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The joint seminar on Solid Physics, Atomic and Molecular Physics
and Materials Science in the Energy Region of Tandem Acceleration was
held at Tokai Research Establishment of JAERT, for two days from January
22 to 23, 1991. about 60 physicists and material scientists participated
and 18 papers were presented in tﬁis seminar.

The topics presented in this seminar included lattice defects in
semiconductors, ion-solid éollisions, atomiec collisions by high energy
particles, radiation effects on high Tc superconducting materials and
FCC metals, radiation effects on materials of space and fusion reactors,
uranium compounds and superlattice. All of these topics are most active
and important fields in physics.

The organizing committee would like to thank all participants for

their assistance and cooperation in making the seminar such a success.
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1. PRESENT STATUS OF THE JAERI TANDEM ACCELERATOR
AND TANDEM BOOSTER

Chiaki KOBAYASHI

Department of physics, JAERI

Introduction

Installation of the JAERI tandem accelerator'’, manufactured

by National Electrostatics Corporation USA, started 1987 and the
operation for the experiments began 1980. First two years, half of
the running time had to shared for the voltage conditioning to get
20MV. The continuous operation for the experiments started at
August 1982 and main experimental apparatus completed by 1985.
Since then, the tandem accelerator has been operating smoothly and
used for nuclear physics, solid state physics, atomic physics,
material research, nuclear chemistry, neutron physics and other
basic researches. To increase the energy of the heavy ions from
the tandem accelerator by approximately four times, the the tandem

booster construction started 1988.

Outline of the tandem accelerator

The JAERI tandem accelerator is a 20MV design voltage with
folded column structure. The pressure vessel is 8.2 meters in
diameter and 26.5 meters high. The high voltage terminal has a
large 180 degree bending magnet and ar internal ion source and
nanosecond bunching and pulsing system for intense proton and
deuteron beams. Fig.l shows main specifications and layout of the
accelerator. The control system is two computers-based digital
control with CAMAC system. We are developing a new céntrol system
because the present system which was used even for more than 16
years and malfunction has increased. The new system will be used a
parallel! processing computer.

The machine time is 3~4 months with a continuation for 24
hours/day. Regular maintenance that takes 4~5 weeks 1s set up an
interval of the every machine time. Fig.2 and Fig.3 show the

operation time distribution and distributions by the activities.
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Tandem booster
The tandem booster projectz) started at 1988. The booster

linac will consist of 40 super-conductive resonators made of
niobium and copper and resonators are housed in ten cryoststs four
by four. The fabrication of the booster components are in
progress. The result of the tests with few resonators, a field
level of 5~+6MV/m obtained which corresponds to the acceleration
voltage of 30 ~ 36MV for the booster linac. This acceleration
voltage will have the energy performance as shown Fig.4. The
booster building construction =alse in progress and the beam

acceleration test will start end of 1992. Fig.5 shows the layout

of the booster and the building.

References

1) M. Maruyama, The third international conference on
electrostatics accelerator technelegy April 1981

2) S. Takeuchi, T. Ishii, H. lkezoe, Y. Tomita, Nucl. Imnstr. and
Meth. A289(1990})257.
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2. X-RAY OBSERVATION OF SILICON SINGLE CRYSTALS
TRRADIATED WITH ENERGETIC HEAVY IONS

Hiroshi TOMIMITSU

Solid State Physics 1, Department of Physics, JAERI

By conventional X~ray diffracticn topographic
observation of Si single crystals irradiated with various
energetic ions (Li~Au, 20~200 eV) with the dose from 1013 to

1015ions/cm?, the following results were obtainedl);

1} Specimens were only partly imaged in a topograph,
suggesting that they were deformed macroscopically. The
deformation in a specimen was concluded to be a kind of
convex, the curvature being typically estimated around
14~33m. But any other kind of defects such as dislocations

or cracks were not ckserved.

2} Beavy black-and-white contrast was observed at the
boundary between the irradiated- and non-irradiated areas
on the specimen surface, suggesting that very heavy
lattice-strain was generated at the boundary and the strain
seemed so heavy that it reached to the another surface of

the specimen.

3) Irregular images were sometimes observed within the
irradiated area, suggesting that lattice was more or less

damaged.

4) Regularly arrayed fringe patterns were sometimes
observed in the irradiated area, suggesting that some kind

of interference was occurred.
The results mentioned above seem to depend on the

irradiation conditions, i.e. on ion-species, on their

energies, especially on the homogeneity of the beam-

— 4 —
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distribution, and it was clear that they depend on the
experimental conditions such as reflecting planes.

Almost all of the above results of the observation are
corresponds to those by previous authors?~%), but an
important part of the result of 4) does not agree with the
result in ref.4. So the present author started to study
further on the origin of the beautiful interference
fringes, making use of the so-called double crystal X-ray
diffraction method tec measure precisely the change of the
lattice-constant within the specimens. In the preliminary
results of the measurement, the rocking curve of the Cl-
irradiated specimen showed rather complicated profile

compared with the non-irradiated specimen. -
Further investigation is in progress.

The author is much indebted to Dr.T.Abe of Shin-Etsu
Handotai, Co. for his kind offering the Si wafers for the

present experiment.

References
1)-H.Tomimitsu; Jpn.J.Appl.Phys. 22 (1983), L674.
-H.Tomimitsu; Acta Crystallogr. A43 (1987), Suppl. C207.
-H.Tomimitsu; JAERI TANDEM, LINAC & V.d.G. Report,
1982~1988.
2)-G.H.Schwuttke, K.Brack, E.E.Gardner &
H.M.DeAngelis; Proc.Santa Fe Conf.Radiation
Effects in Semiconductors, ed.
F.Vook, (Plenum Press, N.Y., 1968) p.406.
~U.Bonse, M.Hart & G.H.Schwuttke; Phys.Status Sclidi 33
(1%69), 361. )
-U.Bonse & M,Hart; Phys.Status Solidi 33 (1969), 351.
3) A.R.Lang & V.F.Miuscov; Appl.Phys.Lett. (1965), 214.
4) D.Simon & A.Ruthier; Acta Crystallogr. A24 (1968), 527.
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3. THE PERFECTION OF SILICON CRYSTALS REQUIRED ULSI
DEVICE PROCESSING

Takao ABE

Shin-Etsu Handotai Co., Ltd. Isobe R&D Center

Three important topicsl) regarding the use of silicon crystals for applications in the
electronics industry are reviewed in this paper. These are: (1) the perfection of silicon
crystals required for ULSI device processing, (2} issues related specifically to large
diameter crystal (Fig.1) growth, and (3) the use of bonded wafers with SOI structures.

There is no single silicon crystal specification that is ideal for all device processes.
This is due to the facts that different processes have different thermal cycles and that
contamination levels can vary from one facility to another, In Japan, lower oxygen
concentrations are being chosen for specification of 200 mm silicon wafers compared to
what is being used presently 150 mm specifications. This indicates that technology for
cleaner device processing is considered more important than the use of internal gettering
(IG) methods.

Tt is believed that it is necessary to further reduce the concentrations of carbon and
heavy metals (Fig.2) in silicon crystals since they can serve as nucleation centers for
harmful defects. In particular, control of point defects? in large diameter crystals (Fig.3)
will be an important subject in the near future.

After the 64M bit DRAM generation of device processing, it is expected that an SOI
structure may be used due to the high speed and high density requirements. A wafer
bonding process technology (Fig.4) such an SOI need is introduced. An understanding

of the bonding mechanism is also described .

Reference
1) T. Abe : Nihon Ketsusho Seicho Gatsukai shi Vol. 17 (1990) 146 in Japanese
2) T. Abe : Oyo Buturi Vol. 59 (1990) 272 in Japanese

— 6 —
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Fig. 3

Inhomogeneity of oxygen precipita-

tion on growth rate. X-ray topographs
of specimens with 1 mm in thickness
annealed at 1000°C, 16 hrs in dry Oy,
p-type, 10 Q-cm, <100> orientation,
75 mm in diamiter.
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4. A POSITRON LIFETIME STUDY OF DEFECTS IN NEUTRON-
IRRADIATED &1

Anli LI¥, Shengnan ZHENG®, Hanchen HUANG*
Donghong LI%, Hongshan DU, Shengyun ZHU*
and Tadao IWATA

Solid State Physics Laboratory L
Department of Physics

Tokai Research Establishment, JAERI

Positron lifetime measurements in neutron-irradiated Cz silicon
crystals have been performed at room temperature after annealings at
different temperatures between 100°C and 800°C. Two-component fitting of
the positron lifetime spectra is carried out. It is suggested that the
short lifetime component is a weighted average lifetime of the positrons
in the bulk and those trapped at monovacancy-substitutional oxygern
complexes, while the long lifetime component is an average lifetime of
the positrens trapped at divacancies or divacancy-substitutional oxygen
complexes and those trapped at quadrivacancy~substitutional oxygen com-
plexes. The two-component data are analyzed using an extension of the
trapping model to cbtain the positron trapping rates at these vacancy-

type defects. The annealing of these defects is discussed.

* China Institute of Atomic Energy
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9. CHARGED BEAM INTERACTION WITH SOLID SURFACES

Toshiaki IITAKA and Yoshi-Hiko CHTSUKL

Department of Physics, Waseda University,

INTRODUCTION
We review our study about the interaction of charged beam

with solid surfaces, especially in the small angle 1incidence
case, 1in which the interaction time of the ion and the surface
becomes extremely long and the effect of the surface becomes very
important.

This review treats two important phenomena concerning the
effect of the image charge. The first is the skipping motion,
a curious motion of ions near the surface which was proposed
theoretically ten years ago{l] and observed recently by
experiment of Snowdon et al. (3] and Stolzle et al. [19]. The
second 1is the acceleration of convoy electrons produced at
glazing angle incidence of fast ions. We studied it by using
Classical Trajectory Monte Carlo (CTMC) calculations [26] and
explained the experimental results of Hasegawa et al. [28] and

Koyvama et al. [23].

SKIPPING MCTION
Ions incident on the surface with a grazing angle have

thousand times smaller energy in the normal-to-surface direction
than in the parallel direction. Some of the ions 1loose their
transverse energy near surface by elastic or inelastic collisions
and - they are trapped into the surface potential well, which is
composed of the repulsive part due to crystal atomic potential
and the attractive part due to the dynamical image charge. Then
the motion of the ions becomes sinuous, bounded along normal-to-
surface direction and nearly free along the parallel direction.

This kind of adsorption of particles with its large parallel
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momentum is named skipping motion[4].

Numbers of mechanism of transverse energy loss have been
discussed: elastic collision with the corrugation of surface
potential[12], the excitation of electron-hole pairs, plasmons,
phonons, some kind of chemical reaction etc.[3-15]. The possible
surface attractive potentials are classified inte three types:
1). static image potential, 2). dynamical image potential and 3).
chemical binding. Our study has revealed that the most important
mechanism of skipping motion of "high energy" (about 30 keV) proton
is the corrugation of surface potential and the attraction
potential due to the dynamical image charge[l12]. Our theories
and computer simulations [1,4-8,12] have revealed the two
important effects that would enable the observation of the
skipping motion i.e., the destruction of the specular reflection
peak in the exit angle distribution and the discrete structure of
the energy loss spectrum. In order to predict the discrete peaks
in the energy loss spectrum, stopping power of fast 1ions near
metal surface has been intensively studied[7,10,11,13,18] and we
have confirmed that skipping motion is observable by measuring
the discrete energy loss spectrum which has peaks at the multiple
(1:2:3:...) of the energy 1loss of the specular reflected
particles.

Snowdon et al.[3] observed "low energy” skipping motion by

by using very slow (EO=2keV) silicon ions 1incident on copper

surface. The skipping motion was identified by measuring the
energy loss spectrum of reflected particles. However the
observed spectrum has peaks at the multiple (1:3:5:...) of the
energy loss cf the specular reflected particles. This

quantitative difference cannot be explained by our study of
skipping motion. The spectrum is rather similar to the spectrum
due to surface steps[18] though Snowdon et al. has confirmed that
the surface is step free{3]. Our results are not directly
applicable to this case because the energy region 1is different

from ours. Thus the mechanism of this skipping motion 1is not
clear by now. Snowdon et al. have suggested the chemical binding
mechanism and performed computer simulation [15] using the

stopping power formula of Nunez et al.[17]}. They are successful
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to get the peaks at (1:3:5:...) in energy spectrum but not the
correct magnitude of the energy loss.

Recently, Stolzle et al.{19] observed "high energy" skipping
motion by by using fast protons (EO=15keV—75keV) incident on the
(0001) surface of Highly Oriented Pyrolytic Graphite (HOPG). The
observed spectrum has peaks at the multiple (1:2:3:...) of the
energy loss of the specular reflected particles. Both the
incident energy and the energy loss peaks are the same as that of
our calculation. Thus this skipping motion can be regarded as
the one we have proposed. We are now studying the Stolzle
experiment by using computer simulation [20].

In conclusion, the origin of Snowdon's "low energy" skipping
motion is considered as a new type skipping motion different from
our original idea, while Stolzle's is the original type skipping
motion. Many points concerning skipping motions remain not clear
and further experimental and theoretical studies should be
performed in order to testify, for example, the potential ability
of skipping motion to probe chemical reactions and adsorption

phenomena at surface [14].

ACCELERATION OF CONVOY ELECTRONS
The velocity distribution of the electrons ejected from

gases or metal Toils by fast ions has a peak at the velocity of
the 1incident ions. The production of these "convoy electrons”
can be accounted for in terms of the final state interaction,
i.e. the Coulomb attraction between the convoy electron and the
ion after the electron was capture into the continuum state of

ion. The cross section of this process is given by

‘ d o
Gp, = | <diTia> 17 ay (1)
dv

where the first factor <b|T}a> is the matrix element of the

electron capture only and the second factor d9 /dv is the cross

section for electron-ion scattering with the relative velocity ¥.
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This second factor determines the v-dependence of ba " In the
low velocity limit (v -> 0), the cross section diverges as '1/v
for Coulomb potential and a cusp peak appears at the relative
velocity v=0.

