
20mmxl00mmx25jim. Every foil is aligned 10mm
apart and set surface normal to the direction of incident
electrons. The farthest three foils from the converter
are followed by lmm thick tungsten plate without gap
in order to scatter positrons backward.
The tungsten plate is also set at the bottom of the
moderator to permeate electric field in the moderator
effectively. Thin tungsten foils were annealed above
1800 centigrade and the moderator was fabricated in
the air. The moderator was set inside the vacuum
vessel and the vacuum was sealed by 0.2mm thick
aluminum wall, which is located just behind of the
converter. The distance from the converter was
26mm to suppress the breakdown.

In our magnetic transport system, slow
positrons emitted from the tungsten surface twine
around the field line passing through the moderator in
almost parallel, which is generated by Helmholtz coils,
and are accelerated to the exit of the moderator.
Extracted positrons from the moderator travel along
the field line with Larmor gyration. In order to
transport slow positrons with good condition, it is
better to keep the diameter of positron beam small.
The field lines in the moderator are gathered up to the
center of the transport tube by squeezing magnetic
field The reduction of the beam diameter, however,
is limited by the strength of mirror field and the
normal component of the velocity of positron to the
magnetic field(v J . Increasing the parallel component

of the velocity to the magnetic field(v,) to avoid
reflection, leads to increasing normal component as a
result. We decide the standard extraction voltage as 1
kV, initial magnetic field is below 10G and mean
magnetic field in the transport tube is about 160G.
The schematic drawing of the slow positron facility is
shown in Fig.2. In the experiments presented in this
paper, the transported slow positrons were monitored
by micro channel plate(MCP) and the number of slow
positrons was also measured at the same time by
means of measuring annihilation y-rays. The
annihilation y-rays were detected Nal scintillation
counter. The mean magnetic field and the vacuum
pressure of transport line was about 160G and about
5xl08 Torr.

W-foil (25nm)+W-plate dum)
W-mesh

W-plate (lmm)

Converter(Ta)

W-foil (25nm)

Fig. 1 Schematic diagram of moderator.

3. Transportation of slow positron beam in magnetic
field region

It is important to reduce the diameter of
slow positron beam in the sense of increasing
transport efficiency. The image of slow positron
beam which is measured at Ml in Fig.2 is shown in
Fig. 3. The slow positrons were extracted at lkV and
voltage difference of each layer in the moderator was
100V. The converter is located at the right hand side
of this image. In this image, vertical bright lines
correspond to the intervals of tungsten foils in the
moderator, which means that the slow positrons were
transported regularly without so much dispersion.
The lower bright images including distorted rectangle
represent the images of electrons, which were
transported with positrons simultaneously. The
cross sectional area and intensity of the slow positron
beam were reduced especially in the peripheral region
according to decrease of IH because of mirror field,
where IH is the current of Helmholtz coils surrounding
the moderator. On the other hand, increasing IH, the
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Helmholtz coils

Slow positron production room

Fig.2 Slow positron facility

cross sectional area became larger and the peripheral
lines were made clear. The relationship between IH
and the number of slow positrons normalized by
incident electrons(conversion rate) is shown in Fig.4.
In this figure, the number of electrons was estimated
from the averaged current. In our experiment, the
number of positrons was estimated using one
annihilation y-ray, not taken coincidence with the
other Y-ray but with the linac. The number of slow
positrons increased as IH increased up to 8A. In the
cases of IH=8A and 9A, the number of transported
slow positrons seems almost equal, which may mean
IH=8A is enough strength for transportation in this
machine, since the cross sectional area of the slow
positron beam might be large to detect y-rays with
same solid angle. The dependences of the conversion
rate on the extraction voltage and voltage difference
between layers in the moderator are shown in Table 1
where IH=5A. These data was obtained at only one
measurement except for two conditions which are the
average of 4 and 8 data. The conversion rate has
broad peak at 0.5kV-lkV, whereas there is no trend
about voltage difference. This fact may mean that
emitted positrons from tungsten foil enter tungsten
foil again and reemitted from it repeatedly. Thus the
energy of major part of the slow positron beam would
be decided near the extraction mesh in the moderator.
This repetition may results in decreasing the intensity
of positrons. In the experiment, the peak current of
electrons was suppressed below 20mA to avoid pile-
up. However, if usual operating condition where the
peak current is about 400mA, is applied, the number

of positrons is estimated to about 2xl08 /s by simple

0 100 200
Horizontal (r<slaliv« unll)

Fig.3 The image and intensity profile of transported
positron beam.

To estimate production efficiency of slow
positron, Monte Carlo simulation code (EGS4) was
used, in which cutoff energy of positrons in the
materials was limited at lOkeV. In this simulation,
the alignment of converter (Ta), moderator assembly
(W) and vacuum seal (Al) between converter and
moderator were the same as real ones. The 0.5
million electrons in total with the energy of lOOMeV
are incident normally on 7mm thick tantalum plate
with several initial random numbers to suppress
statistical error. The results are shown in Fig.5. In
this figure, every column shows the half sum of
positrons remained in the neighboring tungsten foils
with the energy below lOkeV and incident beam
comes from the left, which is reverse arrangement of
image in Fig.3. This intensity profile is similar to
the image appearing in Fig.3 especially near the
central region. The amount in the final gap, 8, and
in the third layer is large compared to another gap and
layer because of back scattering. The difference
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between experimentally obtained image and simulated
one appears in both sides. As shown in Fig. 3, the
rightmost bright line corresponding to gap number 1
in Fig. 5, is away from the other lines because of
curvature drift and/or irregular electric field near the
moderator, however, the intensity of it is almost the
same as neighboring line. On the other hand, the
intensity of the leftmost line in Fig.3 corresponding
to gap number 8 in Fig. 5 is weak, which may be
interpreted as the 25(Xm and lmm tungsten foils are
not contacted completely in actual. If the whole
positrons predicted from the simulation is obtained at
the monitoring position, the number of transported
positrons increases about 10%.

comparison of energetic positrons plus X-rays with X-
rays only as a primary radiation was made. It was
found that the efficiency in the latter case was about
58% of that in the former case in our system.

500 -
XI 400
13 300
£ 200

100
0

1 2 3
Gap

4 5 6 7 8
number

Fig.5 Caluculated profile of positron in the
moderator
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Fig.4 Relationship between conversion rate and IH

Table 1. Dependence of conversion rate on extraction
voltage and voltage difference.

positrons/electrons (x10 "" )

>

25 V

50V

100 V

200V

Extraction voltage
0 25kV

0.75

098

1.25

0 5kV

1.19

1.36±0.03

1.34

1.40

1KV

1.32

1.39

132 ± 0 06

1.3S

2kV

1 10

1.14

1.03

3kV

0 98

1.03

4kV

095

0.82

Next, we try to estimate ideal conversion
efficiency from electron to positron. In Fig. 5, the
whole conversion rate from incident electron to
positrons in the tungsten foils is 0.67%. As the
diffusion length of positron in ideal tungsten is about
138nm and the emission probability as positron from
tungsten surface is about 10%, the available
positrons per one incident electron are about 6.7X10"6.
As the transmission rate of tungsten mesh is 92% and
transport efficiency is 90%, ideal conversion rate in
our facility is about 5.5xlO"6. The experimentally
obtained conversion rate was about 1/4 of ideal one.
This is because the actual diffusion length is short,
emission efficiency from the surface is worse, emitted
positrons are incident on the tungsten foil and
reemitted from it in the moderator, etc. The

4. Extraction of positron beam from magnetic
transport system

It is important to know the velocity
perpendicular to the beam axis for extracting positrons
from magnetic transport system[4,5]. In Fig.3,
several bright vertical lines can be found and these
lines were thought as gaps between tungsten foils in
the moderator. The width of these lines is about
1.5mm in IH=5A case, which may mean that Larmor
radius is less than 0.75mm. This radius
corresponds to 13eV of transverse kinetic energy in
the case that the magnetic field is 160G and divergence
angle in the transport tube is about 6.5 degree as the
longitudinal kinetic energy is lkeV.

In order to focus the positron beam,
positrons have to be extracted to non-magnetic region
and focused by electrostatic manner, since it is
impossible to focus positron beam in the magnetic
field and the kinetic energy is low. To recognize the
mechanism of extraction, we investigated it using a
solenoid coil. The results are shown in Fig.6(a), in
which the solenoid coil is present between z=^15cm
and 15cm with 9cm radius, and test particle starts at
z=5cm and travels to z=50cm where the initial
conditions of longitudinal and perpendicular energy are
lkeV and 2eV, respectively. The HB in Fig.6(a)
corresponds to the integrand of magnetic moment and
the average of this from start point to about 2=19.5cm
is almost constant, however, at z=19.5cm this
integrand and the perpendicular component of velocity
drastically decrease and following motion is no more
Larmor gyration. This point (marked C in Fig.6(a))
corresponds to the one that the direction of the particle
motion coincides with that of magnetic field As the
component of velocity perpendicular to the axis of
transport tube increases even after this point because
of the presence of weak field, it seems better to adjust
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the shape of magnetic field near the point C to
diminish magnetic field drastically. To suppress
beam divergence, it may be considered that the
particles should be accelerated The relationship
between beam divergence and acceleration point is
shown in Fig.6(b), in which acceleration voltage is
lOkV. It is found that the preferable acceleration
point is that after the point C mentioned above,
however, this acceleration voltage is restricted in
actual. As the applied voltages to each electrode,
which composes electrostatic lens, depend on this
acceleration voltage, available voltage is about 2kV at
most and this voltage is not so effective for extraction.
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Fig.6 Several parameters of test particle in a solenoid
coil.

Mirror field ( IH = 5A) Cusp field ( I H = 5A)

Fig.7 The images obtained for mirror and cusp field.

Tcm

Fig.8 The image of slow positrons in the magnetic
transport system(a), on the single crystal(b) and
passing through the single crystal(c).

To realize this configuration two water-
cooled magnetic lenses are equipped between magnetic
transport system and electrostatic lens system. In
this system there are two stages of electrostatic lens
system and tungsten single crystal is also equipped
between two electrostatic lens system for brightness
enhancement experiment. The first electrostatic lens
system was covered with high permeability metal,
whereas the second stage of electrostatic lens system
was not covered with this kind of metal, so the
steering coils were used to compensate the irregular
field Every electrostatic lens system consists of five
element lenses to change magnification. Magnetic
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mirror and cusp field can be made using magnetic
lenses. These two magnetic lenses are covered by the
metal with high permeability not to influence for long
distance. As the shape and the strength of magnetic
field might play an important role in extraction, the
magnetic field is arranged using these coils.

The images of extracted positrons from
magnetic field region are shown in Fig.7. In this
experiment, the extraction system was set at Ml in
Fig.2. These figures were obtained at the end of the
first stage of electrostatic lens system by adjusting the
current of the magnetic lenses in each case. In the
case of mirror configuration, the cross section of
extracted beam is magnified, however, still conserves
its pattern. In cusp configuration, only central
region of the beam can be extracted and the number of
extracted positron is less than that in the case of
mirror configuration. It is found that the mirror
configuration is better one for extraction. The
images of electrostatically focused positron beam were
measured for several cases. In cusp configuration,
the beam size is almost equivalent to the preset
magnification, however, the intensity of positron
beam is still low. The extraction efficiency was
measured in the case of non-magnetic lens system.
The result was about 8% and the major part of the
positrons was died in the electrostatic lens system. It
may be considered that the cusp field is preferable for
extraction system since the gradient of magnetic field
along the orbit of positron is steeper. The gradient
in the present system, however, is not enough and
many positrons run away along field line. In order to
extract positrons effectively in this configuration,
magnetic field must diminish rapidly near the point C.

The result of preliminary experiment for
brightness enhancement of transmission type is
shown in Fig. 8. This apparatus was equipped at M2
in Fig.2. The spot size of the positron beam at the
tungsten single crystal was adjusted using first stage
of electrostatic lens system so as to focus on this
crystal. The tungsten single crystal foil with
thickness of lOOnm was not annealed. The incident
energy of positron on this foil was 3kV. The
diameter of transmitted positron beam was about 2mm
though the electrostatic lens system was arranged so
as to make positron beam size less than lmm, and its
shape was deformed by irregular field and/or aberration.

