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ATOMIC PHYSICS
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I.1 ATOMIC COLLISIONS UNDER EXTREME CONDITIONS IN SPACE
Yukikazu ITIKAWA

Institute of Space and Astronautical Science
Komaba, Meguroku, Tokyo 153

In space, atoms and molecules are often placed under the extreme
conditions which are very difficult to be realized on Earth. For
instance, extremely hot and dense plasmas are found in and around
various stellar objects (e.g., neutron stars) on one hand and extremely
cold and diffuse gases prevail in interstellar space on the other.
There is so strong a magnetic field that electron clouds in atoms and
molecules are distorted. The study.of atomic collisions under the
extreme conditions is not only helpful in understanding the astrophysi-
cal environment but also reveals new aspects of the physics of atoms
and molecules. This paper is an invitation to the sfudy. (References
are not exhaustive but only provide a clue with which more details

can be found.)

(1) Extremely high temperature

Now it is known that many celestial objects consist of plasmas
of high temperature. For instance, a flare region of the solar corona
has been found to have the temperature as high as 4 x 107 K, (1)
Cosmic X-ray comes mostly from hot plasmas of similar temperature.
The presence of highly charged ions in such astrophysical plasmas
has been confirmed through the observation of line spectra in the
UV to X-ray regions. (2) 1In this sense, the space is 'a natural source'
of highly charged ions. A variety of collisions involving the highly-
charged ions, therefore, take place in space.

Highly-charged ions exist even in a low-temperature plasma (gas).
Strong UV light emitted by a star ionizes atoms in the surrounding
gas (its temperature being normally below 1 eV)}. Low energy ( $ 1 eVv)
collisions between the ions and the gaseous particles (e.g., H and He)
play a significant role there. (3) 1In this respect, a recent
measurement of the charge transfer cross section for N3+ + H2 at
0.1 eV/amu (4) gives a new insight into the physics of the low-energy

collisions involving highly-charged ions.
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(2) Extremely low temperature

Space between stars 1s not completely empty but is filled with
gas. A rather dense region is called interstellar cloud. A number
of molecules, ranging from the simplest one H_, to the very

2
complicated organic one CH,CH,CN, have been found in the interstellar

cloud. (5,6) Most of them irezdetected through their radio emission
or absorption. How are the molecules formed in such a low temperature
(10 = 100 K) and low density (1 - 106 cm_3) gas ?7 Now many people
have proposed models based on two-body gaseous reactions of atoms

and molecules (especially ion-molecule reactions). (7,8) TFor the
modeling, we need to know the relevant collision processes at the

low temperature of the interstellar space. It should be mentioned

that a few groups in the world have recently started to measure rate

coefficients for the reactions at the temperature range of 10 K. (9,10)

(3) Extremely low density

In the interstellar space, collisions are so rare that any atoms
or molecules once formed can survive for a long time (unless their
radiative lifetime is short). Many radicals are present and
unstable isomers (e.g., HNC) are sometimes abundant there. (11)
Another example is a highly excited (Rydberg) atom. Through the
detection of recombination lines, (12) a Rydberg atom with the
principal quantum number up to 732 has been confirmed to exist. (13)
Tt is not clearly known, however, what a role the collision involving

the highly excited atom plays in space.

(4) Extremely high density

Space provides typical examples of high density plasmas. TFor
instance, the outer layer of a neﬁtron star has a mass density
of 104 —'108 g/cma. In relation to the development of the inertial
confinement fusion system, atomic processes in dense~hot plasmas
have been studied extensively. A ﬁseful bibliography on the subject

was prepared (14) and a review was published. (15)
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(5) Extremely strong magnetic field
Magnetic field often plays a decisive role in astrophysical
phenomena. Very strong field has been confirmed to exist around

4 T) (16) and neutron

the peculiar stars such as white dwarfs ( ~ 10
stars ( '\'108 T) (17). Atomic collisions are affected by a strong
magnetic field in two ways. First atoms and molecules themselves

are deformed. (18) Atomic properties like energy levels are changed.
Secondly collision dynamics are modified if charged particles are
involved. (19) As a consequence we might encounter in the strong
magnetic field atomic processes of a completely different nature

from those on Earth.
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L.2 IONIZATION OF RYDBERG ATOMS IN THERMAL COLLISIONS WITH
POLAR MOLECULES
Toshizo SHIRAT
Department of Physics, Japan Atomic Energy Research