In the scattering of fast ions incident almost parallel to
the surface, the image potential of the ion must be included into
the final state interaction as well as Coulomb potential of the
ijon because the interaction time with the surface becomes very
long[21]. The final state interaction should be calculated with
this dipole-like potential. In the limit of v -> 0, the cross
section will show a strong anisotropy[22] because most of the
electrons directed to the image charge are reflected by the
repulsive image force to the opposite direction, 1.e. the
direction of the dipele vector pointing from the image charge to
the ion. While the dipole vector is normal to the surface when
the ion is at rest, the vector is oblique to the surface when
the ion 1is moving fast parallel to the surface because the
response of the electron gas cannot follow the ion's motion
completely (the retardation effect}. Thus the final veloclty
distribution of the electrons in the ion-rest frame has a peak
shifted in the direction of the dipole vector, and this shift
causes the acceleration of convoy electrons in the laboratory
frame, E=mVI- v+ v 2 where VI is the ion velcocity. This model
explains the experimental value of the acceleration energy of
convoy electrons for heavy ions[23].

Hasegawa et al. [28] measured energy spectra of electrons
emitted from a SnTe single-crystal surface following the impact
of grazing angle 1ncident H' and He' ions. For H+ ions, the
convoy peak energy was smaller than Ei=0'5 mvz. However, for He+
ions, the peak energy was larger than Ei'

Koyama et al. [23] explored electron excitation by Tfast
heavy ions (N GTAr12TXe27T...) and measured projectile dependence
of energy distribution of excited electrons. They found that the
larger the mean charge of the projectile is, the larger the
acceleration is.

We calculated the electron velocity distribution in the
field of Coulomb force and image force. [24] to explain Koyama's



JAERI—M 92--202

work by wusing CTMC method [26], because in this case we can
neglect the electron's image charge. In CTMC, one choose an
adequate classical representation of the 1initial quantum-
mechanical state and then solves the classical equations of
motion of the involved particles taking into account all
interactions in the system. The initial distribution of the
electrons 1is taken as the uniform distribution in the sphere of

radius R, with its origin at the ion. The energy distribution 1is

uniform Oin the interval (O,QLmaX) and the distribution of the
momentum directions 1is isotropic. We get +the final velocity
distribution of electrons by calculating the trajectories with
the Runge-Kutta methods. The agreement between the calculated
results and the experimental data was very good.

In conclusicn, the observed acceleration for heavy lons was
explained as the image charge effect. We are now studying the
light dion c¢ase and gquantum theoretical <calculation of the

acceleration.

REFERENCES
[ 11 Y.H.Ohtsuki, Rep. Annual Meeting Phys. Soc. Japan (1978)
[ 2] Dr. R.Sizmann, private communication (1988)
[ 3] K.J.Snowdon, D.J.0'Conner and R.J.MacDonald, Phys.Rev.Lett.
61 (1988) 1760.
[ 4] ¥.H.Ohtsuki, K.Kovama and Y.Yamamura, Phys.Rev.
B20(1979) 5044.
[ 5] Y.H.Ohtsuki, Nucl.Instr.&Meth.B2(1984) 280.
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6. ACCELERATION OF CONVOY ELECTRONS BY DYNAMIC
SURFACE IMAGE CHARGE

AKIO KOYAMA

The Institute of Physical and Chemical
Research, Hirosawa-2-1, Wako-shi, Saitama,
351-01, Japan

It is well known that an atom or molecule near a solid
surface induces static image charge due-to polarization of
surface electrons, and this polarization takes an important
role in the physical adsorption,

When a moving charged particle is near a solid surface,

it induces dynamic image potential(DIP)1’2) and when it pene-
trates a solid medium, it emer- oosl: T T ' ]
ges accompanied by electrons f ; N—rA

which move with the same velo~ %é;&f,ha

city as the ion; these elect-
rons captured in the continuum
states of the projectile are

)

called convoy electrons(CE).3
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hitherto any evidence of DIP acceleration has not been
obtained for such normal-emitted CE,

1f the particle is incident or emerges almost parallel
to the surface, the interactior time between the surface
and the projectile is very long, and the interaction time
between CE and DIP should also be long, and acceleration of
CE may be significant and observed. De Ferralis and
Baragiola measured the energy spectra of electrons ejected
from an Al surface due to grazing angle incident H' ions.
A broad peak was observed and no description was given for
the influence of DIP on the CE spectra.. Hasegawé et al.
measured energy spectra of electrons emitted from a SnTe
single crystal surface follewing the impact of grazing angle

6)

energy of the peak was not larger than EI=(1/2)mv12, where

B . + + |, + .

incident H and He 1ons. For H 1ions, the most probable

m is the mass of an electron and A& is the velocity of the
. . ' + .

proijectile. However, for He 1ions, the peak energy was

larger than E and the DIP acceleration was evoked to

s
explain this inergy increase., Winter et al, measured the
energy spectra of electrons emitted from a Si{111) surface,
for grazing incident angle i ijons, and also observed signi-
ficantly broadened cusp shaped lines.7) They attributed
this broadening to a deviation from the Coulembic final-

state bpteraction near the surface due to DIP. In the

present review, experimental results obtained by Koyama et
8)

al. are mainly discussed related to the DIP-acceleration

model.
Fig. 1 shows the energy spectra of electrons induced

by N6+ ions(energy of 0.98 MeV/amu) incident at an angle of
1* with respect to the target surface and emitted at various
angles with respect to the incident beam direction; {(a) at
3°, (b) at 6°, (c) at 8%, and (d) at 15° . The ordinate is
proportional to the number of electrons induced by a pro-
jectile into the unit energy interval N(E). The arrow shows
EI,

Figs. 2 and 3 show similar spectra for Ar12+ and Xe27+ ions

the energy of electrons isotatic to the projectile,

at the same grazing incident angle and electron emission

angles as in Fig. 1. Velocities of these iones are also the
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6+ . .
same as that of N ions. It is well known that energies
of electrons produced in atomic-collisions are representa-

9)

tive of respective excitation mechanisms, such as low
energy secondary electrons, target or projectile Auger ele-
ctrons, convoy electrons, loss electrons, and binary elect-
rons. Each spectrum obtained here shows a large peak of low
energy secondary electrons., Binary peaks are clearly seen
for Xez7+ ions due to their large cross sections at energies
higher than 1500 eV, The peak with the most probable

energy of 500~ 800 eV cannot be explained by any cf hitherto
identified mechanisms.

Following results are obtained from the figures.

(I) The energy difference between the highest Ee and EI isg
60 eV for N6+, 120 eV for Ar12+, or 250 eV for X327+, and

is approximately proportional to the projectile charge g.
(II) The peak width increases with increasing q. The values
of FWHM at the emission angle 6° are about 200 eV for N6+,
300 eV for Ar %Y, and 400 eV for Xe2'T.

(III) The emission anmgle at which Ee is largest increases
with q.

(IV) The peak intensity increases steeply with increasing
emission angle from 3* to 6°,

These results can be explained in terms of the DIP
acceleration of CE. CE may be mainly produced by projecti-
les emerging from the surface, because the outgoiﬂg part of
the projectile trajectory plays the important role in the CE
excitation.7) These CE should be accelerated by DIP, The
- potential is retarded from the projectile by a distance of
about 0;1v1/m » where wg is the surface plasmon fre-
quency. 0) This retardation causes the acceleration of CE.
The potential also repells CE from the surface towards
vacuum, and makes them deviate from the projectile traje-
ctory., When v, is the velocity increased by the potential,
its value is proportional to q, because the height of the
potential is proportional to q. Its direction with respect

to the outgoing part of the ion trajectory, Ba, is independ-

ent of projectile species; based on classical mechanics, 1t
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depends approximately only on the initial phase space co-
ordinates of CE., The velocity of accelerated electrons is
given by the vector sum of v, and Vi The energy increase
is given by Ee*Elﬁ'vIAPcosea, where AP(=mva) is the impulse
due to this potential.

The energy increase is expected to be proporticnal to
projectile charge q, because the impulse AP is proportional
to q. This is supported by the experimental results(I).
The line width shculd increase with increasing q, because
line broadening is a result of the energy variation for
different trajectories of electrons, which are emitted at
the same ewission angle, and because the energy difference
will increase with gq. This is also consistent with the
result(II), Results(III) and (IV) are explained, because
for a large charge q, v, is also large and the deviation of

emission angles of electrons from v_ will be larger than 3°,

I
and the deviation will increase with d. Thus DIP acceleta-
tion model is well consistent with the above experimental

results. TFurthermore, based on the DIP acceleration model,
Iitaka et al. carried out a numerical calculation of energy

" They calculated, using a Monte Carlo

increase of CE.
method, trajectories for a large number of CE which were
induced by a projectile woving parallel to the surface and
accelerated by DIP approximated by a simple dypole potenti-
al, as used by Winter et al., in which retardation of pola-
rization was taken into account. The calculated energy
increases were almest equal te the experimental results from
Koyama et al.. Recently, Hasegawa et al. calculated ana-
lytically incident energy-dependence of energy increase by
DIP, and obtained results qulitatively well consistent with

12) Therefore, it 1is concluded

their experimental results.
that when a projectile is incident at a grazing angle to a

surface, CE are accelerated by DIP.
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7. TON BEAM AND SOLID STATE PHYSICS
Michi-hiko MANNAMI

Department of Engineering Science, Kyoto University,

Yoshida, Sakyo-ku, Kyoto 606

§1. Application of ion beam to the studies of solid

Industrial application of ion beam is develeoping rapidly and
many small accelerators are now used in production lines.
Analytical methods using ion beam irradiation are now commonly
used, e.g., SIMS, RBS, INS, PIXE. All these methods are called by
acronyms and sound like the methods based on new physical
concepts, however, they are mostly based on fundamental physical
concepts, except INS. The outcome of the progress has not only
enriched and widened cur scope in solid state physics, but also
brought us new interesting states of solids produced by ion beams,
for instance, metastable alloys produced by ion implantation, sub-
micron electronic devices, clusters produced by sputtering, which
offer new scope in the studies of solid states.

One of the new concepts discovered during the 1last thirty
~years in this research field with ion beam is ion channeling.
This was first found in a computer simulation of radiation damages
in solid by Robinson and Oen which showed that some exceptionally
long trajectories result from atoms travelling within the open
channels between close-packed rows of atoms. Experimental
verifications of channeling were reported 1965 from Chalk River,
Harwell and Minchen.

Channeling has been applied in various fields related to the
studies of crystals since the late 60’s. There are two important
contributions of the channeling in the studies of solids: Lattice
site determination of foreign atoms by channeling 1is a unique

methods which cannot be done by any other methods. Determination
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of surface atomic arrangement by RBS/channeling, including ISS or
1CISS, is also worth mentioning. It must be noted, however, that
the information obtainable by these methods is of atomic and not
of electronic level. Except for the ion neutralisation spectro-
scopy (INS), where the electron transfer between projectile ion
and surface is studied, it is not easy to study the electronic
state of solid by ion scattering. In most of ion-solid interac-
tion processes, the primary processes are more or less related to
electronic excitation in solid. However, the cross sections of
the collisions in solid are large, and elementary scattering
process is embedded in the multiple scattering and the details of
the elementary process is difficult to extract from the cobservable
gquantities.

lons at channeling are steered by rows (planes) of atonms
within open channel by correlated series of small angle multiple
scattering and cannot approach to the rows (planes) <closer than
the distance of the order of Thomas Fermi screening distance.
Results of these large impact parameter collisions, which are
mostly affected by the outershell or valence band electrons, are
embedded in the multiple =scattering. This situation 1is not
different from that at ion scattering 1in an isotropic solid.
Successful applications of channeling to the studies of solid as
mentioned above are based on the detection of rare collisions with
small impact parameters, which are superposed on multiple scatter-
ing of large impact parameters collisions, e.g., large angle
scattering of channeling ion with atoms displaced in the channel
in the lattice site determination of interstitial atoms.

This is the reason why we cannot study electronic states of
solid by the methods based on ion scattering. In ion neutralisa-
tion spectroscopy, however, experimental conditicons are 50
arranged that the projectile slow icn interacts only with surface
in vacuum and the change in their states after being reflected

from the surface without penetrating the surface is observed, thus
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the state of solid electrons near the surface can be studied.

In comparison with ion-gas collisions, the characteristics of
atomic collisions in solid lie in the 1ion scattering caused by
valence or outershell electrons. One of the important phenomena
in this respect is the dynamic response of valence electrons to
the energetic ion during the passage 'in solid. Valence electrons
respond to the <charge of fast moving 1ion and the density
oscillation of conduction electrons 1is produced along the ion
trajectory. This is known as the "wake" which trails behind the
projectile ion. This has been extensively studied both
theoretically and experimentally. Experimental obhservaticn of
the "wake" was done in the studies of dissociation of molecular
jons in solid, where the one of the fragment ions 1is trapped in

the potential field caused by the wake of the foregoing fragment.

§2. Surface study

Dynamic response of solid electrons in the ion-surface
interaction plays an important role in the inelastic scattering
of slow projectile ion at the surface. When the velocity of ion
in vacuum is smaller than the Fermi velocity of valence electrons,
solid electrons respond to the external charge and induce a
potential distribution in the vacuum similar to that of image
charge. The electronic states of the projectile ion are modified
by the field and this modification depends on the distance of 1ion
from the surface. This change 1in states affects inelastic
scattering process that takes place at the surface as observed in
INS. Response of surface electrons to ion in vacuum with velocity
faster than those of solid electrons is similar to the wake in the
bulk of solid. A periodic potential field is induced in vacuum
near the surface and affects both elastic and inelastic scattering
events of the ion. However, the material parameters in the
dyndmic response of valence electrons are only the plasma

frequencies, either bulk or surface, and lifetmes of the plasmons.
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We have been studying glancing angle scattering of MeV ions at
clean crystal surfaces, for the purpose to study inelastic
scéttering of ions with surface electrons. The glancing angle
scattering at surface is similar to that at planar channeling; ion
is reflected away by a plane of surface atoms by a series of small
angle scattering into the angle of specular reflection, and its
trajectory is well described by the continuum planar potential
which has been successfully applied to planar channeling,.

As in the case of channeling, most of the inelastic scattering
events of ions with surface are governed by the mnmultiple small
angle scattering during the specular reflection. Stopping power
for the reflecting ions and the charge states of the reflected
jons are explained in terms of position dependent probabilities
and we cannot derive the elementary scattering process from the
states of reflected ions. Effects of "surface wake" have been
observed in the stopping power of surface for the reflecting ions
and in the angular and energy distributions of the reflected
fragment ions at the dissociation of molecular ions. Superposed
on the multiple small angle scattering, we found <collisions of
ions with surface steps, where the impact parameters of the
collisions are small. Density and distribution of steps on the
surface can be obtained from the inelastic scattering of ions when

the situation is favourable.