5. Summary
As a result of the investigations about the

behavior of positrons and X-rays produced in the
converter using EGS4 Monte Carlo simulation code,

we decided the length of converter, the size of
moderator and the arrangement of these components.
The conversion rate from electron to positrons was
about 1.5x10-6 where the tungsten foils were annealed
more than 1800 centigrade and extraction voltage was
lkeV, AV=100V and IH=8A. This conversion rate
was about 1/4 of ideal case and the main reason is
considered as emitted positron may enter the tungsten
foil again, which leads to the less production rate of
slow positrons. Extraction of positrons from
magnetic transport system was tried In order to
extract positrons from magnetic transport system
effectively, magnetic lens system was applied,
however, extraction efficiency was worse. Several
reasons may be considered; the beam diameter was
large, the magnetic field was not adjusted properly, the
energy of transported positrons was not the same, etc..
Another parameters such as the position of
electrostatic lens must be adjusted The preliminary
experiment for transmission-type brightness
enhancement experiment was performed The
diameter of the reemitted beam was about 2mm.
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CONSTRUCTION OF A PULSED MeV POSITRON BEAM LINE
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To develop a fast (1 MeV) and short pulsed (100 ps) positron beam which enables defect behavior analysis of
bulk states of materials even at high temperatures where a usual positron source would melt, we have been
performing design study and construction of the beam line in a three-year program since 1994. This report
describes the components, design study results and experimental results of the completed parts until now.
Keywords: fast and short pulsed positron beam, accumulation, chopper, slow positron filter, RF field

1. Introduction

JAERI Takasaki has been developing high-
time and -space resolution positron beam formation
technology since 1994 in a sub-theme "Research on
Advanced Technology of Positron Beam Generation
and Control", which belongs to a category "Frontier
Measurement and Analysis Technology by Radiation
Beam Application" in "Basic Atomic Energy
Crossover Research Program". This report describes
design studies on PUMPS (Pulsed MeV Positron
Source) as a part of the research and development.

2. Component
Fig.l shows a schematic diagram of PUMPS.

Assembling of a source housing part, a slow positron
beam generation and transport part and a chopper part
to chop the beam to a time range of 2 ns has been
completed until now. The chopped positron beam will
be accelerated to 1 MeV and compressed to a pulse
width under 100 ps by RF fields of a sub-harmonic
buncher (178.5 MHz) and an acceleration cavity (2856
MHz) which will be produced from 1995 to 1996.

178.5 2856MHz
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Extractione
Grid
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Klystron Operation
Mount unit
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Fig.l Schematic diagram of PUMPS (Pulsed MeV Positron Source).
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2.1 Source housing part
As a positron source, we use a radio-isotope

(3.7 GBq 22Na). "Die source can be transferred between
the inside of a lead shield housing and a moderator by
using a linear feedthrough. When slow positrons are
generated, the source is supplied with a high voltage,
but whole the housing part is kept at an electrical
ground by applying an insulator between the source
and the feedthrough.

2.2 Slow positron beam generation and transport part
Hie source is inserted from the source housing

to a slow positron generation part with the linear
feedthrough, where it is attached to a moderator (a
tungsten foil). Slow positrons reemitted from the
moderator, when the moderator mount is supplied
with a high voltage, are accelerated from 1 eV to 1
keV in a gap between the moderator and a tungsten
mesh (an extraction grid: electrical ground). The
moderator size is 7 mm <J> and the slow positron beam
size is expected to be around 10mm<|>.

Slow positrons accelerated from 1 eV to 1 keV
are guided to a chopper part by an axial magnetic field
(about 0.02 T) of a solenoid coil which has a 90*
curvature. The curvature prevents gamma rays emitted
from the source and energetic positrons passing
through the moderator from being injected to the
direction of the slow positron transportation.

2.3 Chopper part
Slow positrons at the chopper part are

transported in a magnetic field (about 0.02 T) of
Helmholtz coils. The chopper duct has two pairs of
steering coils for beam position correction.

Inside the chopper duct, there are two grids.
One is a static grid connected to an electrical ground,
and the other ia a chopping grid. When the energy of
transported positrons and the electric potential of the
chopping grid are equal, the positrons are decelerated
by a gap between the two grids. Subsequently, they
are re-accelerated toward the beam upstream by the
gap. Positrons are expected to be accumulated by the
above process. When a 5 V pulse is applied to drop
the potential of the chopping grid, positrons pass
through the grid toward the beam downstream during
the pulse width. By this, the positron beam is
expected to be chopped to a time range of 2 ns and
transported to a sub-harmonic buncher (SHB).

2.4 Sub-harmonic buncher and acceleration cavity
The chopped beam is accelerated at a gap

between the chopping grid and a grid attached to the

SHB by a RF field applied to the SHB. The
acceleration voltage will be a few hundred volts. The
SHB is expected to compress the pulse width to about
300 ps. Subsequently, in an acceleration cavity, the
beam is accelerated to 1 MeV and the pulse width is
compressed to about 100 ps.

3. Design Study
3.1 Moderator thickness

We carried out a design study to find an
optimal thickness of the moderator used at the slow
positron generation part with a Monte Carlo
simulation system EGS4-SPG [1]. Fig.2 shows the
geometry for the simulation. Energies of positrons
injected onto the moderator from the source were
selected to be 50, 100, 200, 300, 400 and 500 keV,
because positrons emitted from 22Na have an energy
distribution ranging from 0 to 546 keV. A distance
between the source and the moderator was selected to
be 1 mm, which is an actual gap due to the moderator
support. For the moderator thickness, 1, 2, 6, 15, 20
and 25 u m were chosen.

Slow positrons reemitted
from tungsten foils are
extracted to the direction
of arrows.

e

t=l,2,6,15,20,25

7mm

lmm

Disk form e+source (0.5cm <J> active area)

Considered as a point source
/ 4 n -direction emission
'•Energy50,100,200,300,400,500keV

Fig.2 Geometry for the simulation on moderator
thickness effect.

Fig.3 shows evaluated slow positron yields
from tungsten moderators of various thicknesses. The

0 100 200 300 400 500 600
Positron (3*) Energy (keV)

Fig. 3 Evaluated slow positron yields n.
D • (reemitted slow positrons / injected positrons) x 3
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moderator thicknesses under 6 n m were promising,
because the energy region from 200 keV to 300 keV
is center of the energy distribution of 22Na P+.
Therefore, a commercially available tungsten
moderator of 6 pm thickness was used for the slow
positron generation and transport experiments.

3.2 Beam track
We carried out calculations on the beam tracks

of the slow positron transport, and on shifts by the
steering coils. The axial magnetic fields of the
solenoid coil and the Helmholtz coils were selected
0.02 T (measured value : solenoid coil 0.0203
-0.0222 T, Helmholtz coil 0.0209-0.0294 T), and
the magnetic field of the steering coil at the chopper
part was selected 0.001 T (measured value : 0.0014
T). The beam energies were varied from 400 eV to 1
keV.

Fig.4 shows the calculated beam centers.
Without the steering coil applied, the beam centers
were located in a range from -0.1 mm to 0.8 mm of
X-direction and from 5.3 mm to 8.4 mm of Y-
direction. Here the beam duct center is (0 mm, 0
mm). The shifts by the steering coils were 5.6 mm
for both directions. Therefore, it was concluded that
the function of the steering coil was sufficient to
adjust the beam position to X-direction, but not to Y-
direction.

r 5.6mm
lkeV

Calculated value
steering coil X

Calculated value
of beam center

5.6mm

Calculated value using
steering coil Y

i

Fig.4 Result of the beam track calculation.

3.3 Sub-harmonic buncher and acceleration cavity
Frequency of the RF field which is supplied to

the acceleration cavity for 1 MeV acceleration was
selected 2856 MHz (S-band). To make a capture effect

of positrons larger in the cavity, RF frequency of the
sub-harmonic buncher near to that of the cavity (for
example 2856/4 MHz) is better. But the pulse interval
has to be several ns at least to use the pulsed positron
beam for positron lifetime measurement. Con-
sequently, RF frequency of the sub-harmonic buncher
was selected 2856/16=178.5 MHz as an optimal
value.

4.Experiment
We carried out slow positron beam generation

and transport experiments and also electron beam
transport experiments to the chopper part using a
positron source (3.7 MBq 22Na) and an electron gun.

4.1 Beam transport using an electron gun
For confirmation of the beam track calculation

results, we carried out an electron beam transport
experiment using an electron gun. Fig.5 shows the
experimental results. Differences between the
calculated values and the experimental ones were 0.4
mm for X-direction and 2.8 mm for Y-direction. It is
assumed that the difference is associated with the
magnetic field uniformity and the alignment accuracy.
As predicted in the beam track calculation, the
steering coil at the chopper part was not sufficient to
adjust the beam position to Y-direction. Therefore, we
added supplementary steering coils at the end of the
solenoid duct, which resulted in a successful beam
adjustment.

4.2 Beam transport using a positron source
We carried out a slow positron beam

generation and transport experiment using a positron
source 22Na (3,7 MBq). The moderator was a 6 \i m-
thick tungsten. For the beam observation we used a
micro channel plate (MCP) at the end of the chopper
part. In this experiment, the number of positrons were
not counted.

Case 1: When the moderator potential was 0 V
and the MCF-IN potential was -2 kV, an image of the
beam was observed. In this case, possible components
of the transported beam are considered to be high
energy positrons, slow positrons and secondary
electrons (over 2 kV).

Case 2: When the moderator potential was -1
kV and the MCP-IN potential was -2 kV, the image
intensity was larger than case 1. It is clear, in this
case, that energetic positrons under 1 keV and slow
positrons were not transported. Nevertheless the beam
intensity increased. It is assumed to be caused by
considerable secondary electrons of 1 to 2 keV.
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Case 3; When the moderator potential was 1
kV and the MCP-IN potential was -2 kV, the image
intensity was smaller than case 1. This condition may
not affect energetic positrons and may increase slow
positrons, compared to case 1. Secondary electrons
under 3 keV may not be transported. This result also
supports existence of secondary electrons.

Calculated value 5.6mm
Measured value average 5.2mm

Beam center
difference between
calculated and
measured value
(In the case of
beam energy lkeV)

2.8mm

/ 400eV

Using steering
coilX

Using steering
coilY

Calculated value 5.6mm
Measured value average 5.2mm

(^ Measured value

H | Calculated value

Fig.5 Result of beam transport experiment using
an electron gun (to the chopper part),

5. Future Plan
From the above result, secondary electrons

generated by high energy positrons bombardment onto
the moderator and probably energetic positrons
transmitting the moderator are considered to be
transported to the end of the chopper part with slow
positrons. They may cause noises at the end of the
beam line after the acceleration cavity. Therefore, we
are designing a slow positron filter as shown in Fig.6
to eliminate the useless particles, which will be
placed between the solenoid duct and the chopper duct.
For accumulation of slow positrons, the beam
trajectories must be the same both for the directions
toward downstream and upstream. Since an electric
field can not be applied for this purpose, a radial
magnetic field is used to shift the particle trajectories

between the two guiding axial magnetic fields.
We plan to apply the filter to inject electrons

into the beam line (chopper, SHB and acceleration
cavity). This enables comparison between irradiation
effects of positron and electron.

The beam line will be completed in 1997 after
installation of a klystron and surrounding devices. It
is planned to be applied to defect analysis of
semiconductors at very low and high temperatures,
initial process study on fatigue of materials for reactor
use and irradiation effect study of bio-materials.

Helmholtz

High
Secondary Energy
Electrons Positrons

" *=1

X

Positrons

Steering Coil a a Elimination Slit

Fig.6 Components of slow positron filter.
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In order to detect thermal vacancies in Si, in situ positron annihilation measurement has been performed using an

internal source method. An increase (decrease) in S-parameter (W-parameter) was observed above 120CTC. It was

explained in terms of the formation of thermal vacancies.

Keywords: positron annihilation, internal source, thermal vacancies, Si

1. Introduction

Vacancies are important defects since they

often contribute to various diffusion processes in

crystals, such as self-diffusion and substitutional

impurity diffusions. Previous works suggest that both

vacancies and interstitials may contribute to self-

diffusion in Si[l]. Recent theoretical calculations

suggest that the concerted-exchange mechanism may

be a possible channel of self-diffusion in Si[2]. It

seems to be somewhat controversial whether self-

diffusion in Si is dominated by defects or not.

Dannefaer et al.[3] first carried out in situ

positron lifetime measurement for Si at high

temperature using an internal positron source (22Na)

produced by proton irradiation (28Si(p,7Be)22Na).