Institute

I. INTRODUCTION

In the recent ten years numerous experimental and theoretical
studiesI have been made of collisional depopulation of Rydberg, or
highly excited, atoms in thermal collisions with polar molecules. The
experimental results2 show that the collisional depopulation occcurs by
three distinct processes, namely, n-changing collisions, &-changing
collisions, and iondization collisions. 1In order to elucidate the
mechanisms of these processes theoretically, not only the approximate
quantum mechanical approaches3 within the impulse approximation but also
the purely classical treatment4 have been applied.

In this paper ionization collision between a Rydberg atom R and a
" rotationally excited polar molecule M(J) at room temperature (i.e.
T=300K),

R'-ep(n,0) + M(J) > R + e + M), I > ' (1.1)
is examined theoretically. Here R+ denctes the ion core of R and
eR(n,l) the Rydberg electron in the state with specified principal (n)
and azimuthal (2) quantum numbers. Iomnization occurs mainly owing to
the energy transfer from molecular rotationr to atomic excitation,
because the energy transfer from relative translational motion to atomic
excitation is much less effective. Therefore the key medhanism for the
lonization is the rotational deexcitation process,

eg(n,1) + M(D) > e + M(I'). (1.2)
As far as the authors know, the approximate quantum mechanical
calculations carried out so far employed the dipole-Born approximation5
for the process (1.2). In order to take into account the higher-order
corrections, however, the dipole-Born approximation should be replaced
by a more sophisticated one. Especially when the molecule is strongly
polar, the validity of the Born approximation becomes questionable. We
employed here the Glauber approximation. The dipole-Glauber
differential cross section6 (DCS) becomes the same as the dipole-Born

DCS when the molecular dipole moment is weak, and also reproduces well
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the results of the close-coupling calculations even when the molecular
dipole moment becomes large. Besides, it should be noted that the
dipole fordidden tramsitions can also be dealt with by the
dipole-Glauber approximation. In a recent paper7, Pesnelle et al,

reported the importance of the rotational deexcitaion with AJ=J-J>1 in

the ionization collisions of low Rydberg He atoms with NHB' Using the
semiquantal approximation,8 we have carried out the calculations of the
ionization collisions between the Rydberg Xe atoms and the polar
molecules CO, HF, HCl, and LiF. Both Glauber and Born DCS's for the
rotational deexcitafiqn process (1.2) were employed for comparisonm.

In a previous paper9 (referred to as I hereafter) we proposed a new
semiquantal cross-section formula to be applicable to the general case
where the DCS for electron-neutral atom/molecule scattering depends not
only on the momentum transfer but also on the relative velocity. Brief
sumary of the formula is given in Sec. II. In Sec.: III the calculated
results and discussions are presented for the Xe(n)+CO, HCl, HF, and

0,11 and theoretical4 ionization rates for

LiF systems. Experimentall
Xe(27f) + HF and Xe(31f) + HCL at 300K are compared with the present
results, In the present treatment, the Rydberg atom is assumed to be
hydrogenic and the polar molecule is taken to be a rigid rotor.
II. THEORY |

During the collision between a Rydberg atom and a neutral particle
(atom/molecule), the neutral particle does not interact simul taneously
with both of the Rydberg electron and its parent ion core. Owing.to the
charge neutrality, the interaction between the Rydberg atom and the
neutral particle becomes effective only in a small region compared to
the diménsion of the Rydberg atom. The Rydberg electron and the parent
ion are thus assumed to be independent scattering centers. The impulse
approximation is appropriate to describe such a characteristic
collision. The binary-encounter approximation for the form-factor of
the Rydberg atom is employed as an additional approximation.12 This
approximation is considered to be quite good, béqause the momentum
transferred to the Rydberg electron is large compared to its own
momentum. In the present treatment the parent ion does not play any
important role in the collision other than the role of determining the
momentum distribution of the Rydberg electron. Thus, the semiquantal

approximation used in the present calculations is a kind of combination
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of the impulse and the binary-encounter approximations.