Although no epock making discovery worth Nobel prize has been
made during the past thirty years in the physics of ion-solid
interaction, many accelerators are now in daily wuse in research
and technology. As it can be seen from the fact that several
international conferences on application of accelerators being
~held every year, we are in need of better understanding of the
passage of charged particles through matter, which has Dbeen

studied since the discovery of atomic structure by Rutherford.
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8. PHYSICS OF ION BEAM

Yoshiharu Mori
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9. THEORY OF HIGH-ENERGY ION-ATOM COLLISIONS

Nobuyuki TOSHIMA

Institute of Applied Physics, University of Tsukuba

When ions collide with atoms, various kinds of physical processes can
be expected to occur depending on the magnitude of collision energy.
Several MeV are required for nuclear reactions, while even a few eV energy
can easily induce some chemical reactions. On the other hand, transitions
between electronic states can take place over an extremely wide energy
region spreading from a few eV to several GeV. This report surveys recent
progress of the theoretical research for electronic transitions. The colli-
sional energies usually are classified into three ranges referring to the
ratio of the projectile velocity and the average orbital velocity of the
active electron. When this ratio is much larger than unity, we may expect
that the electronic states are not perturbed seriously during the collision
because of the short collision time and the perturbation theory that is
peculiar to high-energy collisions can be applied successfully. However,
some exceptional cases are known to exist in which traditional perturbative
treatments break down even at extremely high energies.

One of the most typical example is the problem of the Thomas double
scattering in electron-capture processes. The first Born cross section for
1s-1s transitions decreases rapidly in proportion to E_6 (E: collision
energy) while the second Born creoss section shows slightiy weaker energy
dependence as E_S‘S, and the latter eventually becomes dominant in the
high-energy limit.l} Drisko has shown that this second-order term contains
a contribution of the double scattering process proposed originally by
Thomas in the framework of the classical mechanics. After this discovery
many theoretical approaches have been developed for the study of this
double scattering mechanism. The inyersion of the first- and the second-

order terms implies the essential failure of the perturbation theory.

‘Nevertheless most of the existing theories are based on the traditional

perturbation theory. Recently the author has succeeded for the first time
in the analysis of this problem using non-perturbative procedures, the

classical trajectory Monte Carlo methodz) and the coupled-channel calcula-
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tions.3) These calculations confirm that the Thomas double scattering pro-
cess also plays a decisive role even after the inclusion of the all-order
terms but the higher-order terms modify the idealized picture considerably
in some cases. An interference effect between the projectile and the target
continuum states are found and this causes an oscillatory structure in the
differential cross sections that are totally absent in the perturbative
treatment.

For the relativistic collisions, the criterion of the velocity ratioc
becomes unclear since all the velocities have the ceiling limit of the
light velocity. K-shell electrons of a heavy nucleus such as uranium have
an average orbital velocity that is nearly equal to the light velocity and
the condition of high-energy collisions can never be satisfied. This
indicates that the perturbative treatment may not work even for ultra-
relativistic collisions. Fully relativistic coupled-channel equations based
on two-center atomic expansions are solved4) and the results are compared
with other existing perturbation theories and experimental data. in these
calculations extremely long-ranged couplings are fpund that arise purely
from the relativistic effect related to the Lorentz transformation. The
appropriate consideration of this long-range nature is inevitable and it

5) Some theoretical

makes the cross sections change by a factor of two.
approaches that are simply extended from their original non-relativistic
version show unphysical spin-flip cross sections. A warning has been given
to the easy extension of the symmetrization procedure for distorted-wave
formalism.s) Any rélétivistic theory should merge inte the nonrelativistic

limit from which it is constructed as an extension.
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10. CHARGE STATE DISTRIBUTION MEASUREMENTS OF 25.3 AND
77MeV,/U ARGON IONS WHICH HAVE PASSED THROUGH A
CARBON FOIL

Yasuyuki Kanai, Tadashi KAMBARA, Yohko AWAYA, Akira
HITACHI, Takashi NIIZEKI, Yaming Z0U, and Kunihiro SHIMA®

The Institute of Physical and Chemical Research(RIXEN),

#* Tandem Accelerator Center, University of Tsukuba

We measured the charge-gtate distributions of 25.3 and 77 MeV/u Ar
jons which have passed through a carbon foil with varying the foil
thickness( 10 g - 4.27 mg/cmz) and incident charge states( 16+ - 18+).
The study aims tc get (1) the equilibrium charge distribution of Ar ions
which have passed through a carbon foil and (2) the charge changing
cross sections( capture and loss cross sections) of Ar ions which collide
with carbon atoms. Projectiles of 25.3 and 77 MeV/u Ar ions were ob-

f Ar16+’17+’18+ ions were

tained from RIKEN Ring Cyclotrcn. Projectiles o
produced by using Al or C foils and then selected by a magnet. The
experiment was performed at the atomic physics beam line(E2B); the tar-
gets were placed in the general purpose experimental chamber on the E2B
beam 1ine. The charge states of the Ar ions which have passed through the
target were analyzed with a charge analyzing magnet and a position-sensi-
tive parallel-plate avalanche counter{PPAC).

When the target was thicker than about 1 mg/cm2, the charge-state-
distributions did not depend on the target tihickness. We concluded
therefore that the distribution is equilibrated as shown in Table 1.

Shima  propcsed a semi-empirical formula for the equilibrium charge-

Energy Mean charge Charge state fracticn

(MeV/u) q 16+ 17+ 18+
5.3 17.98 1.2 (-4) 2.0 (=2) 9.80 (-1)
77 17.9994 5 {-7) 5.6 (-4) 9.994 (-1)

Table 1. Equilibrium charge-state distributicns of 25.3 and 77 MeV/u
Ar ions after passing through carbon targets. Numbers in parentheses

stand for the power of ten.
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state-distribution of high energy ions( > 10 MeV/u) after passing through
the carbon foil.1) Qur resultse for 25.3 MeV/u Ar ions are 1in good
agreement with the values obtained from Shima's formula. However, the
Ar17* fraction of our results for 77MeV/u is larger than the value
obtained from Shima's formula. This difference may be due to the differ-
ence in a dominant process of the electron capture of the Ar ions between
25.3  and 77 MeV/u. From our recent measurements of a radiative electron

18* o5llide with carbon atoms, we found

capture(REC) cross section of Ar
that the ratio betweem the REC cross section and total electron capture
eross section of 25.3 and 77 MeV/u ar18% ions were 3% and 587, respectiv-
1y_2,3)

Using the charge-state distributions for thin targets( 10 - 38.5
u g/cmz), we obtained the electron capture and loss cross sections of 77
MeV/u Ar ions which collide with carbon atoms. Preliminary results are

shown in Table 2( including our recent results of REC measurements). Pre-

cise analysis is in progress.

Initial charge Final charge Cross section{ cm?)
state state 25.3 MeV/u 77 MeV/u
16+ 17+ 16 (-20) 9 (-20)
17+ 18+ 7.8 (-20) 2.9 {-20)
174 16+ 2.7 (-21) 1.3 (-23)
18+ 17+ 4.5 (=21) 3 (-23)

(Radiative electron capture)
18+ 17+ 1.6 (-22) 1.8 (-23)

Table 2. Preliminary charge changing {electron capture and loss)
cross sections of 25.3 and 77 MeV/u Ar ions cecllide with carbon

atoms. Numbers in parentheses stand for the power of ten.
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11. A BRIEF REVIEW OF- RADIATION EFFECT OF HIGII Tc
SUPERCONDUCTING MATERIALS

Yukio KAZUMATA

Japan Atomic Energy Research Institute,

Tokai-mura, Naka-gun, Ibaraki-ken, 319-11, japan

Radiation effects of high T. superconductors will be
briefly reviewed. It is the principal problem of radiation
effects on high TC materials to study the correlation
between the various parameters for superconductivity and
lattice defects. The following examples will be the
characteristic parameters of superconductivity;

Te
J. (critical current density)

c
Heo {upper critical field)

(ecritical temperature)

Heq (lower critical field)

¢ {coherence length)

i (penetration depth)
To date radiation effects on the three parameters for
superconductivity Ts» Jo and H,.,, have been reported in the
literature. The last parameter, H.,o, has received the least
attention of the three, due to this we will restrict our
review to the other two. Two methods we usually used to
introduce lattice defects into solids; these are with and
without irradiation. Quenching and impurity doping are the
typical examples of the latter. As for the former , all of
the available irradiation sources are used to study the
radiation effects on high T, materials. These sources are
(1) X- and ¢-rays, (2) electrons, (3) neutrons and {(4)
various 1ions. In these sources, X- and y-rays are
distinct, because only electron excitations are effective to
displace lattice atoms, which is a rather indirect process
for displacement. The other sources are particles and the
direct collisions to lattice atoms govern defect formation.

As for g¢-ray irradiation, three quite different results
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are reported. All of these experiments are done with 60¢,
y-rays; photon energies of 1.17 and 1.33 MeV. Vasek et
al(l) report the decrease of T, from the measurements of
resistivity and ac susceptibility. Boiko et al(z) observe

the increase of Tc in Y0,25“0.23320U307— by electrical

resistivity measurements, but our results(3{ show no change
of TC. Therefore, we have not come to a firm conclusion as
yet.

As for particle irradiations, electrons, neutrons and lons
produce their respective characteristic defects. The first
displaced atoms by incident particles are called the primary
knockon atoms (abbreviated as PHA) . When these PKA have
large energies far beyond the threshold energy (the energy
required to displace lattice atoms), the second displaced
atoms have large energies enough to displace 3rd atoms, and
so on as shown in Fig.1. These consecutive collisions,
cascade collisions, will form clustered defects. Therefore,
a general idea of defects such as a size and structure will
be outlined from PKA spectrum. Fig.2 represents schematic
PKA spectrum(4). The peak of the PKA energy by 0.8 MeV
electrons lies at about 60 eV and only a few atoms are
possibly displaced by the PKA on assuming 30 eV threshold
energy. As a consequence, point defects will be dispersed
in the specimen by the 0.8 MeV electron irradiation. On the
contrary, heutron irradiation will produce large energy PKA
with 105 eV and the collision cascade by these PKA will form
clustered defects. As for ion irradiation such as 1 MeV P
or 100 MeV Br ions, these PKA show broad spectra, which
predict formation of various kinds of defects from points to
clustered defects. These consideration suggest that neutron
irradiation is the most suitable to low T, materials for
flux pinning because the coherence lengths of the materials
are the order of several hundred A and the defects of the
same size will be the most effective. However, in high T,
materials the coherence lengths lie in the range from
several to a few tens of A, and consequently point defects

produced by electrons and ions are also effective for flux
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pinning.

| Next, we will describe the results by electron, neutron
and ion irradiation. As for electron irradiations, the
decreases of TC reported up to now are listed in Table 1
(5“12)and a glance of the Table gives the estimation of at
most 1 K/10'8 es/cm?. Further, a linear relation between
degradation of To and an increase of the resistivity above
Tc is given by Rullier et al(lz) for La compounds as shown
in Fig.3. This relation is quite general and holds also in
Y and Bi'compounds. The comparison between single crystals
and sintered materials was done for the Y compounds by
Vichery et al(g) as shown in Fig.4. In this Fig., the x and
¥ axes show Tc of before the irradiation and the decrement
of Ta divided by 1018 e/cmz. respectively. Single crystals
with higher T, are resistive to the irradiation but sintered
specimens are very sensitive,

Two methods are usually used to measure Jc; one is the
transport method which measures anm actual current density by
the four probe method and the other is the magnetic method
which measures a hysteresis loop, M-H curve and Je is
calculated from the loop on the assumption of Bean's model.
The change of JC by the magnetic method (magnetic current
density) is shown in Fig.5 as a function of dirradiation

(13-14) ' The increase by the irradiation is higher at

dose
higher magnetic field and linearly increases with an
increase of the dose up to 1.5x1018 e/cm2 and turns to
decrease above the dose. In next section we will give our
results in more details.

The rate of TC decrease by neutron irradiation is listed
in Table 9(15-23) ' The decrease of T. 1s estimated to be 3
K/lO18 n/cm2 for Y compound and the similar value is given
for La compounds, but in Bi compounds a value a few times
larger 1s indicated. As for Jor the transport method shows
a decrease after irradiation as listed in Table 3( J.=160
A/cm2 drops to below tenth after a dose of 8.7x1017 n/cmz,
and very weak magnetic fields give remarkable effects to the

Jc's decrease.). On the contrary to the transport method,
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the magnetic method shows an increase by the irradiation.
For sintered Y compounds, the J, after a dose of 1x1017
n/cm2 is 2.1 times at 4.2 K as large as that before the
irradiation. The results for single crystals of the Y
compound is shown in Fig.6(27). The increase in JC for the
applied field being parallel to a or b axis 1s much largef
than. that for the field in c-axis, and consequently the
anisotropy of the Jo disappears with an increase in the
dose.

The results by ion irradiations are similar to those for
neutron irradiations, but one characteristic feature 1is
obsérved in a resistivity - temperature curve. For sintered
specimens, ion irradiations leave the onset témperature
unchanged, but shift the offset one to lower temperature,
and as a result a broadening of the transition temperature
is observed as shown in Fig.7(28). For high quality thin
films, however, without broadening shifts the curve to lower

(29), which means the same

temperature as shown in Fig.8
change of the onset and offset temperatures by the
irradiation. A general rule for ion irradiations is derived
by Summers et 31(30)‘ As shown in Fig.9, the reduction of
TC is linearly proportional to the nonionizing energy 1loss
{nuclear collision). Furthermore, the comparison of the
reduction of TC between high and low Tc materials is done by
Rummel et al as shown in Fig.10(3l). ‘High Té materials are
much more sensitive to irradiation which compared with low
Tc materials. As for Jc, a slight increase is observed in a
certain magnetic field, 3 T in Fig.11, by the tramsport
method, although without the field such an increase is not

found(zg).

The magnetic method shows an increase of J. as
shown in Fig.12(32). However, it is noteworthy that the
specimen used in the transport method is thin film, but the
sintered bulk materials are used in the magnetic method.

. In summary |
1.0ne displaced atom per 104 lattice atoms yields 1 K
decrease of T, for the Y compound, but for the Bi compound

a more radiation sensitive value, three times or more larger
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value, is observed.