They observed an increase in average positron lifetime

above 110CTC and attributed it to the formation of

monovacancies. From their analysis, the formation

energy of a mono vacancy was determined to be 3.6

eV However, the following positron beam experiment

by Wurmshurt et al. [4] showed that positron lifetime

did not increase up to the melting point. Although the

reason was not clear, they tentatively concluded that

positrons were not trapped by vacancies due to

thermal detrapping.

To clarify the formation of thermal

vacancies in Si, we performed positron annihilation

measurement using the internal source method.

2. Experimental

Samples used in this work were high purity

(1000 fJcm) floating-zone grown Si single crystals

(20x20x1 mm). Eight samples were stacked and

attached to an aluminum holder cooled by running

water To produce the internal positron source (22Na),

the stacked samples were irradiated by 70 MeV

proton beam (1 uA) for 11 hours. (Total fluence is

7.9x1016 H7cm2.) The maximum sample temperature

during the irradiation was about 35O°C After the

irradiation, one of the samples was annealed at 900°C

for 30 min to eliminate radiation-induced defects.

Through a preliminary experiment, some

part of positrons were found to emit out of the sample

and to annihilate in the ambience. Such positron

annihilation gave rise to a long-lived component. To

avoid positron annihilation in the ambience, the

irradiated sample was sandwiched by two unirradiated

samples. For high temperature measurements, the

sandwiched specimen was further enclosed into a

quartz tube with rare argon gas.

Positron lifetime measurement was done

using a conventional spectrometer with a time

resolution of about 200 ps at room temperature. In

situ Doppler broadening measurement was carried out

between room temperature and 1377 t . The

evaporation of 22Na was observed above 1 lOOt. Its

amount increased with temperature. Thus, the
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Figure 1 The amount of produced 22Na as a function

of layer number of sample.

specimen was first annealed at 1377"C for 1 hour, and

cooled to room temperature. No evaporation of 22Na

was observed in the subsequent heating run.

Evaporated 22Na contaminated the quartz tube.

Annihilation in the quartz caused an additional

component in a spectrum of the Doppler broadening.

That component is broader than that of Si, and nearly

independent of temperature. Hence, it was

successfully subtracted from the original spectra.

3. Results and Discussion

3-1 Internal positron source production

From the analysis by a gamma ray

spectrometer, 7Be and 22Na were identified. This

shows that the nuclear reaction of 28Si(p,7Be)22Na is

caused by proton irradiation. Figure 1 shows the

amount of 22Na produced by proton irradiation. About

2xlO5 Bq of 22Na is found to be uniformly produced in

each sample. Solid line in the figure shows the

production amount of 22Na expected form a

calculation using IRAC code[5]. The experimental

result agrees well with that expected from the

calculation in the order of magnitude. However, the

experimental value is slightly lower than the calculated

one in the shallower layer In addition, it is higher than

the calculated value in the deeper layer. Considering

the fact that crystal is treated as a continuous medium

in the calculation, the deviation from the calculation is

inferred to be due to channeling effect. Namely, the

250 ,

3 240 -

UJ

S
UJ

230

220

210

200

Bulk lifetime

1 2 3 4 5 S 7 8
LAYER NUMBER OF SAMPLE

Figure 2 Average positron lifetime as a function of

layer number of sample..

lower and higher production amounts of 22Na in

shallower and deeper layers than those of the

calculation may reflect higher transmissivity of protons

due to the channeling effect.

3.2 Radiation-induced vacancies and their annealing

Figure 2 shows average positron lifetime as

a function of the layer number. The average lifetime is

nearly independent of the layer number. The increase

in the average lifetime is 6 ps at most as compared to

lifetime of positron in the bulk. From two-component

analysis, the second lifetime component (lifetime:

-370 ps, intensity: -15%) was obtained for each

sample. The obtained lifetime is longer than the

lifetime at a divacancy (300 ps)[6] The intensity

seems to be rather low. Probably, primarily induced

vacancies mostly annihilated or agglomerated to large

vacancy clusters due to sample heating during

irradiation [7]

Figure 3 shows the lifetime spectra for the

as-irradiated sample and the annealed sample at 900"C

for 30 min. The average positron lifetime is found to

decrease by the annealing. After the annealing, only

one lifetime of 218 ps (bulk lifetime) was observed.

Thus, it is concluded that radiation-induced vacancies

are completely eliminated by the annealing

3.3 In situ Doppler broadening measurement

Figure 4 shows the energy spectra of
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FigureS Lifetime spectra for as-irradiated sample and

annealed sample at 9003C for 30 min.

annihilation gamma ray measured at room temperature

and 1377=C. The spectrum at 1377;C is found to be

narrower than that at room temperature. Figure 5

shows the dependences of S- and W-parameters on

the measuring temperature. Here, S- and W-

parameters are defined by the area of the central part

and the wing part, respectively, of the energy

spectrum. The increase (decrease) in S-parameter (W-

parameter) is caused by positron annihilation at

vacancies[8].

As mentioned in section 1, Dannefaer et al.

reported an increase in average lifetime from 11003C.

However, Fig. 5 shows no clear increase of S-

parameter at that temperature region. S-parameter

increases rapidly above 1200=C. W-parameter shows

its mirror-like behavior. Those result suggest that the

thermal vacancies are formed above 1200t. In the

temperature range where thermal vacancies which

work as positron trapping centers are formed, S- and

W-parameters are given by[9]

Sy - S/j

( SF\ (EF\ '
exp[--£- expM-

v k J \kTJ

(1)

W=WB--
WB~WV

J e X P l#
(2)

5680 5700 5720 5740
CHANNEL NUMBER (0.0893keV/ch)

Figure 4 Energy spectra of annihilation gamma ray

measured at 1377cC(1650K) and room temperature

(300K).

Here, SB (WB) and Sv (Wv) are the S-parameters (W-

parameters) when all positrons annihilate at bulk and

at vacancy, respectively, .̂B is an annihilation rate of a

positron at bulk. |i is a specific positron trapping rate

due to a vacancy. Sp and Ep are the formation entropy

and energy, respectively, of a vacancy. The formation

energy of a vacancy can be determined by fitting of the

above equations to the experimental results. Solid

lines in Fig. 5 are the best fittings of the above
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Figure 5 Variations of S- and W-parameters as a

function of measuring temperature
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equations. (The temperature dependences of SB (WB)

and Sv (Wv) were neglected.) The formation energy

was determined to be 4.71 ±1.08 eV. This value is

about 1 eV higher than that determined by Dannefaer

et at. It is interesting to note that the formation energy

of a vacancy determined in this work is comparable to

the activation energy for self-diffusion determined by

etching methodflO]. The above argument allows us to

think that vacancy mechanism is one of the possible

channels for self-diffusion in Si.

S.Yamaguchi and K.Sumino, Jpn.J.Appl. Phys.34

(1995)2197.

[7]A.Kawasuso, M.Hasegawa, M.Suezawa,

S.Yamaguchi and K.Sumino, Materials Science

Forum, 175-178(1995)423.

[8]For example, P.A.Kumar, K.G.Lynn and

D.O.Welch, J.Appl.Phys.76(1994) 1.

[9]For example, Positron Solid State Physics, eds.

W.Brandt and A.Dupasquier North-Holland (1983).

[10]R.F.Peart, Phys. Stat. Solidi, 15(1966) Kl 19.

4. Summary

The results of this work are summarized as

follows: Internal positron source (22Na) was produced

by 70 MeV proton irradiation. Radiation-induced

vacancies were completely eliminated by an annealing

at 900;C for 30 min. Through in situ measurement,

an increase (decrease) in S-parameter (W-parameter)

was observed above 1200=C. It might be explained in

terms of thermal vacancy formation.
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The electrostatic slow-positron beam is constructed by using 22Na sourse. We design the elec-
trostatic lens, the system of the detector, and the Wien filter for the experiment's system of
the spin-polarized slow positron beam. The reemitted spin-polarized slow-positron spectroscopy
is proposed for studying magnetic thin films and magnetic multilayers. We calculated the de-
polarized positron fractions in the Fe thin film Fe(10nm)/Cu(substrate) and the multilayers
Cu(lnm)/Fe(10nm)/Cu(substrate).
Keywords, spin-polarized slow-positrons, reemitted slow-positrons, magnetic multilayers.

1. Introduction

Recent development of magnetic films and mag-
netic multilayers is remarkable[l] Especially the
advancements of perpendicular magnetization, wliich
enable liiglUy dense memory, giantly magnetic re-
sistoration, and new soft magnetic materials liave
been expected. However, the microscopic meclia-
nisms of these phenomena are not clarified certainly.
The development of the experimental method, wliich
can detect only the surface magnetism or magnetic
structures near interfaces, have been required.

The slow positron beam gives the informations
of tlie disorder of crystals and the electronic states,
which depend on the depth of the specimen, when
the incident positron" energy into the specimen is
variable[2]. Particularly this experimental method is
only one, which can detect non-destnictively small
vacancy-type defects unobserved by the electron

microscopy in thin films or multilayers.
Spin-polarized slow positrons are useful probes of

electron spins in the surfaces and interfaces of ma-
terials through spin-dependent interactions between
electrons and positrons[3,4] Polarized positrons are
emitted in the decay of radioactive nuclei with a
helicity as a result of parity non-conservation in
the weak interaction The positron spin direction
is largely preserved when energetic positrons are
thermalized in non-magnetic materials.

Gidley et al. [5] have studied the surface mag-
netism of a Ni(llO) with a spin-polarized slow
positron beam. In addition, Gidley et al. [6] have
applied the spin-polarized slow positron beam to
studying the electron helicity in cliiral molecules.

In this study we design the spin-polarized slow
positron beam system by using 22Na source and
propose the reemilted polarized slow positron spec-
troscopy, which is expected to be a powerful ex-

insulator V mesh

Figure 1 The apparatus of Ihc slow positron beam
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penment's method for studying the spin structures
in tlun films and multilayers.

2. The spin-polarized slow positron

beam system

As shown in Figure 1. the monoenergelic positron
beam is composed of a ~2Na positron source (~5
mCi) and a single W(100) foil of 1/nn thickness,
wluch was annealed in an UHV cliamber at 2000
°C and was attached near the source for moderaling
positrons. A part of energetic positrons emitted
from a 22Na source are thermalized in a tungsten
moderator and are reemitted from tliis moderator as
monoenergetic slow-positrons

The intensity of the slow positron beam is ~
1.0 x 104 cps. The slow positrons were transported
through solenoid tubes. The magnetic field (60 ~
80 Gauss) was supplied from solenoid coils directly
around the vacuum transport tube, and by Helmholtz
coils set at several positions along the tube. In
order to rotate the spin of slow positrons with the
Wien filter, we need the electrostatic slow positron
beam At the end point of the solenoid transport
tube, an assembly of an accelerator in the magnetic
field and electrostatic lenses in a magnetic field-
free region are placed, which enable magnetic-type
slow positron beam to be the electrostatic one[7,8]
Slow positrons are accelerated in ~4 keV in the
magnetic field (~80 Gauss) and are focused in
a magnetic field-free region with Einzel lens as
shown in Figure 2(a). Figure 2(b) shows trajectories
of positrons, whose kinetic energy is 4 keV in
Einzel lens. Figure 3 shows the slow positron
beam profiles observed with a MCPA in a magnetic
field-free region Thus we got the electrostatic slow
positron beam

Figure 4 reveals the schematic system for spin-
polarized slow positron experiments. The spin po-
larized in the transferring direction is rotated 90°
witliout disturbing the positron motion with the
Wien filler (crossed electric and magnetic fields).

Figure 3 The slow positron beam profiles with
MCPA in a magnetic field-free region

iui I 1 N i ( I I O )

Figure 4 The schematic design of spin-polarized
slow positron experiments

Figure 2(a) The design of Einzel lens

Figure 2(b) The trajectories of positrons, whose kinetic energy is 4 keV in Einzel lens.
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The design of the Wien filter is determined as
shown in Figure 5, taking account of the positron
beam size and the length between the Einzel lens
and the specimen. When an incident energy of
positrons is 4 keV, we adopted that the length
between two electronic plates is 2 cm and intensities
of magnetic field B and electric field E are 123
Gauss and 9.0kV/2cm, respectively. In this design,
fluctuation of magnetic field is below 1% in the
region 2x5 cm2.