The semiquantal cross—section formula proposed by Fla.nnery8 was
rewritten in T in the form more useful in practice. A mass-disparity
approximation (i.e., neglect of the ratio of mass of electron to that of
R and M) is used without introducing any serious error. The following
is a summary of the notations used in this paper: m: mass of electron;
u: reduced mass of the (R-M) system; pi,f: initial and final momentum of
the relative motion in the (R-M) system; p: momentum transfer;

pmax,min - lpi * pf|

- oyt 02 - 2¢s + W1V/2];
€’ ionization potential of R(n,E), A: difference of the initial and

I+'

final rotational energies (A>0 for excitation and A<0Q for deexcitation);
OJJ,(p,v): DCS for the collision (1.2); V: initial velocity of the
relative motion of the (R-M) system; £: internal energy transferred to

R;

m
It

-p2/2u + Vp ~ A;
-p2/2y - Vp - A for O <p<p

min’

It

max
min
®n for Prin =P i-pmax;
SKnl(u) : velocity(u) distribution function of eR(n,Z); u, : average
orbital velocity of eR(n,L)a
The cross—section formula; Eq.(2.37) of I, for the ionization

collision (1.1) is expressed within the mass-disparity approximation as

follows:
Phax (= ®max d2F {p,v,c)
o_ . (V) = —ZE—Z pdp | © (p,v)dv? ' nt de
ni,J, I T (mv) ZJ,J' ’ dedve ?
0 Vi €min (2.1)

where the last integrand is newly introduced and defined by

. sznz(p,v,e) ﬂl Yy u $Z£g(u) du
((ul = w9 (? - uD) ]/

dedv® = 27p (2.2)

u

The other quantities are the same as in I: v'—p/2m+A/p, u, =v2+Ct

2[(B(v —‘«1'2)]1/2 Cc=v2- -2v(p, s)v , B= Vz-v(p,e)z, and v(p,s)-p/2u+(e+A)/P.

If the DCS's UJ,J,(p,V) are independent of v, the order of the integrals
with respect to v and £ can be changed, and the integral over v2 can be
carried out analytically. Integrating Eq.(2.2) over v2, we can obtain

the following expression for the density of the binary-encounter
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form~factor:

2 w 42 ®
AFpg(Pae) = 4R, 5,6 =L 0P () au (2.3)
de dedvZ 2p j " 7mp .

v; | u(p,e)

where
ulp,e) = |&/p - p/2m|
Taking an average of Eq. (2.3) with respect to & (see Eq. (2.42) of I),

we have
dF_(p,€) 1 (22+1)an2(P,E)
de ET‘E de
24 - ,
= ET- zpu [u(P:E)z/ui + 1] 3- (2-4)
n

Thus the quantity defined in Eq. (2.2) can be regarded as a
velocity~dependent density of the binary-encounter form-factor.

In the dipole-Glauber approximation, not only the dipole transition
AJ=J~J'=1 but also other non-dipole transitions AJ>l can occur and
induce the ionization of the Rydberg atom. Therefore, a summation with
respect to AJ and an average over the rotational distribution at a given
temperature T are necessary to be taken to obtain the thermally averaged

ionization cross section,

S (V) = 2 L £0 W, (2.6)
ni AJ=1 J=max(AJ’J*) J ﬂl,J,J‘AJ

where
£; = (2J+1)exp(-BJ(J+1) /kT)/ £ (2J+1)exp(-BJ(J+1)/kT) 2.5

J=0
with B the rotational constant of the polar molecule and k the
Boltzmann's constant. Here J* ig the smallest rotational quantum number
which satisfies the coﬁdition,
AJ(2J*+1-AJ)B 2z ey (2.7)
where the left-hand side means the deexcitation energy in the transition
from J* to J*-AJ,

The ionization rate constant is given as follows:

Kng(T) = f Vcng(V)f(V)dV, (2.8)
0

where f(v) is the Boltzmann distribution function given by
E(V) = (u/27kT)3 240v2exp (—uV2/2KT) (2.9)
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It is useful for later discussion to briefly summarize the findings
in I concerning the lonization with simultanecus deexcitation in the
low-energy collisions (see section ILI B of I). By taking into account
the fact that the electron-velocity distribution function 3§2(u) with
high n reaches a maximum at u=un, and rapidly decreases when u>un, we
estimated an effective integral domain of p. Since the integral over u
in Eq. (2.2) becomes significant only when u_ can be zero, the effective
domain of p is determined from a condition that the minimum value of
u_(=]3?€[) is equal to zero. Finally, we obtain the following effective
domain of p (see Eq. (3.11) of I),