2.The decrease of T, will be determined only by the number
of displaced atoms, but will be independent of detailed
structure of defects. _

3.The transport J, decreases, but the magnetic J, Increases
by irradiation. This fact indicates the decrease of
intergrain J and the increase of intragrain J by

c c
irradiation.
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Table 1. Chonge of Tc by eleciron irradiaiion

_ Teo Chonge of Energy of | Irrod
Specimen (Before irrd) | To/10%e/em? | elecirons | Temp. | Ne-
. YBopCis07 92K ~-0.3K 2.7 MeV <40K | (5)
(poly)
. YBo,Cuz0y STK ~=0.5K 3.0MeV | <20K | (B)
(poly)
. YBooCuz0y 85K ~ 2K 30 MeV SK | {7)
~=0.5K “ 185K | (T)
~=-2.2K y 375K | (7)
. YBa,Cuz0y
x=69 BSK ~=1.0K 3.0MeV RT (8)
x=6.6 70K ~=1.0K " .
. YBo,Cis0y
single 81K ~—0.45K 2.5 MeV -20K | (8)
single 80.2K ~=0.21K " .
Poly 91.BK ~—0.25K “
Poly 85.8BK ~0.27XK
. YBa,CusOy
x=6.9 90K ~=1.5K 3.0MeV RT | (10
x =6.6 60K ~=7.0K ’ “ (10}
x=6.4 35K ~~=4 6K ” " (10)
. ¥BoLuis0; 1 825K ~—0.3K 3.0 MeV RT (11)
- L0y 55r045Cu0, 35.5K ~~-03K 2.5MeV 20K | (12)
. L'G‘a.B SfozCUOq 351K ~=0.5K ! “ (12)
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Toble 2. Chonge of T, by neutron irrodiotion
Specimen Chonge of ‘1}:/1{)18n/cm2 Ref,
(poly)

YBaCuz0Ox - 13K (16)
{poly) |
(single)

. YBo,Cuz0y -2.1K (18)
(poly])

. YBa,CisOy ~5.0K (19)
{poly)

. YBopCudDy -38.0K {20)
{single) ( Low Temp. Irrad.)

. YBo,Cus0y —2.5K (21)
(poiy]
{poly)

. Pb- doped -10.5K {23)
BiSrCoCu0
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12. EFFECT OF EL_EC'I‘RON-EXCITATION ON HIGH ENERGY ION
IRRADIATION IN NICKEL AND COPPER

2kihiro IWASE*, Tadao IWATA*, Takeshi NIHIRA** and

Shigemi SASAKI*

*Department of Physics, Japan Atomic Energy Research
Institute, Tckai-Mura, Naka-Gun, Ibaraki, 319-11, **Faculty

of Engineering, Ibaraki University, Hitachi Ibaraki 316.

§1. Introduction

When charged particles traverse solid, they lose their energy through
collisions with electrons (inelastic interacticons) as well as through
direct nuclear collisions(elastic collisions). Through the elastic
collisions, the particle energy is transferred directly to target atoms,
and lattice atoms are permanently displaced from their regular positions,
or the transferred energy leads to lattice agitations around the already
existing defects and causes the annihilations of them. The latter
phencmenon is called "radiation annealing". Cn the other hand, in some
materials, atomic displacement or irradiation damage originates from the
electron excitation caused by the inelastic interactions. For example, it

is well known that nuclear tracks are formed in insulators bombarded with

high energy heavy ions.l) This phenomenon has been explained as due to the
energy transfer from excited electrons to lattice atoms through a strong
electron-phonon interaction. In the case of metals, however, as the
electron-phonon interaction is much weaker than in insulators, it has been
considered that the process of irradiation damage can be described only
within the framework of elastic cellisions.

Recently, however, we have found that inelastic interactions
felectron excitations) play an important role on irradiation damage in
some FCC metals irradiated with high energy heavy ions. In this paper, we
report the effect of electron excitation on ion-irradiation in FCC metals

with emphasis on the radiation annealing in Ni and Cu.

§2. Anomalous reduction of stage—I recovery in Ni irradiated with high

enerqgy heavy ions

Nickel foils were irradiated with 0.5-1.8 MeV H, He, N and Ar iomns,
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and 84-120 Mev C, F, Si, Cl, Br and T ions. The temperature of the
specimens during irradiation was held < 10 X, After the irradiations, the
annealing experiments were performed up.to 300 K with use of electrical
resistivity measurements. Figure 1 shows the recovery curves and their
temperature derivatives as a function of annealing temperature. As can be
seen in the figure, with increasing the mass and the energy of irradiating
ions, the recovery peaks disappear gradually from the lower temperature
region. Moreover, for high-energy (V100 MeV) heavy ion irradiations, the
amount of the stage-I recovery is greatly reduced or nearly completely
disappears. We also measured the stage-1 recovery in Cu under the same
experimental condition. Figure 2 shows that in Cu, anomalous reduction or
disappearance of stage-I recovery cannot be observed even for high-energy
heavy ion irradiations.

In Fig. 3, The amount of the stage-I recovery in Ni and Cu is pletted

as a function of PKA median energy T PKA median energy is one of the

1/2°
parameters which well characterize the PKA energy spectrum in the elastic
collisions. Figure 2 and Fig. 3 show that in Cu the structure and the

amount of the stage-I recovery change systematically with increasing T1/2.

Since the amount of the stage-I recovery is a measure of a concentration
of single interstitials which can migrate freely in a lattice in the low
temperature region (these defects are called "stage-I defects"), the above
behavior of the stage-T recovery in Cu can be interpreted as due to the
radiation annealing effects by elastic collisions.

On the contrary, in the case of Ni, the amount of stage-I recovery

cannot be scaled by T and the anomalous reduction or the disappearance

1/2°
of stage-I recovery cannot be explained within the framework of elastic
collisions. Another mechanism besides the elastic collision should enhance
the annihilation of stage-I defects during irradiation.

High-energy heavy ions cause high-density electron excitations along
their icn beam path in solid. In order to study the effect of high-density
electron excitation on the stage-I recovery, we plotted the amount of
stage-I recovery in Ni as a function of electronic stopping power.
Electronic stopping power gives the energy transferred from the
irradiating ion to electrons in the specimen per unit length of the ion-

path. Figure 4 shows that the amount of the stage-I recovery can be well

scaled by the electronic stopping power Se , and decreases with increasing
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Se' This result means that the energy of excited electrons is transferred

to the lattice system and contributes to the annihilation of stage-T
defects.

As mentioned above, anomalous reduction or disappearance cf stage-I1
recovery is not found in Cu. The difference of the behaviors of stage-1I
recovery between two metals can be explained as a difference of electron-
phonon interaction strength. In the case of Ni, energy of excited
electrons can be effectively transferred to the lattice through a strong
electron-phonon interaction, and lattice agitations are induced along the
ion beam path. With increasing the energy of excited electreons, lattice
agitation becomes more violent, and can cause the annihilation of stage-I
defects. But in Cu, as a result of weak electron-phonon interaction, the
lattice agitation along the ion path is insufficient for the annihilation

of stage-I defects.

§3. Radiation annealing in Ni and Cu by 100 MeV iodine ions®

as shown in §2, the inelastic interaction(electron-excitation) causes
the radiation annealing of stage-I defects in Ni irradiated with high-
energy heavy ions. In Cu, on the contrary, the radiation annealing of
these defects is dominated only by elastic collisions,

In order to study the radiation annealing by high energy ions in Ni
and Cu more quantitatively, we performed the followiné experiment: first,
Ni and Cu foils were doped with simple defects using 84 MeV C-ion
irradiations., Subsequently, the specimens were irradiated with 100 MeV I-
ions. For reference, undoped Ni and Cu specimens were also irradiated with
100 MeV I-ions. The electrical resistivity change Ap was measured as a
function of C-ion and I-ion fluence. The specimens were held below 10K
during irradiations. Next, to study what types of defects were annihilated
by 10C MeV I-ion irradiation, thermal annealing experiments were performed
up to 300 K after C-ion and I-ion irradiaticns. For reference, the same
experiments were carried out also in the specimens irradiated only with C-
ions.

Figure 5 illustrates the irradiation induced electrical resistivity
change Ap as a function of ion fluence § for Ni and Cu. In the case of I-
ion irradiation of pre-doped Ni, about a half of doped-in defects are
annihilated at the initial stage cf I-ion irradiation. On the other hand,

in Cu, the defect concentration centinues to increase even during I-icn
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irradiation. In the figure, are also shown the resistivity changes of
undoped specimens during I-ion irradiation.

Figure 6 shows the results of the annealing experiments performed
after C-ion irradiation plus I-ion irradiation and after only C-ion
irradiation. in Ni, the peak of stage-I recovery is strongly reduced by
the I-ion irradiation, and the reduction of other recovery peaks is also
observed up to 200 K, On the contrary, in Cu, only the defect recovery
below W35 K is slightly reduced by I-ion irradiation, but the total amount
of stage-I recovery is little affected,

The result of the thermal annealing experiments shows that during the
I-icn irradiation some configurations of defects are preferentially
annihilated and the others are not. In other words, selective defect
annihilations occur during the irradiation. Then, we have analyzed the
present result by using a new model which describes the preducticon and the
selective annihilation for several types of defects. The detail of the
model and the method of analysis have been shown in refs. 3 and 4. The
main results of the analysis are as follows; in Ni, the defect

annihilation corresponding to the stage IB+ annealing occurs during the

C

. . s . . -12 2
I-ion irradiation with the cross section of ©€.5x10 em , and the stage

. - 2
ID+E defects are annihilated with the cross section of 1.4x10 12cm . On

the other hand, in Cu the stage-T defects are annihilated by I-ion

. . . . : . -13 2 . ,
irradiation with the cross secticn cf 4.6x10 cm” ., The extracrdinarily

large cross secticns for the annihilation of stage-I defects as compared
with Cu show guantitatively the radiation annealing due to the electron

excitation and the subsegquent electron-phonon interaction in Ni,

§4. Concluding remarks

Our recent experimental results on the defect recovery and radiation
annealing in Ni and Cu showed for the first time the effect of electron-
excitation on the radiation annealing in metals, This effect has been also
cbserved as a decrease of the defect production c¢ross section and an
increase of the effective recombination volume in Ni irradiated with high

5)

energy heavy ions.
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13. THE APPROACH TO HEAVY ION IRRADIATION EFFECT
(SINGLE EVENT PHENOMENA) FOR THE SEMICONDUCTOR
DEVICES FOR SPACE USE

Tateo. GOKA, Satoshi. KUBOYAMA, Yosuke. SHIMANO

Tsukuba Space Center
National Space Development Agency of Japan
2-1-1 Sengen, Tsukuba-shi, Japan

Introduction Single event phenomena are the well known interactions between the high-energy
particles in the space environment and the electronic devices on the space crafts. This phenomena can be
classified inte SINGLE EVENT UPSET (SEU), SINGLE EVENT LATCHUP (SEL) and SINGLE
EVENT BURNOUT(SERB). SINGLE EVENT UPSET is a phenomena that the informations which are
maintained in the memory or the microprocessor of the space craft are made upset by the particles in the
space. This phenomena are caused by proton or heavier particles such as helium, carbon, nitrogen,
oxygen, iron and so forth. Especially, the upset caused by proton is termed as PROTON UPSET, and
that occurs even in the low-altitude orbit owing to the protons trapped by the magnetic field of the earth.
These protons are most abundant above the Scuth-Atlantic Ocean, so called SOUTH-ATLANTIC
ANOMALY. LATCHUP and BURNOUT are irreversible hard errors which are caused by the heavy
particles to the electronic parts of the CMOS technology and the POWER MOS FET respectively.

History of Single Event for the Space Crafts of NASDA  Our first experience of SEU was in 1971.
Four upsets were observed at the 1 kbits memory on the Geostationary Meteorological Satellite (GMS-
2). After that several upsets were found in the memory on the GMS-3 and so on. Most serious
experience was for Marine Observation Satellite-1 (MOS-1) in 1987. One or more upsets were observed
in the memory of TTL technology almost every day in the SOUTH-ATLANTIC ANOMALY. Namely,
this was apparently PROTON UPSET. .

Prediction of Single Event Rate  The prediction of the in-orbit single event rate is the most significant
theme of our study. It is a basic information that should be input to the system design review and an
important means to determine whether the parts can be used for the mission. The irradiation Test and
comprehensive data of the space environment are necessary for the precise prediction. For this purpose,
we established the SINGLE EVENT TEST FACILITY last year, where californium-252 is used as an
fission fragment source. As the space environment data, we are using the NASA AP8 for the trapped
proton and the CREME (COSMIC RAY EFFECTS ON MICROELECTRONICS) programs (NAVAL
RESEARCH LABORATORY) for the cosmic ray or the solar-flare particles. In addition to the prediction
for the spacecraft, the prediction of the upset rate for the microprocessor of the launcher is increasing its
importance recently. Since in the polar-orbit missions in Japan, the launcher should mostly pass the
SOUTH-ATLANTIC ANOMALY, we cannot neglect the possibility of the PROTON UPSET.

Iiradiation Test At the SINGLE EVENT TEST FACILITY, mentioned previously, californium-252 can
be used up to 740 kBq. So far, 3.7 kBq and 37 kBq sources are available. Using these sources, we can
make test as to the UPSET for heavy particles, LATCHUP and BURNOQUT. For the Proton Upset,
however, an appropriate test cannot be made in this facility. Moreover, californium has a limited energy
or mass spectrum, so a facility possessing the accelerator such as cyclotron, van de graaff and so forth is
necessary to investigate the energy (or LET) dependence characteristics. For this purpose we are making
tests in collaboration with NATIONAL INSTITUTE OF RADIOLOGICAL SCIENCES (NIRS) OR
UNIVERSITY OF TSUKUBA, PARTICLE RADIATION MEDICAL SCIENCE CENTER (PARMS),
for PROTON UPSET, and INSTITUTE OF PHYSICAL AND CHEMICAL RESEARCH (RIKEN) or
JAPAN ATOMIC ENERGY RESEARCH INSTITUTE (JAERI) for the single event by the heavy

particles.

Development of the Single Event Tolerant Device It is comparatively easy to develop a.device of
latchup free by adopting the epitaxial layer or the twin well technology. On the other hand, it is very
difficult to develop a device of upset free. The problem exists mainly in the tradeoff between the
requirement of upset tolerance and that of larger scale integration or higher speed of the devices. Therefore,
as a general rule, we require the latchup free for the devices of CMOS technology and do niot require the
upset free for the memory or microprocessor devices. We cope with this phenomena by the system design
such as error correction, redundancy and so on. However, as to some custom ICs or the gate array devices,
upset free was confirmed by the californium test.
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Quest of Basic Mechanism A lot of studies have been done in quest of the basic mechanism of
single event phenomena in the United States and Europe. The quantitative comprehension for the single
event, however, cannot be obtained so far, mainly because the phenomena are of high speed (about several
picoseconds). To observe the instance of the occurrence of UPSET, we are developing a wide-range
measurement system and we are planning to make an experiment using the helium microbeams at
ELECTROTECHNICAL LABORATORY (ETL). For the PROTON UPSET, we are also making an
basic experiment at TOKYO UNIVERSITY.