Figure 5 The design of the Wien filter
(crossed electric and magnetic field)

After rotating the spin, the slow positrons are fo-
cused onto the surface of Ni(llO) single crystal with
Einzel lens. The Ni(llO) single crystal has been
magnetically saturated parallel or antiparaliel to the
easy [111] direction by a current pulse through the
electromagnet. We get the start signal by the detec-
tion of secondary electrons ejected by the incident
positron in a channel electron multiplier and the
stop signal by detection of the subsequent annihila-
tion 7-rays of triplet positroniums with 1 x 1 inch2

BaF2 scintillator. We will estimate the positron
spin polarization, assuming the electron polarization
Pe- = 2.5 ± 0 . 3 % on the surface of Ni(110)[5],
from an asymmetry A{ in the ortho positronium
(o-Ps) formation rate,

* Rp ~ Rap
Rp + Rap

where Rp represents the background subtracted o-
Ps formation rate when the sample magnetization
and the positron beam polarization are parallel, and
Rap is the similar formation rate when the two are
anti-parallel.

3. Reemitted spin-polarized slow-

positron spectroscopy

Injected spin-polarized slow-positrons are depolar-
ized during diffusion in a period from thermalization
to recmitting from the material surface. The depo-
larization is influenced by the spin structures, which
depend on the depth of materials. Measuring the
depolarization of reemitted slow positrons, versus,
the incident energy of polarized positrons, we can
get the information for the depth dependence of the
spin structures. Thus it is expected that the reemit-
ted polarized slow positron spectroscopy will be a
very useful experiment's method for studying the
spin structures in magnetic Ihin film and magnetic
multilayers

Source

Vcf (spin direction) t —" .1 S p e c i m t n

Figure 6 The scheme or !he recinifted spin-polarized
slow-positron spectroscopy

Figure 6 shows the schematic system for the
reemitted spin-polarized slow-positron spectroscopy.
Using the first-spin rotator (the Wien filter), the
spin direction of incident slow positrons is variable.
Spin-polarization of slow positrons reemitted from
the sample is got through measuring the life time of
ortho-positronium on the surface of Ni(110) single
crystal

In this study we will calculate the depolarization
of reemitted slow positron in Fe/Cu multilayers.
First we must estimate the stopping profile in Fe/Cu
multilayers in the case of the incident positron en-
ergy E. So far the Makhov function is adapted
frequently as the stopping profile, P(E, z)[2\. This
is,

7. is the depth from the surface and the parameter
m=2 is used.

ZQi{E) =
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< z{E) >i is the mean penetration depth in the
material of z-pliase in the incident posilron energy
E. f is a gamma function. However it has been
seen that the analysis by the Makhov function is
not adequate in the case of the complex materials
such as multilayers [9]

In the present study, we adopted tlie scaling
method[10) for analyzing the positron stopping pro-
file in Fe/Cu multilayers. Taking into account (he
diffraction effect of positrons around the interfaces
in multilayers, the scaling function P(E,z) of the
positron stopping profile is represented as follows.

<z(E)>lNp(E)P(E,z)
P(E,;

where

(1 £ , z ) - I - / 1 M ,

c-rp I -

l~ <z(E)>i f^ <z(E)>3

and di is the length from the surface to an i-
layer. yViTn is a normalized constant ()m,l,m are
parameters, which depend on the materials.

f™dzF(E,z)

Ai,i-i(E,z) and /U | i+1(E, r) are parameters as fol-
lows,

<z(E)>i
l

AiMl(E, z) =

where b\, bz, and £>.j are parameters, wliich depend
on the materials Figure 7 shows the calculated
positron-stopping profiles in the case of the inci-
dent energies 0.2, 0.4, and 0.6 keV in multilayers
Cu(lnm)/Fe(10nm)/Cu(substrate). These stopping
profiles are introduced from the scaling metljod.

Now we shall estimate the spin-depolarization of
slow-positrons reemitted from the multilayers in the
injected positrons polarized in the direction of inci-
dence. For example, we will consider a multilayer,
which is composed of a non-magnetic metal from
the surface to the depth, z\, a transition metal from
the depth z\ to z2, and a non-magnetic metal from
the depth z2 to a substrate (the depth is enough
long). B is intensity of internal field in the mag-
netic domain, and 0 is an angle between the di-
rection of internal field and spin direction of an

incident positron. The distribution function of in-

Cu( 1 mn)/Fe( ] 0nm)/Cu(substrate)

0.08

0.6 keV

0 102 4 6 8
Penetration Deplh(nm)

Figure 7 The calculated positron stopping profile for

Cu( 1 nm)'Fe( I Onm)/Cu(sub.stratc)

tcrnal field directions is represented in j{0). When
the energy of the incident positron is E, we can
estimate approximately the fraction R(E) of the
rceinitled slow-positron polarized in (he incident di-
rection as follows.

7?(E)~ f Y(z)P(E,z)dz
Jo

+ / / ( c o s 2 0 + sin2 0 • cos UJI. j
./*, JO

+ 11 [cos2 0 + sin2 0 • cos w«i ]
./;2 Jo

•f(e)Y(z)P(E,z)dOdz

where OJ is the Larmor frequency, aixl t. and t-i
are (z -^ ! ) 2 /£> and (z2 - zx)

2/D, respectively. Z?
is the diffusion constant of thermalized positrons.
Y(z) is tlie ratio that positrons thennalized at a
position z arrive at the surface. P(E,z) is the
posilron stopping profile in the multilayers. In this
approximation, the dipolar relaxation is neglected,
because the dipolar relaxation time is enough long
in comparison with the positron life time in the
materials.

Thus we calculated the fraction R(E) of the
reemitted slow-positron polarized in the incident
direction in the multilayer Cu(lnm)/Fe(10nm)/Cu
(substrate), where we used D = 1.0 cm2/sec as
the diffusion constants of Cu and Fe[ll], Figure 8
shows R{E) total fraction of reemitted positrons, the
fraction of reemitied positrons polarized in the inci-
dent direction, and the subtracting R(E) from total
fraction (the depolarized positron fraction) versus
the incident positron energy E in tlie Fe thin film
Cu(lnm)/Fe(10run)/Cu(substrate). Where (a) and (b)
correspond to the calculated results when internal
fields of magnetic domains in a Fe layer are dis-
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tributed randomly and are in the Gauss-distribution
around 0 ~ 0, so that the mean value in the direction
0 ~ 0 of internal magnetic fields is 0.7 of the satu-
rated magnetic field, respectively. It is seen that the
depolarized positron fraction in randomly distributed
magnetic domains is high in comparison with one in
magnetic domains distributed 0 ~ 0. In addition we
calculated the fraction R{E) of the reemitted slow
positron polarized in the incident direction in the
Cu/Fe multilayer Cu(lnm)/Fe(10nm)/Cu(substrate).

Figure 9 shows total fraction of reeinitled posi-
trons, the fraction R(E) of reemitted positrons po-
larized in the incident direction, and the subtracting
R{E) from total fraction (the depolarized positron
fraction) versus the incident positron energy E in
the thin Fe film Fe(10nm)/Cu(substrale). Where (a)
and (b) correspond to the calculated results when
internal magnetic fields of magnetic domains in a
Fe layer are in the random distribution and are in
the Gauss-distribution around 6 ~ 0, so that the

1

08

0.6

0.4

0.2

Cu( 1 nm)/Fe( 1 Onm)/Cu(substrate) (a)

• Told) reeiiutied ]M>sition liaciion

A Rceiiutled polajized position fraction _

X DepuUii/eit position fi action

A

1

X
I - I

Cu( 1 nm)/Fe( 10nm)/Cu(substrate) (b)
T

2 1 2
Positron incident energy(keV) Positron incident energy(keV)

Figure 8
Total fraction of reeinitted positrons, the traction of reemitted positrons polarized in the incident direction, and the

subtracting R(E) from total traction (the depolarized positron fraction) versus the incident positron energy E in the
Cu/Fe multilayer Cu(lnm)/Fe(10nm) Cu(substrate)

(a): internal fields of magnetic domains in a Fe layer are distributed randomly
(b): internal fields of magnetic domains in a Fe layer are in Oauss-distribution 0 ~ 0

Fe( 10nm)/Cu(substrate) (a) Fe( 1 ()nm)/Cu(substrate)

"0 1 2 0 1 2
Positron incident energv(keV) Positron incident energy(keV)

Figure 9

Total fraction of reemitted positrons, the fraction of reemitted positrons polarized in the incident direction, and the
subtracting R(E) from total fraction (the depolarized positron fraction) versus the incident positron energy E in the
Fe thin film Fe(H)nm) Cu(substrate)

(a): internal fields of magnetic domains in a Fe layer are distributed randomly
(b): internal fields of magnetic domains in a Fe layer are in Oauss-distribution 0 ~ 0.
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mean value in the direction 0 ~ 0 of internal mag-
netic fields is 0.7 of the saturated magnetic field,
respectively.

it is seen that the depolarized positron fraction
in randomly distributed magnetic domains is much
high in comparison with one in magnetic domains
distributed 0 ~ 0. That is, the depolarized positron
fraction of reemitted slow positrons reflects strongly
the spin structures in multilayers Based on the
knowledge of the positron stopping profile and the
diffusion in the material, it is expected to get non-
destructively the information of detail spin structures
in the material.

4.Conclusion

We constructed the electrostatic slow-posilron
beam and designed the Wien filter for the spin
polarized slow positron beam system The rccmit-
ted spin-polarized slow-positron spectroscopy is pro-
posed for studying magnetic thin films and mag-
metic multilayers. The depolarized posilron frac-
tions versus the incident positron energy are calcu-
lated in some magnetic multilayers. These calcu-
lated results reveal that the reemitted spin-polarized
slow-positron spectroscopy is a powerful experi-
ment's method for studying the spin structures in
thin magnetic films and magnetic multilayers.
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INTENSE, PULSED, CHARGED PARTICLE BEAMS AND
ASSOCIATED APPLICATIONS TO MATERIALS SCIENCE

K. Yatsui, C. Grigoriu, K. Masugata, W. Jiang, T. Sonegawa, Y. Nakagawa, and A. C. Eka Prijono

Laboratory of Beam Technology, Nagaoka University of Technology, Nagaoka, Niigata 940-21, Japan

We have demonstrated successful preparation of thin films and nanosize powders by using the technique of
intense pulsed ion beam evaporation. In this paper, we review the experimental results of thin film deposition
of ZnS, YBa2Cu3O7x, BaTiO3, cBN, ZrO2, ITO, and apatite, as well as the experimental results of the synthesis
of nanosize powders of A12O3.
Keywords, thin film, nanosize powder, ion-beam ablation plasma, intense charged particle beam, materials

science

1. Introduction
The technologies relating to intense, pulsed,

charge particle beam, largely supported by the
programs of inertial confinement fusion, have been
developed for several decades. In the recent years,
it has been realized that these technologies are also
applicable in industrial fields." For example, the
ion beam evaporation (IBE) is an efficient and
economic method for preparation of both thin films
and nanosize powders.27)

The IBE is a technique that evaporates the target
material by irradiating an intense, pulsed ion beam on
the target surface. Due to the large ion energy
deposition rates in solids, very high energy density
can be obtained in a small target volume close to the
surface. This volume of target material is instantly
evaporated and ionized expanding from the target
surface to the vacuum (low pressure) area . When
the substrate is located facing the target surface, the
expanding material hits the substrate and cools down
on the substrate surface resulting in a very thin film.
On the other hand, when the evaporated material is
expanding in a low pressure gas, the material
particles collides with the gas molecules and cools
down in a large volume resulting in many small solid
particles, the ultra fine powders. Here, the average
size of the powders can be controlled by the pressure
of the gas or the parameters of the ion beam.

In this paper, we first present a brief description of
the ion beam generation system in Section 2. Then
we report the experimental results of thin film
preparation in Section 3 and the experimental results
of the synthesis of nanosize powders in Section 4.
Conclusions are given in Section 5.

2. Source of Intense, Pulsed Ion Beam
The intense, pulsed ion beam is generated by a

device called the ion beam diode which is driven by a
pulsed power generator. In our experiments, we
have used a ion beam diode called the magnetically
insulated ion diode (MID) which is driven by the
pulsed power generator "ETIGO-ir8). Figure 1

shows the experimental setup of the MID and the IBE
system. The diode gap, where the ions are
accelerated, has a geometrically focused configuration.
The ions, mostly protons, are generated by surface
flashover from the polyethylene sheet attached on the
anode surface. The cathode, working as a one-turn
theta-pinch coil, produces a transverse magnetic field,
by which electrons emitted from the cathode are
prevented from reaching the anode. The radii of
anode and cathode curvatures are 160 and 150 mm,
respectively. Gap length between the anode and
cathode is 10 mm. The vacuum chamber is
evacuated to ~ 10"4 Torr.