P b, (2.10)
where

p¥ = ml[(v2-28/m)1/2 x ¥]. (2.11)
Since the thermal velocity Vth[=(8kT/ﬂu)1/2 and T=300K] satisfies the

condition, mV%h/2<<A, pi can be approximated by

PV Pq * thh ' {(2.12)
with p0=(-2mA)1/2. Since the range (Zthh) of the integration over p is
narrow and vm(p=p0)=0, we can roughly estimate the integral over v by
putting vm=0 in Eq. (2.1). The analysis made above indicates that Py
can be used as a useful measure to comprehend the behawiour of the cross

sections against m and V.

III. RESULTS OF NUMERICAL APPLICATIONS AND DISCUSSION

Analytic expressions for the dipole-Born [d?,J_l(p)] and
dipole-Glauber [cg’J,(p,v)] DCS's are available in Refs. 5 and 6,
respectively. For the convenience of later discussion, it is

instructive to compare them by the ratio RJ J,(E)[=U§ J,(p,v)/
> -

0? J_l(p)], which is expressed in terms of the reduced momentum transfer
3

£[=(2D/eaojp/mv]. Here D is the molecular dipole moment, e the
electronic charge, and ay the Bohr radius. The values of RJ J,(E) for
L

the rotational deexcitations with AJ=1, 2, and 3 are shown in Figs. la,
b, and c. TFor £<0.3, the dipole allowed transition (AJ=1) occurs most

predominantly. In this region, o 1(p,v) is, therefore, well *

G
J,J-

B
J,J—l(p)' For 0.3<£<6, RJ’J_1

becomes as small as RJ J,(E) with AJ>1. In this region the use of the
]

Born approximation is questionable, because the dipole forbidden

approximated by ¢ {£) decreases rapidly and

transitions can be expected to contribute to the same extent as the

dipole allowed transition.’ For £>6, there appears am oscillatory
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structure in the curve RJ,J,(E) vs. £, which might not be true and might
disappear in a more sophisticated treatment including short range
potentials. However, this structure gives no seriocus influence on the
final results of the present application.

Molecular data are listed in Table I for four polar molecules
studied here. These molecules have been selected for the case studies

to examine the applicability of the dipole-Born DCS. The Boltzmann

TABLE 1 Dipole moment D and rotational constant B used in the
calculation. All values are given in atomic units. Values in
parenthesis are the power of ten by which the entry is to be

multiplied.
Co HC1 HF LiF
D 4,41(-2) 4.36(-1) 7.19(~1) 2.49
B 8.76(-6) 4.76(-5) ‘ 9,37(-5) 6.08(-6)

TABLE T1 The Boltzmann average J of the initial rotational quantum
av :
number J at 300K,

CO HC1 HF LiF

J 8.7 3.4 2.3 10.6
av

average of the initial J at 300K 1s alsoc given in Table II. It is
discerned that the J distribution becomes broader for molecules with
smaller rotational constant (see Fig. 2).

We have calculated the ionization cross sections for collisions
between the Rydberg Xe atom and these pdlar molecules. The dependences
of the cross sections on n, D, and collision velocity V are obtained,
and are analyzed in the subsequent subsections.

A, Dependence on n and D (dipole moment)
The n-dependence has been investigated for the cross sections

averaged over %, i.e.,
T =i s (W)
n EZ-E nl *

Calculations have been carried out for the Xe(n)+CO, HCl, HF, and LiF
systems with n<l00 at Vth' It is noted that the dipole moments D of the

molecules studied here satisfies the relation, DCO<DHCl<DHF<DLiF (see
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TABLE I).