The On-orbit Measurements of Single Events by ETS-V_ The on-orbit data of single event phenomena
were obtained for the static RAMs equipped in Engineering Test Satellite-V (ETS-V) in a geostationary
orbit. The data were acquired for a period of about 3 years, and the effects of solar flares were observed. A
comparison with Marine Observation Satellite-1 (MOS-1: a medium-altitude satellite) was also
conducted.

National Space Development Agency of Japan (NASDA) has launched Engineering Test
Satellite-V on August 27, 1987, and has been put into the orbit at Long.150°E (Fig.1). This space craft
has a Technical Data Acquisition Equipment (TEDA) aiming at obtaining the technical data which is
necessary to develop spacecrafts. TEDA includes a RAM Soft-error Monitor (RSM) that makes a
measurement of the SEU or SEL occurring at eight 64 kbits static RAM devices (NEC, uPD4464D-20).
This monitor has been developed by NASDA in collaboration with NTT, Japan and has functions as

follows,

1) Measurement of the frequency of SEU occurring at the RAM devices.

2) Measurement of the frequency of SEL by monitoring the current supplied to the RAM devices.
When SEL oceurs, the RSM turns off the current, turns it on again and resets the state of RAMs.

3) Measurement of the number of bits which lose the memory function by a hard-error.

4) Measurement of the total current supplied to the RAM devices aiming at the detection of any
deterioration of the devices owing to the total-dose effect. -

5) Telemetering of the data acquired by the above measurements, the RAM identification and the state

of RAM devices.

Fig.2 indicates a schematic diagram of the measurement. The RSM alternates *0'writing/reading and
*P’writing/reading approximately every 256 seconds. The RSM discriminates SEU from other hard-error
by the comparison of the result of reading in each adjoining cycle. Namely, when there is a bit error in a
cycle and no bit error is found in the next cycle, the RSM judges it to be SEU. On the other hand, if
there is no bit error in the next cycle, the RSM identifies it with a hard-error.

Fig.3 shows the SEL data acquired by the ETS-V TEDA RSM. In this figure, the abscissa and

the ordinate axis indicate passing days and the number of SEL occurred in a week. The period of data
acquisition is about 140 weeks from November 22, 1987 to August 31 ,1990.
The solar activity became intensive since September, 1989 and the 4B-class solar flares were observed on
September 29 and October 19. The number of SEL drastically increased by these solar flare. The number
of SEU measured by RSM each week is also plotted in Fig.4. From this figure one can see that the
number of SEU is not so much as that of SEL and it increased remarkably when the solar flare occurred
as well as SEL.

Fig.5 and Fig.6 indicate the details as to the increase of the cumulative number of SEL and SEU
owing to the solar flare on September 29 and October 19 respectively. The time-lag between the
occurrence of the solar flare and that of SEL and SEU proved to be about 2.5 and 3 hours as aresult of a
minute investigation. Fig.6 shows a rapid increase of the number of SEL on October 20. However, that
is supposed to be due to the bit error during the transmission and one should remove 64 bit errors when
one investigates this figure. As a reference of the data mentioned above, Fig.7 shows the number of SEU
occurred at the stored command memory used in the command decoder of Marine Observation Satellite-1
(MOS-1). This memory consists of three TTL RAM devices (93419, 64x9 bit RAM, Fairchild). At this
memory, about one SEU was caused every day by the high-energy protons trapped in the radiation belts.
Though MOS-I, different from ETS-V, is a medium-altitude satellite (909 km altitude and 99 deg
inclination), one can see from this figure that the number of SEU increased apparently by the effect of
solar flare on October 19. These SEUs are assumed to be due to not only the protons but also the heavy
particles included in the flare.
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IEEE Trans. Nucl, Sci. NS-33, p1632-1636, 1986
(3)  Y.Shimano, T.Goka et al. "The Measurements and the Prediction of Proton Upset”, IEEE
Trans. Nucl. Sci. NS-36, p2344-2348, 1989



JAERI-M  92-—202

LA AT MOCRE

ourTaL. WA mc
h——

Fig. 1. Configuration of ETS-V

]

[ ADDRESS=0 ]
J

[_warmE DAT:. (00orFF} |

[ ADD ADDRESS ]

A
[ ADDRESS=0 ]

! E=0 ]
T
READ AND CHECK DATA_ |

[____WRITE DATA |
[(READ AND CHECK DATA |

ERROR 7

ne " ADD HARD ERROA COUNTER |

<

yas
ADD SOFT EAROR
COUNTER

[C___ADD ADDRESS

Fig 2 Funclioral flow chart of RAM solt error monitor

200.0

150.0

100.0

LATCHUP / WEEK

50.¢0 l

0000 ¥ _""'wu_n Boa A L AJL
0000 330.0 6C0.0 900.0 1200

DAY ( The day of the arigin = Sep.1,1987 )
Fig.3 Measurad Latchup rate as a Function of Time { ETS-V)

100.¢

80.00

60.00 [~

40.00

UPSET / WEEK

20.00

0000 Ata ANIALSS ) .—/‘\;1 D AA
.0000 300.0 600.0 900.0 1200.
DAY ( The day of the origin = Sep.1,1987 )
Fig.4 Measured Upset rate as a Function of Time ( ETS-V)

10.00

8.00C

6.000

000 i1 | i |

UPSET /DAY

2.000

.0000 i
0000 300.0 600.0 900.0 1200.

DAY { The day of the origin =-Sep.1,1987)
Fig. 7. Measured Upset rate as a Function of Time { MOS-1)

25.C0

20.00

mioolJle LA

|
i
5000 i | H\ﬁ‘h | ‘u“[ WVAVM"W

.000C
.0000 300.0 600.0 900.0 1200.

DAY { The day of the origin = Sep.1,1987 )
Fig. 7a. Measured Upset rate as a Function of Time { MOS-1).

UPSET /WEEK




JAERI-M 92-202

50.00

o ot
LATCHUR
40.00

i / 30.00
' | / | 20.00 / \\
1] ol N\

ML=28(1/WEEK}
(ETS-V)

L1

FREQUENCY { WEEK )

178 S —T
929 13:12 \
| 1
- . ! ] 0000 —
.00 Tiizen) - - . [ e 0000 2.000 4.000 6.000 8.000 10.00
- FLARE BEGIN W29 10:47 MAX 11:32 END 14:35| :
LX) T 1 NUMBER OF LATCHUP IN A WEEK
UPSET Fig. 8. Tha Distribution of the Frequency Versus the Number of SEL [ Total Pedod }
L8
=
.y e 50.00
8.0 [/
: e - U =1.1{1/WEEK
e ” £0.00 \ i/ )
w [ETSV)
10%a8.9 g
) :
1w, + E
/23 14200 SEU [ 3:13 after the Sam } o 20.00
1e1ne : = = = o o
gzg;ﬁncn -.ar u.pT . 9.9 Ty 3 E
- FLARE BEGIN /29 10:67 WAX 11:32 END 14:35
Fig.5 Measured Cumulative Number of SELASEU { Sep.29,1889 }
0000 e
L0000 2.000 4.000 6.000 a8.000 10.00
NUMBER OF UPSET IN A WEEK
Fig. 9. The Distribution of the Frequency Versus the Number of SEL { Total periad |
o0 ; 50.00
LATCHUP 24 1912
122 10:48 l /- ML=36(1/WEEK}
[ . 40.00
. ~ {ETS-V}
-
W 3000
§ :
) &
g 20.00
[=1
/ ¢ =N
oL 10.00 \
10018 \ms/ i /
400 [ / >\§
g,u.u'uml X 7 P: P F L0000
WRE | FLARE BEGIN 119 12:32 MAX 12:58 END 21:02 0000 2.000 4.000 €.000 8.000 10.00
1ere.e )
: UPSET ) NUMBER OF LATCHUP IN A WEEK
pens /f Fig. 10 a. The Distribution of tha Frequency Versus the Number of SEL { First half perfod )
[ 2 N ) P' N
[Ty 7 50.00
SEU 10724 21:05
. - {-/J :
: i
T "| 40.00
. / SEU 10422 19:24 oy ML= 181 1IIWEEK)
/ u (ETSV
JLIF K IJJ ; 3000
isdie, >
(s
L : u 20.60
10119 15:24 SEU { 2:52 after the flare} H 3 N
w % n - h 7 a E 2
FLARE BEGIN 1019 12:32 MAX 12:58 ENC 21:02 [
10.00 N
Fig.6 Measured Cumulative Number of SELASEU { Cet. 19,1989 ) \
0000
0000 2.000 4.000 6.000 8.000 10.00

NUMBER OF LATCHU® IN A WEEK
Fig. 10 b. The Distribution of the Frequency Versus the Number of SEL { Latter halt periad )



FREQUENCY { WEEK }

Fio.

FREQUENCY { DAY }

FREQUENCY ( WEEK )

JAERI--M 92202

50.00

40.00

MU= 1.5 { 1/ WEEK

30.00 LETS-V)

A

7

20.00

10.00

k
20000 4000  6.000

. NUMBER OF UPSET IN A WEEK
Fig, 11 a. Tha Distribution of tha Frequency Varsus the Number of SEU ( First half parled }

P

8.000

0000
0000

10.00

50.00

40.00

MU= 084 1/WEEK)
{ETSV)
30.00

20.00

\

2.000 4.000 6.00C

NUMBER OF UPSET IN A WEEK
11 b, The Distributian of the Frequency Yarsus tha Number of SELU [ Latter hai period |

10.00

0000
.0000

8.000 10.00

300.0
MU=1.1{1/DAY)

% 200.0 {MOS-1)
a
>
[&]
z
W
>
g 1000
o
[T

00 e

0000 2.000 4.000 6.000 8.000 £0.00

NUMBER OF UPSET IN A DAY
Fig. 12a_ The Distribution of the Frequency Versus the Number of SEU { first half peciod )

300.0
\ MU= 091 /DAY )

E 200.0 { MOS-1)

(=]

>

[+

=

W

]

2 1000 \

[+
Su

.0000
0000 2.000 4.000 £.000 8.000 10,00

NUMBER OF UPSET N A DAY .
Fig. 12b. The Distribution of the Frequancy Versus the Number of SEU { latter half period }

[[E15-5 3n cATA ]

¢ m, Fuant ELa 3]
ET5-5 4755 WM T c 3 37.000

ot T ey

sTaRr - [
008 - A% 1110

e
0000, 00, 000

500.0
400.0
MU = .03 1 FDAY |
{MOS-1 |
300.0 b \
200.0 \
100.
e \\
..0000 .
0000 1.000 2.000 3.000 4.000 5.000

NUMBER OF UPSET IN A DAY

Fig. 12. Tha Distibution of the Frequency Varsus the Number of SEU ( Tetal period |

[ T R T T T P T T TR ST Er Ry

~19.0 7=

!
i)
)
i
'

T T T T \ T T T
B.02.7d eN.05.0¢  BRGRLIR A6 11.13 #0210 eR0E.11 w.0a.00  BE0EDF

Fig. 13. Measured Temperalure a5 a Function of Time { ETS-V /RSM )



JAERI-M 92202

14. IRRADIATION EFFECTS ON CERAMIC BREEDERS FOR
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1. Introduction

Ceramic breeder materials for D-T fusion reactors will be subjected
to severe neutron irradiation during operation of the reactors. Defects
will be introduced by neutrons with the energies up to 14 MeV, as well as
tritons (2.7 MeV) and helium ions (2.1 MeV) produced from ﬁLi(n,o():iH reac-
tions. These defects not only induce swelling and degradation of mechani-
cal integrity but also affect tritium transport and compatibility with
structural materials through changes in the diffusivity of the component
atoms.

Studies of radiation damage and irradiation effects on ionie conduc-
tivity in ceramic breeder materials especially Li20 have been carried out
using thermal neutron and ion irradiation to obtain fundamental knowledge
on radiation defects and the irradiation effects'on transport phenomena of
Li ions and tritium.1-9) 1In this paper, studies of radiation-induced
defects in Li20 with the electron spin resonance and optical absorption
methods, and studies of irradiation effects on the ionic conductivity in

1i20 and LiaSi0Os4 are reviewed.

2. Radiation-induced defects

' In electron spin resonance (ESR) studies, F* centers were observed to
be introduced in Li20 single crystals and the sintered pelleis irradiated
by thermal neutrons (1020-1023 n.m-2) and by 100-120 MeV oxygen ions (1020
ions.m-2).2-4) The F* center is an oxygen ion vacancy trapping an
electron and has positive charge. A schematic diagram is shown in fig. 1.
Fig. 2 shows ESR spectra of a Liz20 single crystal irradiated to 4.5X10321
n.m-2 by thermal neutrons along with the hyperfine line-intensity rations
predicted for the F* centers.3) Each spectrum shows a hyperfine structure
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(HFS) consisting of more than 20 peaks which depends on the crystal orien-
tation in the applied magnetic field, H. Such spectra can be attributed
to the F* centers, because agreement is found between the characteristic
features of the observed spectra and the hyperfine line-intensity ratios
calculated for the F* centers.

In cptical absorption measurements, the Ft* centers were also observed
as a predominant absorption band at 310 nm (3.90 eV) for thermal neutron
and oxygen-ion irradiation.1.5) 1In addition, bands at 375 nm (3.23 eV)
and 570 nm (2.12 eV) which were thought to he F aggregate centers appeared
at the higher fluence.