Figure 2 shows typical waveforms of Vd (diode
voltage), Id (diode current), Pd (= VdId), and Jj (ion-
current density) at z = 140 mm downstream from the
anode. From Fig. 2, we see the peaks to be Vd ~ 1
MV, Id ~ 80 kA, Pd ~ 80 GW. J, ~ 1 kA/cm2 with T
(pulse width) ~ 70 ns (FWHM).

3. Experimental results of thin film preparation
3.1 ZnS and ZnS:Mn Thin Films*

Figure 3 shows the film thickness as a function of
the number of shots of the LIB, where a sintered, cubic

Anode Rashboard

F, 5kV

Fig. 1 Experimental setup of MID and IBE system.
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Fig. 2 Typical waveforms of Vd, Id, Pd and J,.

ZnS (35-mm in diameter, 5-mm thick) and a glass
was used as the target and the substrate, respectively.
The distance between the target and the substrate was
approximately 40 mm. We see that the film
thickness is ~ 0.3 mm/shot (over 30 mm in diameter),
and that it increases almost linearly with increasing
number of shots.

To evaluate the crystallinity of the film prepared
above, we have studied an X-ray diffraction (XRD)
pattern, a sample of which is presented in Fig. 4.
The ASTM (American Standard for Testing
Materials) data of cubic and hexagonal ZnS are also
plotted for comparison. All the positions of these
peaks are seen to be in a good agreement with those of
hexagonal ZnS, and the intensity ratio as well.
Hence, we find the film prepared is hexagonal with a
strong orientation in the (002) direction. Adding
Mn as a color center, we have prepared ZnS:Mn thin
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Fig. 4 XRD pattern for ZnS powdered from thin films

film and developed double-insulating-layer-structured
electroluminescent device, where we have
sequentially deposited BaTiO3. ZnS:Mn, Ta2O5. HfO:,
and Al layers on an indium-tin-oxide (ITO) coated
glass. The thickness of ZnS :Mn is ~ 200 nm.

Figure 5 shows the luminance vs. applied voltage
of this electroluminescent device (zero to peak,
sinusoidal) with the operation frequency as a
parameter. The color emitted was observed to be
yellow-orange. The threshold voltage (Vth) is ~ 80
V, above which the luminance of 1 cd/m2 is obtained.
The luminance rapidly increases with increasing
voltage in the range of 60 ~ 110 V, and also with
increasing frequency in the range of 100 Hz to 10 kHz.
The maximum luminance of 105 cd/m2 is obtained at
10 kHz excitation at 144 V.

50 100 150
Appl ied V o l t a g e ( V )

Fig. 3 Film thickness of ZnS vs. number of shots.
Vd ~ 940 kV, J, - 7 kA/cm2, 1 (distance
between target and substrate) = 18 mm

Fig. 5 Luminance of ZnS:Mn EL device vs.
applied voltage.
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Fig. 6 XRD patterns of the YBaCuO film of (a)
as deposition, and (b) after annealing.

3.2 YBaCuO Thin Film
Figure 6 shows the XRD patterns of the film

prepared by the IBE, where sintered YBa2Cu307_x

(20-mm in diameter, 3-mm thick) and MgO (100) is
used as the target and the substrate, respectively.
Here, a mylar film (3-mm thick) is placed between the
diode chamber and the target box so as to exclude
carbon ions which are included in the LIB extracted
from the MID. As deposition, no crystallinety
exists (see Fig. 6(a)). After the annealing, for 2
hours at 985°C and 10 hours at 485°C in oxygen for
this particular case, the crystallinity appears. The
film is seen to be strongly oriented in the c axis (see
Fig. 6(b)).

Figure 7 shows the resistivity of the film prepared
by the IBE as a function of temperature with the
pressure of oxygen in the target as a parameter.
We see Tc (onset) ~ 60 K and Tc (zero) ~ 25 K.

Fig. 7 Resistivity of the YBaCuO film vs. temperature
with the oxygen pressure as a parameter (two shots,
with Mylar film).

BaTi0s/AI/Si0,/Si

i

20 30 40 50 60
26 (deg.)

Fig. 8 XRD pattern of the BaTiO3 film.

3.3 BaTiO3 Thin Film
Figure 8 shows the XRD pattern of the film

prepared by five shots by the IBE, where cubic
BaTiO3 and Si (100) coated by aluminum is used as
the target and the substrate, respectively. The content
of the target is as follows: BaTiO3 92.7 mol%, TiO2

4.5 mol%, Nd2O3 2.6%, Bi2O3 0.1 mol%, and MnCo
0.1 mol%. Since several peaks of (100), (110),
(111), (200), (210) and (211) corresponding to
BaTiO3 are clearly obtained, a polycrystalline film of
cubic perovskite BaTiO3 has been prepared. Figure
9 shows the characteristic X-ray intensity ratio of
Ti/Ba measured by XMA (or EPMA) as a function of
the number of shots. Here, the mark of • and O
indicates the characteristic X-ray intensity ratio of
Ti(Ka)/Ba(La) and Ti(Kpb)/Ba(Lpi) of the film
prepared, respectively. Furthermore, the upper and
lower line indicates the characteristic X-ray in-
tensity ratio of the target, Ti(Ka)/Ba(La) =1.25 and
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Fig. 9 Characteristic X-ray intensity ratio of
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Fig. 10 Dielectric constant as a function of
frequency for front side IBE (IBE/FS) and back
side IBE (IBE/BS), one shot, 25°C.

Ti(Kp)/Ba(Lpi) = 0.52. We cleariy find that the X-
ray intensity ratio of the film is almost the same as the
target indicating good stoichiometry, and that it does
not change if we increase the number of shots.

We compared the characteristics of BaTiO3 thin
films prepared on the front and the rear sides of the
substrate.7> Figure 10 shows the dielectric constant
as a function of the frequency for the front side IBE
compared with the back side IBE. It is seen from
Fig. 10 that, compared with that obtained by the back
side IBE, the dielectric constant of the film obtained
by the front side IBE is increased at low frequencies.

3.4 BN Thin Film
Figure 11 shows the IR transmittance char-

acteristics of the film prepared by the IBE with the

h-BN c-BN h-BN
1 1 I

80

_ J I I i i i I ..L.

2000 1500 1000 650
Wave Number (cm" 1 )

Fig. 11 IR transmission of the BN film.

diode voltage as a parameter, where hexagonal BN
(h-BN) and Si is used as the target and the substrate,
respectively. There exists only h-BN at low power
density. At high power density, on the other hand,
we find clearly an absorption dip corresponding to c-
BN in addition to h-BN mentioned above.

3.5 ZrO2 Thin Film
Figures 12 (a) and (b) show the XRD patterns of

thin films prepared by the IBE with the percentage of
Y2O3 in the target as a parameter, where sintered,
monoclinic ZrO2 and Si(100) is used as the target and
the substrate, respectively. At lower percentage of
Y2O3, e.g., 1.1, 2.2, and 4.5 mol% of Y2O3, tetragonal
structure appears, but it changes to cubic at higher
percentage of Y2O3, e.g., 7 and 12 mol% of Y2O3.

I
c
®

&

JLJL

1.2 M V / 1 Shot

Substrate: Si(1OO)

A

20 30 40 50 60 34

Bragg Angle 2 8 (deg)

Fig. 12 XRD patterns of ZrO2 film (right: its magnified scale) with Y2O3 (mol%) as a
parameter; a) 12, b) 7, c)4.5, d) 2.2, and e) 1.1.
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Fig. 13 Experimental setup for powder synthesis

4. Experimental Results of Nanosize Powder
Syntheses

Extending the basic idea of the IBE, we have used
this method to synthesize powders by cooling the
ablation plasma with particles in gases. Reactive LIB-
ablation syntheses of nanosize powers of alumina has
been succeeded.5>6)

Figure 13 shows the experimental setup for power
syntheses. The MID and the target are basically the
same with that used in the experiments for thin film
deposition. A mylar film (2 urn thick) is placed to
separate the target chamber from the MID. The
target chamber is filled by oxygen with the pressure

(a) Target
02 , I Torr

200

.2 100

'V 1

30 40 50

(b) Target : Kl

Oi . 10 Torr

200

60 70

z loo- f i

30 40 50 60
29 (deg )

70

Fig. 14 XRD patterns of powders as produced at (a)
Ton and (b) 10 Torr of oxygen.

Fig. 15 TEM photographs of powders synthesized at (a)
1 Torr and (b) 10 Torr of oxygen, while electron
diffraction pattern of (b) is presented in (c).

of 1 or 10 Torr. The powders are collected on the
surface of the cylinder located on top of the target as
well as on the meshes (stainless steel, 400 meshes)
located at the end of the cylinder. Analysis,
including the x-ray diffraction (XRD) and the
transmission electron microscopy (TEM), were
carried out for the sample made by 20 shots.

Figure 14 shows the XRD patterns of the powders
as produced (in the absence of annealing) at 1 Torr
(Fig. 14a) and 10 Torr (Fig. 14b) of oxygen. Here,
the powders were collected from the inner wall at
270-330 mm downstream from the target (Al) and
stuck on the meshes. At 1 Torr of oxygen (see Fig.
14a), we see clearly the presence of Al in addition to
stainless steel which originates from the meshes used.
Furthermore, the peaks due to y-alumina can be seen,
although the intensities are weak. At 10 Ton of
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Fig. 16 Distribution of diameter of powders prepared
at (a) 1 Torr and (b) 10 Torr of oxygen.

oxygen (see Fig. 14b), on the other hand, the peaks of
y-alumina are strongly enhanced and become
predominant while those of aluminum are weakened.
Hence, we find that aluminum tends to react with
oxygen at higher pressures.

Figure 15 shows TEM photographs of the powders
obtained at (a) 1 Torr and (b) 10 Torr of oxygen,
while the electron diffraction pattern of the powders
of Fig. 15b is presented in Fig. 15c. Here, the
powders were collected by meshes placed at 330 mm
downstream from the target. It is clearly found
there exist powders in both cases whose diameters are
several tens of nm. Furthermore, the shape seems
to be spherical. From Fig. 15c, it is clear that the
electron diffraction pattern agrees with that of y-
alumina.

Figure 16 shows the distribution of the diameter of
the powders prepared at (a) 1 Torr and (b) 10 Torr of
oxygen, which were obtained from Figs. 15a and 15b,
respectively. At 1 Torr of oxygen (see Fig. 16a), we
see that the diameters of the powders distribute from 5
~ 50 nm, and that the powders of 10 ~ 25 nm in
diamerer, dominate ~ 75 % of the whole. From Fig.
16b, at 10 Torr of oxygen, they distribute from 5 - 6 5
nm. The powders of 5 ~ 25 nm in diameter
dominate, which corresponds to ~ 90 % of the whole.

Figure 17 shows XRD patterns of the powders
produced at 10 Torr of oxygen with the annealing
temperature in nitrogen as a parameter; (a) 800°C, (b)
1100°C, and (c) 1200°C. At an annealing temper-
ature of 800°C, only y-alumina can be seen (see Fig.
17a). At 1100°C (Fig. 17b), y-alumina disappears,
and instead of it 8-alumina (a little bit strong) and o>
alumina (weak) are seen to be present. At 1200°C,
furthermore, we see in Fig. 17c that 8-alumina
disappears, and that only a-alumina remains.

5. Conclusions
1) The experimental method of ion beam eva-

poration (BE) is proved to be successful in thin film
deposition and the synthesis of nanosize powders.

100 -

0
50

30

•

XJ

• y

(c) 120O°C,2h

(b) 1100 °C, 2 h

g (a) 800 "C. 2 h

40 50
2 9 (deg. )

60 70

IO-4Z5

[-39* I

ll
Fig. 17 XRD patterns of powders produced at 10 Torr

of oxygen at annealed in nitrogen at (a) 800°C, (b)
llOO'C, and(c)1200°C.

2) Demonstrating experiments for thin film
deposition were carried out for materials of ZnS.
YBa2Cu307.x, BaTiO3, cBN, ZrO2, ITO, and apatite.

3) Demonstrating experiments for the synthesis of
nanosize powders were carried out for alumina,
obtaining powders in diameters of 5 ~ 25 nm.
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STUDY ON DOSIMETRY SYSTEMS FOR
A FEW TENS MEV/U ION BEAMS

Takuji KOJIMA, Hiromi SUNAGA, Haruki TAKIZAWA and Hiroyuki TACHIBANA

Takasaki Radiation Chemistry Research Establishment, JAER1
1233 Watanuki, Takasaki, Gunma, 370-12 Japan

A combined measurement system consisting of a total calorimeter, a Faraday cup and thin film dosimeters
have been developed and tested using a simultaneous irradiation apparatus to measure absorbed dose for a
few tens MeV/u ion beams of the TIARA AVF cyclotron.
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1. Introduction
Absorbed dose and its distribution measurement

are indispensable for interpretation and comparison
of radiation effect of ion beams especially on
organic materials and biological substances.
Absorbed dose is also important as a common
measure to control irradiation so as to give desired
radiation effect to interested materials. Dose
measurement technique in dose range of 10 - 100
kGy with the precision of about ±5% is required
for radiation effect studies using a few tens MeV/u
ion beams of the TIARA AVF cyclotron12'.

Thin film dosimeters of about 10 to 200 \tm in
thickness, such as cellulose-triacetate
dosimeter(CTA)3), alanine4', Gaf filmS) and
Radiachromic film(RCD)6) have been well-
characterized for '"Co gamma ray and electron
beams of energies from 0.15 to 3 MeV. For
application of these dosimeters to ion beams, dose
response characteristics should be studied on the
basis of precise beam monitoring. Depth dose
profile measurement technique with high spatial
resolution is also expected by using these well-
charcterized thin film dosimeters.
A Faraday cup is a well known system to measure

particle fluence in terms of current/total charge of

ions, while its measurement uncertainty might be
influenced by scattered secondary electrons, the
contaminant particles with the same m/q particles,
scattering and spattering of incident ions, etc.. For
estimation of uncertainties in measurement of
particle fluence, calorimetry has been applied under
simultaneous irradiation with a Faraday cup in wide
uniform-particle fluence irradiation field2', because
of independence of some of above influences.
Simultaneous irradiation of two detectors also
enables to minimize uncertainties due to instability
of beam parameters during ion irradiation.

Once uncertainty in particle fluence measurement
is estimated, thin film dosimeters can be calibrated
by simultaneous irradiation with a Faraday cup.
One can also characterize irradiation field using
calibrated dosimeters with high spatial resolution.

From this point of view, we have designed and
developed a combined dosimetry system, consisting
of a total absorption calorimeter for energy fluence
measurement, a Faraday cup for particle fluence
measurement in terms of current/total charge, and
several well-characterized film dosimeters for
practical use of dose and its distribution
measurement. The schematic diagram of the
dosimetry system is shown in Fig.l.

< SYSTEM> <SIMULTANEOUS
MEASUREMENT>

<PURPOSE>

TOTAL ABSORPTION
CALORIMETER

FARADAY CUP

FILM DOSIMTERS

ENERGY
FLUENCE

PARTICLE
FLUENCE

ABSORBED
DOSE

UNCERTAINTY ESTIMATION
FOR FLUENCE MEASUREMENT

DOSIMETER CALIBRATION
(LET DEPENDENCE STUDY)

DEPTH-DOSE PROFILING

Fig.l A dosimetry system for a few tens MeV/u ion beams
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Fig.2 Simultaneous irradiation of a calorimeter, a Faraday cup

and film dosimeters in uniform-fluence field.

An irradiation apparatus connected with "wide-
area ion irradiation chamber"7) was developed to
simultaneously irradiate above three measurement
components in the scanning beam irradiation
field(10O x 100 mm2) in vacuum(about 10"s Pa).
The schematic view of simultaneous irradiation is
shown in Fig.2. The calorimeter and the Faraday
cup are irradiated through 3-mm thick aluminum
slit plate with two apertures of (J>30 mm. The film
dosimeters are mounted on the plate for
simultaneous irradiation.

The present paper reviews the progress in
development of a combined dosimetry system for
ion beams and a simultaneous irradiation apparatus.
The results on uncertainty estimation in particle
fluence measurement and dose response
characteristics of film dosimeters are also described
for ions with mass collision stopping power of 20
to 1,000 MeV/g/cm2.

2. A total absorption calorimeter and a Faraday
cup

A total absorption calorimeter was developed to
measure energy fluence, absorbed energy per unit
area, using an aluminum absorber in size of 30 mm
in diameter. Three different thick absorbers of 0.5,
1, 2, and 3 mm were prepared correspondent to
efficient thickness to stop different ions in the
absorber completely. The temperature rise in the
absorber is measured by a high-accuracy
thermistor(head:l mm dia.) imbedded in the
absorber core, which is connected with a
thermometer recorder(Technol Seven D632). Total
temperature rise by irradiation is controlled to be
about 5° C so as to minimize uncertainties in
correction on thermal equilibrium and drift in the
absorber.

The designed Faraday cup consists of a 130-mm
long cup with a 30-mm thick graphite absorber(46
mm in dia.) at the bottom and an 30-mm long
electrode tube(50 mm in dia.) at beam-upstream of
the cup to suppress escape of secondary electrons
from the absorber surface
as well as to cut off scattered electrons come from
upstream. The digital electron current
integrator(ORTEC 439) is used for integration of
total charge in entire Faraday cup.

3. Uncertainty in particle fluence measurement
In advance of irradiation experiments, we

confirmed that loss of temperature signal through
long extension cables between the thermistor and
the recorder is negligibly small. The Faraday cup
was also calibrated against a standard current
supplier(Picoampere source 261, Keithley
Instrument). The obtained precision in charge
measurement is within ±1% at a few tens nano
Coulomb(nC) level, although there is a constant
background current of about 0.03 nA/<|>30 mm. To
minimize this contribution, we irradiated ion beams
to a few hundreds nC/<|>30 mm in present
experiments.

Irradiation experiments using the combined
dosimetry system were performed using a few tens
MeV/u ions:20 MeV JH+, 20 MeV 4He2+ and 220
MeV ^C5*. The current of each ion beam was in
the range of 10-40 nAA|>30 mm. Suppression
voltage was -100 V, which is enough effective for
above ion beams. l

Particle fluence calculated based on measured
total charge for a few tens second irradiation,
which results about 0.2-2 fiC/Q30 mm, was
compared with a nominal fluence value calculated
based on nominal particle energy given by an
energy analyzer of the cyclotron.
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Table 1 Uncertainty in particle fluence measurement

Ions

<He2'
12C5.

nominal «•
energy(MeV)

20

20

220

average

particle f 111enr.e
measurement/estimation

1.056

1.073

0.991

1.040

variation •
coe.f ficients(%)

±0.8

± 3.0

± 1.4

* 1.7
* at a 68% confidence level
«• particle energy estimated based on energy analyzer settings

As shown in Table 1, the average of ratios ofthe
estimated and calculated values for above ions was
1.04, and scattering of estimated values for the
same ions were within ±1.7% at a 68% confidence
level as an average value. The 4% over-
estimation of particle fluence would suggest needs
of improvement of current/charge measurement in
nA/nC order, uncertainty estimation in nominal
energy values, considering contribution of
contaminant particles with different charges or
energies.

4. Dose response characteristics of film
dosimeters

On the basis of above current/total charge
monitoring system, dose response characteristics of
several thin film dosimeters were preliminarily
studied for ion beams of 10-20 MeV/u.

In linear dose response range of each dosimeters,
10-100 kGy for CTA and 1-10 kGy for others,
dose responses in terms of dosimeter responses(e.g.
optical density change) per unit dose were plotted
against mass stopping power of irradiated ions.
Absorbed dose is calculated in terms of the product
of particle number and mass stopping power, which
are respectively derived from particle fluence
measured by the Faraday cup and from calculation
using OSCAR code8' based on the data table of
Ziegler et al.(1985)9).

Dosimeter responses per unit dose are normalized
to those for 20-MeV H+ which have negligible
linear energy transfer(LET) dependence3'.

For all the film dosimeters, relative dose response
decreases with increase of mass stopping power.
For instance, relative dose response of about 0.65
was obtained for ions with stopping power of 1,000
MeV/g/cm2. The LET dependence mechanism will
be discussed with the coming results for higher
LET radiations under consideration of saturation
characteristics of dose response in higher dose
region, dose-rate dependence and temperature effect
and so on.

5. Summary
A dosimetry system has developed by

combination of a total calorimeter, a Faraday cup
and thin film dosimeters. An apparatus was also
developed for its simultaneous irradiation. From
the results for 10-20 MeV/u ions, the system
demonstrates a potentiality to provide monitoring of
a few tens nC level with precision of <±2%.
Further work is in progress on uncertainty
estimation in nominal particle energy and
improvement of charge measurement in nC level
for accurate calibration of film dosimeters for lower
measurable dose.
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A new two-dimensional angular correlation of annihilation radiation apparatus is described. Position-
sensitive photornultiplier tubes coupled with two-dimensional arrays of small BGO scintillator blocks
make simple and compact position-sensitive 7-ray detectors. With a sample-detector distance of 5m, an
angular resolution of 1.1 mrad FWHM and a coincidence count rate of ~2.4 c.p.s. per mCi are obtained.
Its performance is demonstrated by the result of a t.est, measurement, for KI crystal in which non-localized
positronium exists at low temperatures.
Keywords: 2D-ACAR, position-sensitive photomultiplier tube, BGO array

1. Introduction
Positron annihilation experiments, using the

technique of angular correlation of annihilation ra-
diation (ACAR), have been widely applied in the
study of the electronic structure of solids [1,2].
Two-dimensional (2D) ACAR is particularly use-
ful to investigate anisotropic momentum density
of the electrons.

The essential parts in 2D-ACAR apparatus are
a pair of position sensitive 7-ray detectors. The
detectors in practical use include multicounter sys-
tem (discrete scintillation detector array) [3], multi-
wire proportional counter with lead converters [4]
and Anger camera [5] which is now the most pop-
ular detector.

With the recent advent of a commercially pro-
duced position sensitive photomultiplier tube (PS-
PMT) [6], it has become possible to construct sim-
ple scintillation detectors with a good position res-
olution [7-13]. Poulsen et, al. [7] and He et al. [8]
have built hard X-ray imaging detectors using 3
mm thick Nal(Tl) single crystals coupled to a PS-
PMT. The 7-ray detection efficiency of these de-
tectors is, however, low due to the relatively low
density of Nal(Tl). We have tried a similar de-
tector [11] using a 5mm thick GSO (Gd2SiOs:Ce)
single crystal whose density is about twice as large
as that of Nal(Tl). The area where a position res-
olution was good (~2.2mm), however, was limited
because of the reflection of the scintillation pho-
tons at the sides of the crystal.

The detectors using an array of small scintilla-
tors have also been designed [12-14]. This type of
detector is a little complicated, but we can achieve
a high detection efficiency with keeping a good po-

sition resolution by using long scintillat.ors. Uchida
et al. [12] have tried a 7-ray imaging system with
a position resolution of 5mm by using small BGO
crystals of dimensions 5mrn x 5mm x 20mm closely
packed and coupled to a PS-PMT. By using slim-
mer crystals it is possible to obtain a better posi-
tion resolution. Saito et al. [13] have illustrated
this possibility in the one-dimensional position sen-
sitive detector by using a 2.4mm pitch ID-array of
1.5mm thick BGO plates. Mills [14] also suggested
a detector using a two-dimensional array of 2mm
x 2mm x 30mm BGO crystals and photo diodes.

In this paper, we describe the specification of
our new 2D-ACAR apparatus at the University of
Tokyo using 2D arrays of small BGO scini.illator
blocks coupled to PS-PMTs. The performance is
illustrated by the result of a test measurement for
KI crystal in which non-localized positronium ex-
ists at low temperature.

2. Detecting system
The detector configuration is shown in Fig. 1.

The sizes of the small BGO crystals are 2.2mm x
2.2mm x 15mm and all the surfaces of the crys-
tals are polished except for the tops which are
ground. The crystals of 25x21 pieces arc arranged
in 2.4mm pitch and optically coupled to a PS-PMT
(Hamamatsu R3941) which has a rectangular sen-
sitive area of 60mmx 55mm. BaSO4 paint is ap-
plied on the sides of each piece of the crystals. The
detection efficiency of this scintillator for 51 IkeV
7-rays is estimated to be ~60%, which is about
three times as large as that of a Nal(Tl) scintilla-
tor of the same thickness.
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Fig.l. Detector configuration.