For Li20 sintered pellets irradiated to 1023 n.m~2 by thermal
neutrons, a narrow and sharp ESR spectrum was superimposed on the spectrum
due to the F* centers.?) This was attributed to colloidal lithium metal
centers. The colloidal lithium metal centers were not observed for LizO
single crystals irradiated to the same level of neutron fluence and, so
they observed for the pellets may be associated with grain boundaries. 1In
case of oxygen-ion (120 MeV) irradiation, the colloidal lithium metal cen-
ters were observed for Li20 single crystals irradiated to 3X1020 jons.m-2,
in which the concentration of F* centers was higher than that for thermal
neutron irradiation of 1022 n.m=2.4)

Thermal recovery behavior of F* centers and colloidal lithium metal
centers was investigated by isochronal annealing experiments. The number
of F* centers decreased in the range 420 to 570 K and almost all F+ cen-
ters disappeared above 630 K.3) On the other hand, the intensity of ESR
spectra for the colloidal lithium metal centers increased in the range
400-600 K and then began tc decrease arcund 700 K, disappearing completely
at 870 K.2)

3. Irradiation effects on ionic conductivity

The ionic conductivity of ceramic breeder materials is controlled by
the concentration of defects, solute atoms and impurities, and reflects
the diffusion of lithium ions. Furthermore, the conductivity is related
to tritium diffusion because tritium diffusion is thought to depend on
lithium diffusion.19) Ionic conductivity of Li20 and Li48i04 during and
after oxygen-ion (120 MeV) and lithium-ion (24 and 60 MeV) irradiation was
studied by "in-situ"” measurements using the AC two terminal method.6-%)

Fig. 3 shows the post-irradiation ionic conductivity at 443 and 489 K
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as a function of oxygen-ion fluence.®) The conductivity at 443 K in-
ereased with the fluence, flattening to a constant value above 6X1019
jons.m-2., At 489 K, the conductivity decreased with the fluence.

The thermal recovery of ionic conductivity was investigated by
isochronal annealing experiments. The conductivity at 443 K decreased
with the annealing temperature in the range 443- 498 K and then increased
in the range 498-548 K. On the other hand, the conductivity at 488 K in-
creased in the annealing temperature range 489-570 K. The increase in
conductivity occurred at temperatures that were close to those that led to
recovery of F* centers. Thus, the low values at 489 K in irradiated Li20
are associated with F* centers. On the other hand, the high values at 489
K must be caused by unspecified defects which are recovered in the range
443-498 K. .

In other studies, the irradiation effects on ionic conductivitj were
investigated in the range 393-673 K.7.8) From these studies, it was seen
that the conductivity increased with the fluence below 443 K due to the
unspecified defects which were assumed to be lithium vacancies, and that
it decreased in the range 453-573 K due to the F* centers.

The post-irradiation ionic conductivity of 1i45i04 in the range 423-
523 K is shown versus the ion fluence in Fig. 4. The conduetivity in this
temperature range increased with the fluence. To clarify the cause of
this increase, radiation damage studies by electron microscopy and various
spectroscopic methods are necessary.

Thus, if the conductivity in LizO and Li4S8iO4 is related to the
tritium diffusion, then tritium diffusivity in the post-irradiation tests
is as follows: The tritium diffusivity in Li20 decreases between 453 and
573 K due to the F* centers and increases below 443 K due to the
unspecified defects. The diffusivity in Li4S5iO4 increases in the range
423-523 K.

Ionic conductivity of Li20 during irradiation was larger than that
before or after irradiation.?.8) The conductivity during irradiation in-
creased with the ion flux, as shown in Fig. 5. Similar behavior of con-
ductivity was also observed for Li4SiOs during irradiation.®) However,
before this can be stated unequivocally, direct evidence of the correla-
tion between lithium-ion diffusion and tritium diffusion in the ceramic

breeder materials must be experimentally obtained.
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15. PHYSICAL PROPERTY OF URANIUM COMPOUNDS

Hisayuki MATSUI

Department of Nuclear Engineering, Nagoya lniversity

In a recent development of the "Actinide Research”, it has been found
that the actinide compounds show a variety of interesting material features.
As materials with 5f electrons in the system, they often reveal strange phy-
sical behavior, especially in the magnetism, being like as the 4f (lantha-
nide) containing compounds. After a discovery of "heavy electron” in the 4f
~-related compounds, a new attempt is going on to investigate the actinide
compounds in order to establish a new field of the solid state physics and
the so-called "Heavy Fermion Physics™. However, a restriction of handling
with such high radiocactive materials leads to an investigatien onr only the
earlier series of the actinides, such as uraniuvue and thorium, and pluotonium
as well but in a special procedure. Therefore, the actinide research has
been mainly concentrated to the uranium compounds so far, especially in our
country. In the present paper, we deal with (1) "anomalous” magnetic chara-
cter and (2) "heavy fermion” research of uranium compounds which have been
conducted in our laboratory, in a collaboration with scientists at the Jpn.
Atomic Energy Res. Inst. and the Phys. Dept. of the Nagoya Univ..

[1] Anomalous Magnetic Character
UP (Uranivm Monophosphide: Twn=123 K>
An antiferromagnetic UP shows a very anomalous magnetic behavior. It

contains five or six “characteristic temperatures” [1], at which the magne-
tic susceptibility changes drastically (at Tws and Twn) or slightly (at Tniw
Twax and Tcur), as shown in Fig. 1. All the "characteristic temperatures”
in the magnetic measurement are confirmed also in the resistivity measure-
ment [1}, as illustrated in that figure. Remarkable features in the physi-
cal properties of UP are as follows;

1. A very big "moment jump” and resistivity increase at 23 K (Tn,s),

2. Appearences of a minimum (Tw:in at 90 K) and a maximum (Twax at

133 K) in the magnetic susceptibility,
3. A semiconductive-type resistivity found above Tw (to 830 K).
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magnetic behavior
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the origins of other magnetic anomalies.
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and above the Curie point (Tc), respectively {4]. At the magnetic ordering,

this substance shows an increase of the resistivity,

in a noramal sense.

that is quite strange
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A drastic change of the magnetic character has been observed, when such
magnetic uranium compounds are irradiated to thermal neutrons. The origin
of the drastic change is an induced magnetic disordering caused by lattice
defects, accompanying with a local expansion and distortion of the crystal
lattice. It is of interest that a new antiferromagnetic phase, a -U:2N: (Tw=
~ 25 K, depending on N/U ratio), appears after the irradiation [5). It is
suggested, therefore, that a slight change in the crystal structure (e.g.,
the lattice parameter) plays a significant role to establish the magnetic
structure. Other magnetic compounds, such as an antiferromagnetic UP [6,71,
UN (Twu=52 K) [8] and a ferromagnetic US (Tc=180 K) [7,9] revealed also big
changes of the magnetic characters by the irradiation (fission damage).

[2] HE&VY Fermion Materials L L A O S S L L S N R R LN B SRR TR EY
An experimental evidence of i CeM3C°C;L_ ]

» N . . CeCu, Si o8- " UBe
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: = d UauPr A& ~NpBe1a 3
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Thus, the large ¥ suggests a L atom SPACING (&)

high electron density of state Fig.3 ¥ -value vs f-f metal separation

and a heavy electron mass. Such

a large ¥ -value was firstly found in a 4-f related compound (CeAls). As
shown in Fig. 3, the large ¥ has been found in compounds which have large
f-f metal separation. It is noticed that the uranium compounds show either
magnetic or superconductive character. This seems an important feature for
the "heavy Fermion” material.

Now, many 5-f related (uranium) compounds are investigated to establish
the physical meaning of the “heavy Fermion”. We focuss the study on binary
alloys of uranium with transition metals. 1In the first attempt, we found
that as-cast UAu: showed a comparatively large ¥ (y =200 mJ/K? mol-U) with
an antiferromagnetic transition at about 10 K [10]. However, after anneal
at 850 °C for 1 or 2 weeks, the specimen showed another type of magnetic
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transition (a ferromagnet below 22 K), as illustrated in Fig. 4. A recently
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Fig.4 Specific Heat of U-Au alloys (As-melt and Annealed)

reported phase diagram of U-Au alloys [11] claims an existence of UisAus:
(UAus.ss), instead of bLAus. In the present study, however, we confirmed the
two phases by careful specimen preparation and precise ameasurements of the
specific heat, magnetic susceptibility and electrical resistivity..

We studied a lot of U-T (T: transition metal) systems (e.g., U-Pd(Pt),
U-Rh and U-0s). Among them, the U-Pd alloys (UPd and UPds.x which indicated
rather large ¥ -values around 200 mJ/K® mol-U, thus a type of the “heavy
Fermion” material) showed antiferromagnetisms which might be caused by the
»itinerant” electrons. Whereas the other systems (paramagnetism) would be
able to interpreted by the "localized” electron model.
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16. QUANTUM SIZE EFFECT ON THE EXCITON POLARITON
IN GaAs THIN FILMS '

Yoshinobu. AOYAGI, Jun-ichi. KUSANQO, Yusaburo. SEGAWA and Susumu.
NAMBA

‘The Institute of Physical and Chemical Research,

Discrete fine structures were observed in a luminescence of the free exciton band in high
quality GaAs thin films. The appearance of these structures is explained by the quantum size
effect on exciton polariton due to the quantization of the center of mass motion. This experiment

is a new approach to the additional boundary condition.

1.Introduction

AN EXCITON has a center of mass motion and moves in real space due to its kinetic
energy. Coupling with a radiation field, it forms an exciton polariton @ and has a spatial disper-
sion. With decreasing thickness of a crystal, an exciton polaﬁton in a semi-infinite slab is
- strongly affected by boundaries. The interference effect on the reflectance spectrum and absorp-
tion spectrum has been observed @ ¥, In contrast, an exciton in a quantum well structure  pro-
vides us with a two-dimensional (2-D) nature, because both the wave functions of the electron
and the hole are confined and the exciton consists of a 2-D electron and hole. The center of mass
motion perpendicular to the hetero interface (z-direction) is suppressed by potential barriers. In
this report, for the first time, the clear evidence of the quantum size effect on the exciton polari-
ton in GaAs thin films is presented. Several discrete luminescence lines were clearly observed
in the free exciton luminescence spectrum of high quality GaAs thin films. The thickness of
samples was of the order of 1000A. Also discrete structures related to the luminescence lines
were measured using reflectance spectra. Both photoluminescence and reflectance spectra were
dependent on the thickness of the GaAs film. The discrete spectra are interpreted by considering
the quantization of the spatial dispersion of the exciton polariton. This is a new quantum size
effect on the exciton polariton which is quite different from the usual quantum well structure.

2.Experiments
Undoped GaAs thin films whose thicknesses (d) were of the order of 1000 A, were pre-

pared by a MBE technique. To obtain a high quality GaAs, a GaAs (50 A)-AlmGaOSIAs(SG A)
superlattice buffer layer composed of 70 periods was grown on a semi-insulating (100) GaAs
substrate. The cap layer consists of the same superlattice structure of 20 periods. The thickness

of the GaAs thin film layer was measured by using a scanning electron microscope whose
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resolution is 30 A, The hetero-interface was observed using a treatment of chemical etching and
the thickness could be determined with a precision of 50 A. The thickness of typical samples
presented in this report were 990 + 50 A, 2010+ 50 A, and 5200 + 50 A.

.Results and Discussion

Figure 1 shows the photoluminescence spectrum of the free exciton (the exciton polari-
ton) for the three different thickness of GaAs film. The samples were immersed in liquid He and
the lattice temperature was 1.8 K. The excitation source was a dye laser (LD 700) excited by a
Krlaser (6471 A) and the wavelength was 7870A. The excitation intensity on the sample was 5
mW cm-2 . The observation system consisted Of a 126cm spectrometer and a GaAs cooled
photomultiplier with a photon counter. The resolution of this system was 0.05 A.

As shown in Fig. 1(A), in the 5200 A sample, the dominant peak at 1515meV is the polari-
ton lumincscenc.e (Ts state) and the excited exciton state (2s) is observed around 1517.8 meV.
The weak luminescence with the fine structures around 1512.4meV is due to the radiative re-
combination of the exciton bound to the acceptor ((A°, X))®. Optical quality is extremely high,
because no other luminescence lines related to impurities can be observed. Although a carrier
concentration of ~10" ¢cm3 can be measured by our Hall measurement system, the carrier con-
centrations of undoped GaAs layers could not be measured because of the high resistivity. Fig-

WAVELENGTH (A}
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Fig. 1. Photoluminescence spectra of undoped
GaAs thin films at 1.8 K. The thicknesses of
the GaAs films are (A) 2004, (B) 20104, and
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ure 1 (B) and (C) present the luminescence spectra of the 2010-A and the 990-A samples, re-
spectively. Remarkable changes can be observed in comparison to that of the 5200-A sample.
Sharp luminescence lines appear around the polariton luminescence (1515meV). In the follow-
ing discussion and as shown in Fig. 1, the luminescence lines of the 990-A and the 2010-A
samples are referredtoas A, B,...,Gand a, b, . . ., j, respectively. The linewidth (FWHM) of
the F-line at 1516.34meV is found to be 0.1 meV. The £, F, G-line and the f, g, &, i, j-line exist
between the Is and the 2s exciton state of the butk GaAs. The luminescence from the {A°, X)
state is also observed. This photon energy is the same as that of bulk sample, showing that the
band structure of both the 990-A and the 2010-A sample is of the 3-dimensional type. Another
type of sample whose buffer layer and cap layer were A, ,Ga__As, were grown and the same
discrete luminescence spectra were observed. Therefore these discrete luminescence lines origi-
nate in the GaAs thin film layer. The fact that the photon energies of these structures depend on
the thickness of the film shows that the appearance of the discrete luminescence spectra is
caused by the decrease in thickness of the GaAs film.

The appearance of the discrete luminescence lines is interpreted to be due to the intrinsic
nature of an exciton in a confined system. Two physical concepts are proposed; (1) interference
effects on polariton branches into the crystal, similar to a Fabry-Perot mode, (2) quantization of
the center of mass motion of an exciton and generation of quantized energy states.

A mechanism of an exciton polariton luminescence is considered as following . An exci-
ton polariton propagates in the crystal. At the boundaries, it reflects or transmits according to
the probability of escaping from the crystal which is introduced from the Maxwell boundary
conditions and the additional boundary condition (ABC). This probability is quite small at the
large wave vector region. The exciton polariton with a large wave vector reflects into the crystal
and can not go out as the luminescence. After relaxing the kinetic energy, the exciton polariton
with a small wave vector can escape the crystal as polaritbn luminescence.

If the Fabry-Perot interference of polariton branches gives rise to the modulation of the
escaping probability, the luminescence spectrum should be dependent on the angle of the obser-
vation like the reflectance spectrum, As the luminescence spectra are independent of the angle,
the appearance of the fine structures of luminescence is attributed to the quantization of the
center of mass motion. Such a size effect on the luminescence in the GaAs film is different from
the interference effect on the reflectance spectrum in a semi-infinite slab *?. In the case of the
reflectance spectrum, the exciton polariton with the fixed momentum and direction of propaga-
tion, is generated by the incident radiation field. The interference patterns in the reflectance
spectrum which satisfies the Fabry-perot interference condition between the incident radiation
field and the reflected radiation field, can be observed in a crystal whose size is limited by the
length of the polariton propagation. In contrast, the type of photo-excited carrier in our experi-
ment is an electronhole pair and the generated polariton from the electron and the hole distrib-
utes thermally and moves in all directions. The exciton state is determined by the film thickness
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(d ) and the energy distribution in the z-direction is restricted. The exciton in this confined
system loses one degree of freedom and becomes 2-dimensional.

In the above mentioned discussions, it has not been clear whether this size effect is ex-
plained as the quantum size effect on the exciton or the exciton polariton. If the energy levels are
generated by the confinement of excitons @, the quantized energy levels should appear above
the photon energy of the heavy-hole exciton at K= O (E_=1515meV). As shown in both the A-
line and the a-line of Fig. 1, the lowest levels are observed at 1514.88meV and 1514.95meV, re-
spectively. These levels are below the photon energy of Eo and correspond to the low energy
tail of the polariton luminescence of the 5200-A sample. The quantized energy states are not
explained by the total blue shift and should be considered as the exciton polariton.

The spatial dispersion curve of the exciton polariton in GaAs consists of three branches ®
and was determined experimentally by resonant Brillouin scattering ® with a wave vector less
than 1 x 10%m™. The dispersion curve which is in good agreement with the experimental result
of the resonant Brillouin scattering ®, is presented in Fig. 2. This curve is calculated by using
entirely the same method as in ®, Parameters are as follows; M, = 1.25m ", M " = 5.46m,"
JB=1.325x 10-3, = 12.55, €0 = 1515 meV, the total energy from the exchange interaction =
7.3 x 1077meV,

D'Andrea and Del Sole “%considered the wave function of the exciton to be a propagating
wave and an evanescent wave exp (—Pz) at the boundaries. The quantization condition of the

center of mass motion is described by Cho “V as
K=(Nm/(d--2/P),N=1,2,3,....

where K is the wave vector, when Pd 1. The dead layer (I/P) is a result of the boundary
condition of the exciton wave function and implies that the exciton can not be found at bounda-
ries. This dead layer is the intrinsic parameter for the ABC problem. Only the K vector satisfied
in the above equation is allowed in the thin films.

The lowest energy levels of both the A-line and a-line correspond to the photon-like part
of the lower branch. This is why the lowest energy level appears below the photon energy of E_
and the quantized phenomena is explained by the exciton polariton picture. In the case of the
2010-A sample, the a-line corresponds to the N= 2 state obtained from the quantization condi-
tion. If the depth of the dead layer is zero, this energy level should be observed at 1514.65 +
0.09 meV as shown by the arrow in Fig.2. The observed photon energy is 1514.95meV. This
large discrepancy convinces us of the existence of a dead layer. The depth of the dead layer (I/
P) is determined to be 127.5 A from the experimental result of the a-line and the quantization
condition. This value is almost the same as the Bohr radius of an exciton in a bulk sample ™.
Applying this quantization condition to the observed photoluminescence spectra, our results
give good agreement with theldispersion curve of the bulk sample, as shown in Fig. 2.
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Fig. 2 Exciton polariton dispersion curve (solid
lines) obtained by the calculation, Dashed lines are
dispersion curves of the heavy-hole exciton, the
light-hole exciton and the photon. Open and closed
circles represent luminescence photon energies al-
lowed the quantization condition of the 2010-A

1854 i 1 1 i ] and the 990-A GaAs, respectively.
0 0.5 1.0 1.5 2,0 2.5
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4.Conclusion

It is concluded that this discrete spectrum indicates the quantization of the spatial disper-
sion of the exciton polariton. From the same analysis, the (I/P) of the 990-A sample is found to
be 31.6 A and the lower polariton branch is obtained as shown in Fig. 2. The lower branch of the
990-A sample is different from that of the 2010-A sample. The dispersion curve of the 990-A
sample shows that the exciton mass increases in comparison to that of the 2010-A sample and
the deviation from the dispersion curve of the bulk polariton becomes 1arge. With decreasing
thickness, the center of mass motion is strongly affected by boundaries and the 2-D character is

PHOTON ENERGY {meV)
g

1518

enhanced.
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1. Introduction

'Recently we can obtain one-dimensional narrow wires of
Si and GaAs by confining their two-dimensional electron-gas
systems. Low temperature magnetoresistance (MR) in narrow
GaAs/AlGaAs wires have been measured in order to clarify the
quantum interference effects in a mesoscopic system where
the dimensions are comparable or less than the phase
coherent length of electron transports. Electrons in such a
system behave coherently and the phase coherence of the
electron wave gives rise to the quantum interference. In
high magnetic fields, suppression of quantum interference
oscillations due to Aharonov-Bohm effect was observed in the
MR for a ring of high mobility GaAs/AlGaAs heterostructures
and the period of the oscillation shifts to lower frequency
in the field dependence of Fourier spectrum of the MR.(l) A
similar low frequency shift of the decay part in the Fourier
spectrum has been observed in a wire of GaAs/AlGaAs
heterostructure. (2) In this study, magnetic field depen-
dence of aperiodic fluctuations in MR has been studied by

means of analysing the Fourier transform.
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2. Experiments

The samples in this study are narrow wires with
GaAs/AlGaAs double and single heterostructures grown by the
molecular beam epitaxy technique and made by using electron
beam lithography and dry etching technigue. The double
heterostructure sample (named DHW-08) has a 800 nm-thich
non-doped GaAs buffer layer, a 10 nm-thick cap layer, two
Znm-thick spacers, and a 10nm-thickGaAs layer sandwiched be-
tween two Si-doped AlGaAs layers of 60 nm-thickness. The
single heterostructure sample (named SHW-02) has a non-doped
GaAs buffer layer followed by a B nm-thick non-doped AlGaAs
spacer layer and the 50 nm-thick Si doped AlGaAs layer. The
lithographical width and length of those wires were about
700 nm and 3000 nm for DHW-08 or 1700 nm for SHW-02, respec-
tively. The actual width for electrical conduction 1is less
and about 400 nm for the two samples because of existence of
a surface depletion layer. The mean free paths of DHW-08
and SHW-02 are less than 150 and 430 nm, respectively.
Mobilities are estimated to be about 8600 cm®/Vsec for DHW-
08 and 25000 cm®/Vsec for SHW-02 at 4.2 K, respectively.

]5 T T T T
10 be o y
L o ° o
7 05 1802 -
- Bos
O 1 1 1 1
0] ? 4 5 8
B(T)

Fig. 1; Magnetic field dependence of Lmax/L0 at 80 mK for
DHW-08{(open circle) and at 1.2K for SHW-02(closed circle).
BO2 and B08 stand for the critical fields for SHW-02 and
DHW-08, respectively.
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The MR measurement at low temperature was carried out un-
der magnetic fields up to 8.5 T in a He3-Hed dilution

refrigerator.

3. Results and Discussions

Universal conductance fluctuations (3,4) can be ob-
served in the MR with an amplitude of the order e®/h for the
two samples. Although DHW-08 shows MR fluctuations up to 8
T, such fluctuations in SHW-02 canndt be detected in higher
fields above 2 T because of the appearance of Shubnikov-de
Haas oscillations. Fourier spectra of the MR in the two
samples were analysed in various ranges of the magnetic
field and are relevant to the area enclosed by a pair of
electron trajectories. If the oscillation is caused by the
AB effect in each conduction path in the wire, the period of
A B in a certain oscillation component of the fluctuations
is connected with the enclosed area S by the relation
A BS=h/e. With increasing magnetic fields we have observed
a low frequency shift of the decay part of the fluctuations
in the spectrum for DHW-08.(2) A similar shift has been ob-
tained in the case of SHW-02. Here we define a maximum

length lma. which corresponds to the maximum area where the

109 T 1 T
>
R -
a
1o 1 | 3
o } 10 100

freq. (T" )

Fig. 2; Fourier power spectrum between O and 2 T in DHW-08

at 80 mK. Dotted line shows f~!'72 dependence.
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quantum interference can be successfully performed. laax/lo
of the two samples are plotted in Fig. 1, where 1o is the
effective conduction length at the lowest field range in the
Fourier transformation. Near the critical field of w .t =1,
the decay of aperiodic fluctuations, which is cbserved in
the low frequency side of the Fourier spectra, begins to
shift to low fregquencies. The shift can be explained by
reduction of the effective area for the interference. We
consider that the reduction comes from the formaticon of a
certain conduction channel which does not affect quantum in-
terference.

Figure 2 shows Fourier power spectrum at the lowest
field range between 0 to 2 T from the MR in DHW-08 at 80 mK.
It is noted that the spectrum has a back ground component
whose slope is almost f-*7® as indicated with a dotted line.
If the back ground does not criginate in quantum inter-
ferences, the band spectrum from 5 to 40 T~ ! must correspond
to the component due to the network of the actual conduction
paths in a wire. Since in the case of DWH-08 the lowest
field range is in w .t {1, the reduction of effective area,
as mentioned above, does not occur. It means that using a
precise analysis of the interference of the electron waves,
we Wwill be able to resolve each conduction path in a meso-
scopic wire. As for the f~*2 component in Fig. 2, we can
not determine the origin from our transport results. We
think that it may come from a certain process in measurement

system.
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BRITHLTLIOIHLT, 2RANVVOKERIZS S5 FESOLICHALEIZ
MEECHAERL., BIANY BRTR2AMIKEEDSE W38 &0
BZ B, 19554 zDriskof Dz e AT L TR, 2HEROBERIRIEX AR
ROWEPTHRATEREY, TOL2THETR., ZARLOICHESRICEITINWT
W3, L 2L, #3220 1 K> tE» 2o HBRBEEVHELTED, H
BFBEAFLATWALELTS2BLV, EFRHZETPLZVWEBIHER. B
F£# 8 T, close-couplingiZ & CTNC#E Ik » THfTh L,

. BEAERCBYIETAMBROBEANER. BROME IS W TR
HEhTW2, FixiE. A"V ABEFTOBTF. KEFICL 5 ERETHE T eVl
FCFhAEsAL. EFHEYDREOEEREETLTIWD, 5234 1 WBormii 0T
BCOBERLLEETELRZ VWY, ETHHRZT O ZHLHEHEFRHIZITED &
DR WHEOLOTHLIP LD, BHEABRFEHERBEFHREI A TWLR WL,
—ORBEIANEF—FREEW> TOEFHFEERMIIEOETFREIL S 220 &0
THEMHARIANF T ARECEL D, BF LD KEkeY O AN F-RFARE
FOERNIZL>STELANE-—TH 5P, HEHVTH- T U Ty DIsfdEC
ZEFIELoOTRELIFANF-LEILRY, OISR ETOERBER OB
GRIEHHBO LI ALF —TH-> T b, close-couplingiE D & > kB W
BEENLBIIR S, -, HadmOAL2EETR., FHARNLABECRFEL
Zwaonopole O RBEMAEFAVEELZRER2REATZLFEEOMETRL
FEhTwi3,
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I. BEBETINEERAVEHR

Bral¥—B84 AV e EEEFMNEEAVBILICED., 70z 784 VA AV D EOBLEFOR
ARGERENBR 2=, COEOFREIZ, Stolterfoht SIZEDTITHENTNBH, B - BHA - K
K- B - HMI OBEEZ V-7 TCHEHRI Y T LEZAVT, JIMERREZT>TWS, B1IIEESTHE
MEAESTNERAMRREFANY NVETRT, BRI ToAhBOB4MeV S AFUeH—RUE
L NOEHELIBI A EEEF AT MV THD, 1. KeVTEOE—7 {ELC., ECC) mighiz. THE—
POEFICECOE—IMRLD, ChBRERIIIVEEIhAT OV 79 1V 44 OEIEREKE,
BREENEEBTFTHD (1s2pal—>1s22st 1) , @22 MCoster-Kronig@i (o MG T HEBAFD 27
M ETOS 5L WA AV OBRERICERUEBOETT ., M1 0L.2—1.5VOBMHHEL TN D,
IMRARYT MADPEDPBEDIC, BIXNV¥—ES 4V L BEETFANEEEIEDEDILICLD, s
S LI {NBTOVUTOMBEGRENBERICTID. TOFHEERLTS/4y (BRY T L) .
NAA> (B =7v7) FOEHBEHREOHAFET>TND, '

B 1. 2.
64 Mav 52" ~C [Sugfem?) 10—

T T T T T T
84 May S —r

3]

é;- H
=
1o
H
=
@
- SERIES LIMIT {? Py}
— SERIES UMIT{ 3
i 1

R

T R I R ¥ R PR B T " S
ELECTRON ENERGY  (keVl ELECTRON ENERGY [eV)
II. 26.80MeV,/u ArAAYOREBER

EHT@I986$&0UV7#47%D3$§@%%%L\CnmxblOOMeV/uEEiﬁméf
A EEEBRMA L B0 o SOE—LAZEWT, B - BA - K - BEAFOV V-7 PRETEEE
BAERMBLTWS., O CREOENS, AT 4 Y OFBERIIDVWTORRERSET 5.

BERY w44 7aboryersn26,. 80MeV, /uAr44y (AHSKR: 16+, 17+, 18+)
L OESORERBICHESY. HEEOWEMEIETAIBICLD. (1) EWET I SMEE
wsﬁiﬁﬁﬁﬂﬁmmwﬁﬁﬁméﬁ\(2)ﬁummcﬁ#aﬁﬁﬁmsArfxy®§¥mm-@%ﬁ
ERARDRE, B, Ar 194 VDN TRESEEFHEREHERDEZ, R1LICEAThOTRNLF
—COEESEAEETT. 26Me V/ uNFEEHEFFIShinE0ERAL-KT54,. 80MeV )/
LOEEEEAFIE-HLEWN, chii. ZOOHETXNF—TOAr S OXELEFREAENRRD
$m;5t%25n5,%%\mﬁmazeMeV/u?mAN“@—@?ﬁﬁﬁ&th&#ﬁﬂﬁﬁ%ﬁ
EBTHb, 80MeV,/uTik8 O%BEIKEEBEFRETCLHIBNDI 0L,

£1 Ar4d4yORERERSOTENESE

CROSS SECTION ( Rel.Unlts)

TERINF— E ISR H B 4

(MeV,”u) 16+ 17+ 18+
25. 3 17. 98 1.2 x 104 2.0 x 102 $.80 x 107!
77 17. 969984 5 x 1077 5.6 x 10 3.994 x 101
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FCCEB O EIMME -1 yB T R{E

NN

B YER BERYEE_FRE SHEE

BAUCZHEDOR. MAVEHURFICEEOEREERPT-I T 3R E.
BRI LI ESE R UMWACHIIESE 2 HVWTIT>TE 2[1-8], 20HER. 2R
BOTH. BHEHAVCLIZEFRHESEHEBELEMR. BHI-WITOBRELEVT
EERLINEETACEEZFODTRVWE VLR XBETHE. COBTHEDHRE
NEBBERNS. MAOWRDOLL 1-21T5.