Internal construction of this detector is shown
schematically in Fig.2. The R3941 has a bi-alkali
photocathode, 11-stage mesh and 1-stage reflects
ing plane dynodes, and X and Y crossed-wire an-
odes, consisting of 18 and 16 wires respectively.
The photons produced in one of the elements of
the BGO array travel to the photocathode and are
converted to photoelectrons. The photoelectrons
are then amplified by the mesh dynodes while re-
taining the position information, reflected by the
last, dynode, and finally collected by the crossed-
wire anodes. As shown in Fig.3, each of the anode
wires is connected with the X or Y resistor chain.
The position information can be derived from the
four outputs (Xi, X2, X3, X4) and (F,, Y2, Y3, Y4).

T - rays

- Photons

IK

"•'••%$;"••-

— Scintilla tor

— Window

— Photocathode

Mesh dynodc

} Crossed wire
nnode
- La.sl dynodc

Fig.2. Internal construction of the PS-PMT.

The whole 2D-ACAR system is shown schemata
ically in Fig.4. The position signals from the an-
odes are converted into voltage signals by the pre-
amplifiers in the photomultiplier bases, and are fed
into a CAMAC 16-channel 12-bit analogue - to -
digital converter (ADC) which is controlled by a
personal computer (PC). The outputs from the re-
flecting plane (last) dynodes of the PS-PMTs, after

amplified by fast preamplifiers in the photomulti-
plier bases and energy selected by the discrimina-
tors, are used to take coincidence between the two
511 keV 7-rays. The rise time of outputs of the
fast preamplifiers is ~30ns.

I 1
J_
UL

1 I — O - Y <

-Y3

I I I I i

I I I I

LJ_i

O-Y

Fig.3. Crossed-wire anode, resister chains and
outputs.

The 7-ray incidence position is calculated by
applying a charge division method to the X and
Y directions independently. Considering the effect
of the reflection of the photoelectrons at the inner
sides of the PS-PMT, the digitized position signals
from ADC, (XUX2,X3>X4) and (YUY2,Y3,Y4),
are processed according to the following algorithm
to yield new parameters £ and 77.

{
Y2' = Y2- aYA,

Yi = Y4-aYl,
If X[ or y/(t=l,2,3,4) is negative, force it be zero.

Py = Y{ + Yt

Qy = PY2' + +

P* + Qy'

where a and 0 are adjustable parameters; we se-
lected as a — 0.25 and 0 = 0.3. £ and 77 correspond
to the x and y coordinates of the incident position,
respectively. Fig.5 shows the contour lines of the
position spectrum for the uniform 7-rays. Each
peak corresponds to each BGO element. Based
on this map spectrum, we judge by which element
each 7-ray has been detected. The poor position
linearity towards the edge of the array does no
harm because the separation which is essential is
still good.

In the new 2D-ACAR machine, two position
sensitive detectors are mounted on scanning bases
placed 5m apart from the sample. One detector
scans along the horizontal axis (px) while the other

- 4 9 6 -



JAERI-Conf 97-003

5 m

Detector

5 m

-H.V.
Electromagnet

Detector

Sample holder

Horizontally
movable support

Vertically
movable support

Dynode
Discriminator Fast

coincidence
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Delay & Gate
Generator

Discriminator
Dynode
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Fig.4. Whole system of a now 2D-ACAR. apparatus.

Fig.5. Contour lines of position spectrum plotted
against £ and rj. Each peak corresponds to each BGO

element.

scans along the vertical axis (pu)- Without scan-
ning, the angular distribution is measured on a
0.48mrad grid, corresponding to the pitch of the
BGO scintillator array, and the measurable max-
imum angle is restricted below 11.52mrad along
the horizontal axis and 9.60mrad along the verti-
cal axis. The experiments arc typically performed
by scanning in 0.24mrad steps along the both px

and py, obtaining an angular distribution on a
0.24mrad grids and over 15mrad x 15mrad.

3. Test Measurement
In order to estimate the performance of this

apparatus, we measured the angular correlation
annihilation radiation from KI single crystal. It
has been known through 1D-ACAR measurement
that positronium (Ps) is formed in many alkali
halides including KI [15], yielding narrow peak
around p = 0 at, low temperatures, with a width
reflecting the center-of-mass (nearly thermal) mo-
mentum distribution of non-localized Ps. This nar-
row Ps momentum distribution provides an ideal
test for the resolution of the new apparatus.

Fig.6 shows the source-sample assembly. The
distance between the source and the sample was
~10mm. A magnetic field up to 16kG can be ap-
plied by an electromagnet. To make the momen-
tum resolution along the two directions similar,
and also taking the absorption of annihilation 7-
ray by the sample into consideration, the side fac-
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ing the source was cut slopewise. The two lead
collimator shielded the -y-rays which annihilated
in the source and the sample except the side fac-
ing the source. The detector was scanned to cover
the angle from 17.76 to 17.76mrad horizontally,
from -15.84 to 15.84mrad vertically in this mea-
surement.

> movable

Fig.6. Source-sample assembly.

Fig.7 shows the resulting 2D-ACAR spectrum
for KI at 15K oriented with [001] direction along
the sample-detector line. An averaged counting
rate with positrons from a 30mCi 22Na source fo-
cused into the sample by a field of 12kG was ~70
coincidence per second (~2.4c.p.s/mCi), and the
total counts for this data were 2xlO7.

[010]

Fig.7. 2D-ACAR for KI oriented with (001) direction
along the sample-detector line at 14K.

Prom the width of the peak at the center, we
estimated that the overall angular resolution is
1.2mrad FWHM for this measurement and the po-
sition resolution of the detectors is ~2.7mm FWHM
by subtracting the effect due to the size of the sam-
ple. If we set the distance between the sample and
the detector 10m, the angular resolution will be
improved to 0.6mrad FWHM. The obtained coin-
cidence count rate, ~2.4c.p.s. per mCi, is~l/10of

that for high resolution Anger cameras in the same
set-up (the same source-sample assembly and the
same sample-detector distance) as our apparatus.
This is fairly high when we consider that the de-
tection area is less than 1/50. The time resolution
is so good that random coincidences rate is low.

4. Conclusion
We have constructed a new two-dimensional

angular correlation of annihilation radiation appa-
ratus using position-sensitive photomultiplier tubes,
to which arrays of small BGO blocks are coupled.
This is a simple and compact, system
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COMPARISON OF ANGER CAMERA AND BGO MOSAIC POSITION-SENSITIVE
DETECTORS FOR "SUPER ACAR": PRECISION ELECTRON MOMENTUM

DENSITIES VIA ANGULAR CORRELATION OF ANNIHILATION RADIATION
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We discuss the relative merits of Anger cameras and Bismuth Germanate mosaic counters for measuring
the angular correlation of positron annihilation radiation at a facility such as the proposed Positron Fac-
tory at Takasaki. The two possibilities appear equally cost effective at this time.
Keywords: Fermi surfaces, positron annihilation, gamma ray detectors

1. Introduction
The measurement of Fermi surface parameters

via the angular correlation of annihilation radia-
tion (ACAR) method [1,2] would be significantly
advanced by the possible high count rate and high
angular resolution that could be obtained with an
intense positron beam. ACAR measurements are
useful in measurements on non-dilute alloys, mag-
netic materials, semiconductors, highly defected
samples, and high atomic number materials that
may not be accessible to de Haas van Alphen or
Compton scattering measurements. Despite their
usefulness, ACAR experiments have never been triv-
ial. For example, the discovery of the Fermi surface
in YBCO by Haghighi, et al. in 1991 [3] required
months to accumulate 109 counts with a relatively
large momentum resolution of roughly 0.1 a.u. or
0.7 mrad (1 a.u. [atomic unit] = 7 mrad).

For a significant advance beyond the work of
Ref 3, we need a "Super ACAR" detector capa-
ble of collecting more than 1010 events per day
with an angular resolution better than 0.1 mrad,
the positron contribution to the resolution at 40K.
Given the possibility of there soon being high in-
tensity positron beams at Takasaki, Brookhaven,
Livermore and other places, it is appropriate to
reconsider [4] what type of detectors would have
properties to take full advantage of the hoped for
1010 positrons per sec and 100/itm beam spot size.
Since the event rate is proportional to the prod-
uct of the positron intensity times the detector ef-
ficiency, the amount of data is maximized when
a significant fraction of the total investment re-
sides in the detectors. Given that there are sev-
eral different experiments to be run simultaneously,
it would probably make economic sense to invest
something like 10% of the accelerator cost or about

$2M in the super ACAR detector.
Super ACAR would allow us to look at electron

momentum densities with unprecedented precision
and speed. A number of experimental directions
would be interesting. leftmarginOmm

(1) One could look for unsuspected periodicities
due to incipient phase transitions or incom-
mensurate structure with such a machine.
For example, the helical structure of some
rare earth ferromagnets might be evident in
an experiment using polarized positrons.

(2) Small Fermi surface edges sitting on top of
non-constant filled band features would be
unambiguously identifiable for the first time.

(3) It is possible to determine the slope of a band
as it crosses the Fermi surface by measur-
ing the thermal broadening of the Fermi sur-
face discontinuity if it the broadening is suf-
ficiently in excess of the contribution from
the positron itself. For example, a calcula-
tion on the YBCO superconductor [5] shows
that there is a band that crosses the Fermi
level going from F to X with a slope of about
2.8 mrad per 0.2 eV. Multiplying by 10 meV
for 100 K gives a width of 0.14 mrad. This
will be increased by the contribution from
the electron phonon interaction to perhaps
0.28 mrad, roughly the same as the momen-
tum spread due to the thermal motion of the
positron.

(4) One might be able to see which bands are su-
perconducting with the sample at 4 K due to
the excess broadening caused by pairing [6].

(5) There is interest in measuring the dynam-
ics of positronium Bose condensation, [7] for
which the p=0 peak (width normally 0.2 mrad
at 100 K) would be resolution limited.
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2. Detectors
There are presently several possible position sen-

sitive gamma-ray detectors that are being used for
ACAR experiments [1,2]. We will not consider the
method using individual small counters due to the
high cost per pixel [8]. Wire chambers have very
good resolution [9], and could become the method
of choice if the dead time were small enough. Here
we will consider Anger cameras [10] and mosaic
detectors [11,12] that use position sensitive photo-
multiplier tubes to give many pixels per tube and
thus a reasonable cost.

Anger cameras may be obtained at a cost on the
order of $40K for a single camera in large quanti-
ties. The cameras are 500 mm diam. with 440 mm
active diameter and 9 mm thickness. The resolu-
tion is 2.8 mm FWHM, and the efficiency is 15% if
the Compton and photopeak events are included.
The total efficiency is 22% including events below
the discriminator threshold. The number of resolu-
tion elements per camera is about 20000. The coin-
cident event counting rate per Anger camera pair
spanning most of the angular distribution would
be 104 per sec given 1010 slow positrons per sec
on the sample. For the given suggested amount of
$2M one would be able to have 25 Anger camera
pairs, resulting in 2.5 x 1010 events per day.

The Bismuth Germanate (BGO) mosaic detec-
tor [12] has 525 resolution elements, ignoring the
difference between rectangular elements and Gaus-
sian because of the Compton scattering contribu-
tion to nearest neighbor elements. [Note that if
the counter acceptance is truly rectangular with
width w corresponding to an rms width wj\f\2,
the convolution of two detector elements leads to a
triangular resolution function of full width at half
maximum (fwhm) equal to w and rms resolution
w/\/Z. On the other hand, two Gaussian resolution
functions of fwhm w convolve to give a net pair res-
olution of y/2w fwhm. Thus a rectangular counter
acceptance of width w is equivalent to a Gaussian

resolution profile of fwhm W\l\ In 2 ~ 0.66«/.] The
efficiency is 55% according to the simulation given
in Fig. 4 of Ref 11. Reduced by the filling factor
(2.2/2.4)2 this becomes 46%. Thus one of the mo-
saic detectors is equivalent to (46%/15%)2 x 525 =
5000 Anger camera pixels.

Ignoring the cost of space for the Anger cameras
and the differential cost of electronics and comput-
ers, we conclude that the mosaic and the Anger
cameras have equal cost per unit of usefulness if
the mosaic can be produced as in Ref 11 for $10K
per single unit in large quantities. A mosaic super
ACAR detector of the present design given $2M
would comprise two 10x10 arrays of BGO mosaics
with 50000 pixels in each array.

At this point, the decision about which detector

to use would be based on other factors such as
reliability, proven technology, speed of production
and ease of data manipulation.