I (> 100MeV) D E/MVEBEIETEH ULNIORBHERFERERIB VT,
- I B ARENEENEFCEDY. REBEEXRUVTUESHENAVETH
7203,5,6], £ COEEHOERED. EFHBEEEEKRKERIERER>TV 5,
anﬁbf\WK%@T@%R%%EﬁOE%é\E%WE%&%%E@@&
. EI - BHORERU L. BEHEEERIN-ITHRBTES. €5
. PHBHLZESOREEEAULNI. CUlZ100MeVEMIBBHRT I WL -
TiTFok. VHWZBHTT-Y)ERE2EZEDEEFTURER. NSV T, Z
-y iOEBETSS T ANERBEERBFREFORN T 2 EREEEY. (WDl
SWHENRTIHIUELREVWEWSHEREER[5,6,7]. ChoOERMS, FIX
B -BAAVBHEUENIOBE. MIRE->THEUVEEFOIMY -BEFRIIERE
Th. HHEHREO—HBEEPEELDLOTH S, EHEAUER. TUTNIEWDE
WETOEFRFHEVFAOAZIIRE»TRETES, ChiIHOFCCE&ERS
FZEREBZESTHERTINIZ[5] NitEBEETRFHEEROKRERMT
. BIMET-BEMVESHI L AG-VIORERED. HREBEIY. (WABETE
FHAEFRONEIVATE.. EFRIESRGBE I ZL,

X3z, EFOEELRFOREERCINI. BHI-IWZELTIETETH
BEHEoHEXhRZNo 20, AZRSVT. BHIIHESVLWTIERDTAEIRIES
EmEBEsh(e]l. UNhdTOENETHHILtEE KEREHEEF>TVW 58],
Chit. BEMHCEFHRIC L > TREBERSHhTLITERTETZDHO
THY, WEXIRERPTH S,

[1JA. Iwase, S. Sasaki, T. Iwata and T. Nihira, J. Nucl. Mater. 133/134

(1985) 365.
r2JA. iwase, S. Sasaki, T. iwata and T. Nihira, J. Nucl. Mater. 141-143

(1986) 786.

[3]A. lwase, S. Sasaki, T. |wata and T. Nihira, Phys. Rev. Lett. 58

(1987) 2450.

[4JA. lwase, S. Sasaki, T. Iwata and T. Nihira, J. Nucl. Mater. 155-157

(1988) 1188.

[5]A. lwase, JAERI-M 89-071 (1989).
[61T. lwata and A. lwase, Rad. Effects and Defects in Solids, 113

(1990) 135.

[7JA. Iwase, T. lwata, S. Sasaki and T. Nihira, J. Phys. Soc. Jpn. 59

(1890) 1451.

[8JA. lwase, T. Iwata, T. Nihira and S. Sasaki, to be published.



JAERI—M 92—202

D -3

FHAYHETF L 2B/ T VBEBE (7 NVARY FERER)

FHRAREXN REFHRVyF4-—- AXKEX

FHAHABHRCERZW IR EOS SRBICEFE TN, ATFHFORERICHL
TEYYFI7TCHy, FHCH THERERES*RSERBLR2TAERL R,

MREBRELE L TERITAREE, P—ENF-—XFHREZVYTIVARY FMERE
NHEMN, TITH, FEFICEEEEZHL TV YT NVARYFPREIEZDNWT,
mROBKEENT D,

DTN ARYIPEELER, BIFALX-RTFIEOARKCIVEREET B,
ICozUvT7uy7EBOYY PREKCESHEE (SEU ARy
F - 7Py 7Y bERERYVIIEIS-).CMOSHEHEDICTOFEY S URAAE
FUALTEESERAKE (SEL YT NVARYN-SyFFPyT), NT—
MOSFETI,SYZCAATOFEIS YIS AREZMNIALTEE DHBANE (S
EB: YV HNARYE - N—V7IL) 28% 3558 TH 5, S EUiE,
BEFHICAEUMNLSI{bLELEOREAD1IDTH EaBRY IS —,
ThbbICONvI—-—IYHRBREBECEEhDIS R MIITLAL D aRICE
H3 5Py NEGBERAUCEEYN, COaBlVRBIDCIFINVE—0BVWFHEN
BICEoCTRETDHRTH D,

SUTNARYMNERERBIIFEREBLL TR, EFFEHEHR (Ge V~T
eV) DKEBEIL7OEAZTY (e~ X)) TEENVZPVUVFRF TR
EEmOBEEEITTCTHA>TWATIVINESR (SAA  BABEFEREAR) o8
FNF—BF (~500MeV) XEFEABIND, EEL, BEOBTFOBSE. BT
AEBES YT NARY M ERZITOTRE2L ., BFFPHEFOI VI VEFRICE
VIMNUERBEOBEGTCELEEAA Y (¢B~>0aY) T4 Ry ME
BEREITEZALTHS,

APETR, SYINMARYIEREOREAN =X L, FHEREBERE, AK
FHEEVA TR TWAIYVITINARYINEBOBE (AUFRNZ T LS
R I AERER, ETFBIA VO —LER) . ALBETRB L EY VY
NWARYFOERBCODWTHET D FE.
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BHEFEXI I v /7NEMNORHEYE

HEAEFIHHREAR HH &%

1. LI

FRAFES Iy /HEMNREERAFOBE P HeVETO 2 NF—% D
OEIANF—FEF, Lin,a PHRIBEKERBRTZ2 MY F I L4732 (2.THe
V) ZRUHed4 4 ¥ (2.1MeV) LD EFELWESHEEREZZT 2. CORIEEFERA
YU TSP EBEEEEOFLESEEITEMD TR, BHES~OHEIR
BEr2ELTHBBEMFTo N F o omEPRBEMR o ZNEIECIEES
BiET,

AERTRY VT LNMERRETCHEFFEFSZHWEL S I v 78EH (Li0
BULiSi0,5) ORBHBERVEBHNREROFRELENT S,

2. S v s HEMO B EE

Li: 00 R RMBEEIESRERUAEBRNFCIVEARE, EFFBEE (Hd 7 HE
Bi & . 102°-1022 n/m?) RUET FIVF— (100-120MeV) BHEA 2 v EE (4
A vEBE R 102° jons/m)EfT-o R LI 0BHEEOESRANRY P 20K EO
F—-27&hE2BMMABEZ LS, TOBREBEORSANKELEID 2O
ESRANRT PNV EFHRLHIZEZ2POLREAELR,. £, LEOEBS 22T LI,
ODKBHARYZ P AIZBWT., F bl & 5310nn (3.90eV) TNV F o fil
IR LOESRBEEL SN S375nm (3.23eV) ZU570nm (2.12eV) WRIUZ N v
F2EHELE, b, BEHENBLI 23 (BhHEFHEER: 108n/n?. 10
OMeVEE R A4 4 v EBSI 8 : 3X102%° ions/m?) . F*TH. OO A RZ bV A, 20
4 FRLIGBOFH 2R TESRART P L EBEL -,

CHLOBBERBOERSEHFT BT 2EEEGHICOWTE. Fra.ltez0-
BI0KTHEE L., —F. 204 FRLIEBIZ400-600KkT— EEMERTOCKEL H &
B U, BTORM ETHEL =,

3. vz v s EEHOBHHRE

Li, 0B U LiSi0ZED A4 VvEEBERLIAAVET N F P LADHERHERRT
ZrEIZIBATWE, A0Sy 7 ERMFPOLIAAZVETNYF VL
MR RETEBHYES2EARDIED, YV FTLIAMEBERAWEXTOBAEER
wEhEBREGFRUCESZOA T VEEERLEIEL &, :

B BB 2L 00 B ERMEKUTORETA A VEFELLBIZEN
L. —F. 453-5T3k0BERBETHI Lz, FRHHNPLBUIESECTE
ZEho, COBFCLIIBEEORIIFFLRBEEA, BHCLIHENR
FEEORK (LIZHA e FEEINZ) tEBT S EX 6Nk, ThED, B
BBROLIAFTVRERT M FILOEBREERMUMKU TOEE TR L & v I28
myu. 453-5T3kOEBH TR AL T EEZ AL NS,

B TOL.00 88 ERXEMHBINERREL, BHATVYRLLBICEN
T2, chR. Li4dAVYREUTMNFYLOLBOBERTEENE LS TR %
RLTW3,

Coffl, Li.Sil.O B RUBHBELETAAZ VEEEZLOBERRC
TWVWTHERTHAFETHD.
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YUFLAMERTRS ¥, 3., 1. 22—23,  EE-HE

v = oAb & ¥ O ¥ e

= R B#HEz

5T RFLR/OMBELELIOT VFF 4 RibaWick T oWEREN. BiE
ERWHRBOUBMIE, WEEBUETWAE, —2ik. S5TEFORE  EREICEL
LrEZBND TIFFARILAWOFEEHELBRBEOHER (Anonalous
Hagnetismd)&. &3 —2k. 4fTEF 421955V FF 4 F (Bblz. Ce) OibE&EWIC
BWEIRETEWETFHR) OFEN 775+ FEAMIBRRES A HL LY
#E% (Heavy Fermion) & L TC. EB®MICY BRAORHBIFHEINIICE-EZHLLET
5B, LlL. —EBHEZR FIFFAIFOERICRSSOEBMNBD. Hiohby
ETik. BRERAHOBLE LD, COBOHMERYS YLEWICEFLTW 30N
BHRTH 5.

AWMRETEH. ERPINEFTHERTEEY S v{EEWmizoWT,
(1) Anonmalous Magnetism

BB ER  (B8-U:Na); Rt (UP)
(2) Heavy Fermion

U-Au%k; U-T(T:BBSRBIRILED
AT THHEOBEEYHSE. B, BMANHAOMEEREZPLICENT L.
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HAER PRI, #EE—

B, BFEC—LBREYV VIS5 7 494 AV E - LTy FriBo ERGHAMTEH
ORBIHEV, SIiPCaAsFO2RAETRE2ERLLTI 7 v Y UTOoEZARESR
T B3 EHafiEdBote COESIRAVRAITE vy 7 HABOEHKHNOIBCcOKBE
SESEIFLVWEZEZSFELHAcx 3R LTEHEIN, COREOREKGT D
BIHETHL 37 0, 7F—24 (AB) B9+ V7 -BHEAZRF LY XTF
+ v 7 EEEORBPBESNTHELHRSBALTLATL 2. CHABFHERZO
EREVIEEYHEARME L., FERRERFAORLALVIBEFIEN LM TOEEID
I A EORBEPAVEHESO TV S, LPLEBLERENYRT 4 v 7 {REHSEH
CEAMBERFOARZSBEEEFOFHEHFTEUTORE N 20T, HAKA LK
BWTAMEL 20, FHEHTEESLL P H3VRDLEVHEBERTFCORETH
EETHAES, THLLOEIIRNRFEBLVTR, FELTETHORVTFUIRFENTS
b~%®i¥ﬂ$%ﬁﬁﬁmﬁﬁ%uﬁbntmaoam;ﬁm&gw%ékﬂuxf4
SIS TOH WA S XTE 5 78I (UFHENYRT 437 EHARTE) CTOBTH
EEOMES2C2As FEBRTFORFHBRLIAVIAAETREDVWTETHRE T 5. £
LTCEDESHENYRT 4 » 7HMBOKBRBYIZva7=27 Fr—2(8di) KHBF
OHRIEFHMEORELY, ETHORBHAPAHNYHEAS L3 EHTFHEE~OEE
B, FROTHAMREIELEL T, THEROFOATOREVENY T  7HIEKT
DETHEREEOBRHET . B ETHRORHRERKEREEE B LLLY
BoXsh B ECSoRTFHERPTCOY A XHPROBRE>VTHIERET 5.

R
1) Y.Ochiai et al.,J.J.A.P.v0l.29,1990,L733.

2) K.Ishibashi etal.,Proc.5th ICSM Berlin 1330.
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EREAIBFLEIALHTORREFEESREEXE&R LT, BiEH %

BEoHLLULEHMEEZERLEIIETIHE. /. 2EBYBEELHLLVE
BERAIETIHENBIEERBL T VWS, AT, HECERUYHEOD
SEFTANBEHRIBANCRIDEITOBFBEL TS, itz 0o BAHT
PIEFELEZHE - BHI 2L RVEHREOEERXTHEEZ, £EAILKE
FHFEFRCOZIARBO>LDOT., FOEKRTRESHERFAT. d8%5H. I
ke FEREC-LEROMERETFEOEERRE LS WA Z, L L.
SERBRAIBTIOHRER, botuov vy Fo sl b0oTdnEFEEHEIE -
THENHIE ., HENEK,, B TR - BRI E(CHLVWYEEZS
53 0HBHRHEZEHF»TED., . ST TOBADOEUNIEETRIE L, -
P, BEF1IHEIEEAAIACRAELT,. A4 0El s 80RVEROD
HH. GASNFLLWIOE LTREEEZILIISNHEYH.
Tailored Material 28 L L3 L VWI LI Z2REBEATIBTIRAROBH &
2, BHEOCEIAR., BBEANEAETHE A EFO2IRTHNTRBENRI
BESHhTWwaN, FHLTHCHFoORcHCHEO S HF CHES 2HE S
EB&EhTWwi,

BHETH,. BB ADOFTNR->TWAEFe,/  Gd ALBFIL>VT., £
k. BETSMEH. Bt 2, BAERDEZ2ANMNL. ATIBTOREZ
B+ 2. oL, DX Vrv—FTHEHLL Fe,  Cr, Co,/Cu/
NiFe SOEBAUBIERYDEZENT I, ToB, BHRXIEROEX L
HoTOWAAIBFEBUIMSHEHEAAHOEFAMNR LIz OERTIHNEE
ABEBHREBHEDLP 7 c Vit VWT, T oBENTRAEY Y70 v 7TH
tBECOHBLED T, BET T %,