3. Improvements
There may be some room for improvement of

the mosaic since there is such excellent separa-
tion of the elements in the central portion of the
photocathode. One might be able to get about
4 times as many pixels per phototube by using
a reducing lightguide like that in Ref 11 Fig. 9.
There would then not be any lost area because
the crystals would extend beyond the perimeter
of the phototube. The optimum solution might
also include using slightly larger crystals, maybe
3 x 3mm2 x 30mm, resulting in a further factor of
3 increase in the count rate due to the efficiency
becoming 80%. In that case, the mosaic would be
a more cost effective solution to a super ACAR
detector, giving about 3 x 1011 counts per day.

On the other hand, if it were possible to make
an Anger camera using 15 mm thick BGO and four
times as many photo tubes of half the diameter, the
result might be superior to the improved mosaic
detector. Further study of this matter is required.
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Distinguished Guests, Ladies and Gentlemen,

On behalf of the Japan Atomic Energy Research Institute (JAERI), I would like to express our sincere
appreciation to everyone - That includes all the speakers, the chairpersons, all the other contributors and
participants, members of Organizing and Program Committees and the Secretariat staff for the success of this
symposium. I would also like to express my sincere thanks to the Takasaki City government for providing this
excellent venue, the best of all those which have been used for this series of symposia by JAERI. Thanks are
also due to the Atomic Energy Society of Japan, the Chemical Society of Japan, the Japan Society of Applied
Physics, the Japanese Society of Nuclear Medicine, the Japanese Society of Radiation Chemistry, the Japan
Radiation Research Society and the Society of Polymer Science, Japan, for their cooperation in organizing and
sponsoring this symposium.

As the title of this symposium indicates, we have been discussing recent progress in accelerator beam
applications for three days. For the first two days we mainly discussed the recent achievement of ion beam
applications in the areas of materials development, biotechnology and nuclear medicine, materials analysis, and
beam control technology for new applications. Today we have discussed future plans for using accelerators as
sources of high intensity beams of protons, neutrons, muons, radioisotopes, positrons and X-rays for their
applications to various fields in physics, chemistry and biology. I must admit that the scope of accelerator beam
applications is much broader than the coverage of this symposium, but I think the Program Committee made an
excellent selection of topics given the areas which could be covered in the time available. In this symposium
there has been clear evidence that the use of accelerator beams is rapidly expanding, not just in high energy
physics, but in space science, life science, materials science and so forth; and that it is making a great
contribution to the advancement of each field.

Dr. Ishigaki, in his honorary lecture in the first Session, presented the current results of studies on
materials for use in space, organic and inorganic functional materials, and the effects of radiation on micro-
organisms. This work has been done using TIARA here at the Takasaki Radiation Chemistry Research
Establishment of JAERI. Prof. Kroto gave a very stimulating lecture about the discovery of
Buckminsterfullerenes, C(,o, which he made during his studies on carbon chemistry in Red Giant Stars.
Scientifically, this discovery provided us with new "superatom" clusters and the prospect of developing new
materials for the 21st Century. At the same time, he pointed out how this discovery demonstrates the
importance of basic research even in considering applied research strategy.

The second Session was about the development of advanced materials. There have been many interesting
achievements synthesising advanced materials by using ion. In the key note lecture, examples of successful
applications to materials modification and synthesis were explained. These included state of the art electronic
applications from giant to nano electronics. In presentation of papers reports were given about the preparation of
temperature responsive membranes by ion track pore modification, and the formation of nano-size crystals in a
metal oxide medium by ion implantation. These are promising technologies for developing novel functional
materials in the future. Studies of radiation effects on semiconductor devices for use in space, revealed for the
first time a catastrophic degeneration in electrical performance of silicon solar cells when they were irradiated by
electrons or protons to a certain level of high fluence. It was also shown that a heavy-ion microbeam provides
us with a powerful tool to study single-event phenomena in semiconductor devices.

The third Session was devoted to discussions about biological and nuclear medicine applications. The
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effects of high LET radiations on radiation-induced mutation were studied. Different LETs were found to give
different mutation spectra. Studies on plants showed that ion beam-induced mutation could have effective
application for plant breeding. In the final part of this session, various applications of radioisotopes were
discussed. In combination with imaging techniques, short-lived isotopes open up new medical and biological
fields. One successful example was shown. Radioisotope-labeled antibodies can be used in the diagnosis of
cancer, and it was suggested that this technique could also be used therapeutically. Using positron emitters, the
effects of drugs in a human brain can be visualized by the method known as "PET". Research into brain diseases
is being advanced considerably through the use of radioisotopes from accelerators.

Discussions in the fourth Session focused on fairly basic aspects of ion-solid interactions. There was
intensive discussion about electron transfer in the collision process of highly charged ions with a surface, and the
electronic excitation in a highly concentrated state. I hope it offered us some insight into the practical
application of this innovation in the field of materials analysis. In-situ analysis by a dual beam method was
shown to be a useful technology to get systematic and reproducible information when materials are being
processed under thermal conditions where there is no equilibrium such as irradiation at very low temperatures.

In the fifth Session, several topics were presented: Ion and positron microbeam techniques and their
applications, the production and application of a pulsed slow-positron beam, negative-ion beam technology for
controlling atomic bonding-state and fusion plasma heating. I draw your attention to three aspects of recent
progress in microbeam technology; first, achieving variations in beam-spot size from submicron to nano meter;
second, the development of single ion technique as an application of microbeam technology; and third,
diversification of the beam energy down to a few keV and up to hundreds of MeV, and also diversification of
particle species. These technical developments are expected to provide technologies to control effects into a
micro region. This will have wide applications for analysis, studies on the effects of radiation, and radiation
processing in such fields as materials science, biotechnology and medicine.

As the final part of the symposium, we had a special session concerning future plans for accelerator beam
application. The following accelerator projects, which are under consideration or construction in Japan, were
introduced: The B-factory Project, the Japan Linear Collider Project, the Large Hadron Project by the Ministry
of Education, the Rl-beam Factory by RIKEN, the high power neutral beam system by the Joint Central Team
of the International Tokamak Experimental Reactor, the JAERI's projects such as the Neutron Science Research
Complex Project, the Fusion Material Irradiation Facility Project, the Positron Factory Project, and the SPring-
8 Project by JAERI and RIKEN. All the projects presented in this session are ambitious but steady efforts have
been made in R&D. I hope that they will open new horizons for science and technology in near future.

Finally, as I wish you a prosperous future in research and development with accelerator beams, I would
like to express again the JAERI's appreciation to all of the participants in this Symposium. Thank you for your
attention.
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gamma-ray IIP-17

gamma ray detectors VP-24

generator IIIP-3
grain growth IVP-12

H
H and He impact IVP-6

He ion IIIP-I

heavy ion 111-4, IIP-22

heavy ion microbeam VP-10
heavy ions IIP-2
high energy ion implantation IVP-8

high energy ion irradiation IVP-3
high pressure synthetic diamond IVP-8
highly charged ions IV-3
hit timing V-3
hollow atoms IV-3
hprt mutation III-I
human cell III-I
hybrid inviability III-2

hydrogen IVP-I I, IVP-16
hydrogen terminated surface IVP-9

I
IFMIF S-4

imperfections IV-1
implantation IVP-16

infrared laser VP-II

InP IVP-4

intense slow positron beam S-6
intense charged particle beam VP-18
internal source VP-16

interspcific hybrid 111-2
intrafoil resonance IVP-I 8

ion microbeam V-l

ion beam analysis IV-5

ion beam induced crystallization IIP-7
ion beam VP-12, IIP-18

ion beams IIIP-5. VP-19
ion channeling IVP-12

ion damage IV-1
ion implantation IIP-7

ion irradiation IVP-12
ion microbeam V-3

ion scattering spectrometry IVP-9

ion track application 11-9
ion track formation 11-9

ion-beam ablation plasma VP-18

ion-induced electron IV-5

ionization IVP-15

iron V-l

irradiation 1-2, IIP-17, IVP-15

irradiation effect IIP-18. IIP-22, IIP-27, IVP-19

K
K250O-MeV superconducting ring cyclotron S-2

klystron VP-3
klystron simulations VP-3

L X-ray spectrum IVP-6

Langmuir-Blodgett films IVP-3

lattice sites IV-I

lead IVP-20
LET III-4, IIP-18

LET dependency Ill-1
LET effect IIIP-I. IIP-22

Li target S-7
light absorption IIP-22
linac S-6

liquid-solid interface IVP-20
low-energy ion IVP-5
low energy ions IIIP-5

M
magnetic multilayers VP-17
materials science VP-18

MC-DF method IVP-6
MCP VP-10

metal surface IVP-5

MgAI,O4 IVP-15

MgO IVP-7
microbeam IIP-13

microbeam positioning V-3
micro-FT-IR IIP-18
microprobe V-4
microsturcture IVP-15

molecular ion IVP-5

mood disorder HI-7

MOS IIP-17
multibunch electron beam VP-11

multi-channel moderator assemblies S-6

multilayer IVP-11
multiple inner-shell ionization IVP-6

multiply damaged sites III-3
multistage depressed collector. VP-3

MUSES S-2

N

N. gossti III-2

N. tabocum M-2

nanoparticles 1-2
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nanoslze powder tracks

nanosize powder VP-I8

nitrogen-13 1IIP-4

noise reduction VP-10

NRA IVP-II

NSRC S-4

nuclear microscopy V-l

o
organomeuUlic vapor phase epitaxcy(OMVPE) IVP-4

oxide-trapped charge 11P-17

P
p-nitrophenyl carbamate IIIP-4

Parkinson's disease V-l

particle track membrane 11 -7

penetration-depth IIIP-5

PET "... 111-7

PET tracer IIIP-4

PFGE III-4

phosphorus IVP-8

PIXE V-l

pollen irrdiation II [-2

polyetheretherketone IIP-27

polyethylene IIP-18

polymer film IIP-22

pore size change 11-7

position-sensitive photomultiplier tube VP-23

positron annihilation IIP-27, VP-16, VP-24

positron factory S-4

positrons V-4

primary processes of radiation chemistry IVP-14

proton irradiations IIP-8

pulse neutron VP-13

pulse radiolysis II IP-1

Q
Q-sized semiconductor particles IVP-3

R

radial dose distribution IIP-25

radiation chemistry IIP-24

radiation damage IVP-7

radiation effects UP-2

radio frequency quadrupole (RFQ) VP-6

radioisotopes IIP-2

RBE 111-4

RBS IVP-13. V-l

RBS-C IVP-7

RBS-channeling IVP-4

Re-DMSA IIIP-3

reaction between Fe and Si IVP-9

reaction cross section IIP-25

reemitted slow-positrons VP-17

rflinac VP-6

RFQ S-7, VP-13

RIKEN Rl Beam Factory S-2

RNRA IVP-13

Rutherford backscattering spectrometry (RBS) IVP-20

S
SEE 11-2

self-driven converter S-6

serotonin transporter 111-7

SEU 11-2
Si VP-16

Si (001) IVP-9

Si junction diodes IIP-8

Si solar cell IIP-15

SiC IIP-14, IIP-17

silicon IVP-16, IVP-20

silicon face IIP-17

single electron pulse IVP-14

single ion hit V-3, VP-10

single laser pulse IVP-14

single-event IIP-13

single-event upset 11-2

singly damaged sites IH-3

slow positron VP-14

solid phase epitaxial growth IIP-7

solute atoms IV-1

sorption IVP-13

specific activity IIIP-4

spectroscopy S-8

spin-polarized slow-positrons VP-17

SPring-8 S-4. S-8

SRAM 11-2

STIM V-l

stroboscopic IVP-14

subcritical assembly VP-13

substrate hardening IIP-8

surface interaction IV-3

synchrotron S-8

T
TEM IVP-15

test cell S-7

the axis-off model VP-12

thermal behavior IVP-16

thermal vacancies VP-16

thin film VP-18

thin film dosimeters VP-19

thin films IVP-19

(hreshold LET fl-2

trace elements V-l

track characterization 11-9

track membranes IIP-2

track structure model IIP-25

tracks HP-2
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transition radiation X-ray source

transition radiation I VP-18

transmission electron microscope 11-6

trap-site IVP-16

trapping IVP-16

triple beam irradiation 11-6

TSC IIP-27

u
uniform irradiation VP-7

uniformity VP-7

upset cross-section 11-2

w
waste disposal IVP-13

X
X-ray S-8

X-ray source IVP-18
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