The results Ei(vth) and Ei(vth) obtained with use of the
dipole~Baorn and dipole~Glauber DCS's are shown as a functiom of n in
Figs. 3 to 6. It is seen that the dipole~Glauber DCS brings about a
decrease in the cross section and yields a saw-like n-dependence in
contrast to a clear step-like n-dependence13 in the case of the
dipole-Born DCS. This sudden increase of the cross section appears at
each n at which the binding energy of the Rydberg electron (1/2n? a.u.)
becomes equal to the molecular rotational energy (2BJ) released in the
dipole allowed deexcitation tramsition. In other words, as n
increases, the molecules with lower J can take part in the ionization,
and thus the cross section takes a rapid increase. The values of
Eg(vth) and Eg(vth) become larger with increasing D, and the difference
between them becomes more prominent. These features come from the sharp
decrease of RJ,J-l(E) in the range 1<£<f. Since the reduced momentum
transfer £ is inversely proportional to v and is proportional to D,
EO[=(2D/ea0)p0/v and v=vn], being a measure to estimate the effective
domain of the twofold integral with respect to p and v, becomes larger

with n and/or D. This explains the prominent difference in Eg(Vth) and

Ui(vth)°
B, Dependence on V (rela;ive collision velocity)

The calculated results of EHE(V)Adefined by Eq. (2.6) are shown in
Figs. 7 and 8 for the Xe(27f)+HF and Xe(31f)+HCl systems, respectively.
Both results indicate that Eng(v) can be expressed as
dni(V)=Cn£/V with an

depends on the approximation employed for the scattering amplitude of

a proportionality constant. The value of an

the process (1.2).

It is shown in a previous paper12 that the V dependence of the
cross sections is generally given as 1/V in the low-velocity limit when
the elecpron—neutral.atom/molecule DCS depends, as in the case of the
Born DCS, only on the momentum transfer. In the case of the Glauber
DCS, we can provide the following qualitative interpretation in terms of
pi(mpoimv) given by Eq. (2.12), For V/Vth<10, the relative velocity
v(=|%—§l) between er and M(J) is nearly equal to the velocity u of eg-
This means that the energy transfer from relative translational motion

to atomic excitation is much less effective. Therefore, ionization

occurs mainly due to the energy transfer from molecular rotation to
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atomic excitation in the thermal-energy collisions. Because of this, Py
is determined only by the rotational deexcitation energy. Since the
integration range {p_,p+] is narrow in proportion to V, we can use Py as
a representative point to estimate the integral over v in Eq. (2.1). .
Since Vo is zero at P=p,, We can roughly estimate the integral over v by
putting vm=0. Then the wvelocity dependence of the cross section can
again be shown to be 1/V. Substituting an expression Vonl(V)=Cn2 into
the Eq. (2.8), we can easily see that rate constant is independent of
the temperature T, i.e., KnR(T)=CnE'
C. Comparison with experiment

In TABLE II1I, the calculated ionization rate constants at 300K for
Xe (27f)+HF and Xe(31f)+HCl are compared with the experimental

10,11 and theoretical values obtained by the classical Monte Calro

values
approach.4 The classical results are obtained simply by VEnR(V), though
the classical cross section Gni(v) is not well in proportion to 1/V
(e.g., Fig. 7(b) in Ref. 4 shows a more moderate V dependence than 1/V).
It is seen that the Born result agrees quite well with the experimental
value for Xe(27f)+HF, but not well for Xe(31£)+HCL. The contréry
applies to the classical results. The results of the Glauber
approximation, on the other hand, are smaller in both cases, although

the ratio between the two cases agrees very well with that of the

experiment (see the last row of TABLE III).

.TABLE IIT Experimental and theoretical ionization rates (in 10_7cm3/s)
at 300K for the Xe(27f)+HF and Xe(31f)+HCl systems. The
figures in parentheses are the experimental and theoretical
(statistical) uncertainties. The values marked "(Born)" and
"(Glauber)'" are obtained with use of the dipole-Born and
dipole-Glauber approximations to e + HF (or HCIL) scattering

~amplitude, respectively.

Experiment Theory

Xe (27f)+HF 1.5(t0.8)g 1.36 (Born) 0.480(Glauber) 0.22(:0.02)¢
Xe (31F)+HCL 0.9(*0.4) 0.480(Born) 0.265(Glauber) 0.76(+0.08)C
ratio 1.7 2.8 1.8 . 0.29

a Reference 10.
Reference 11.
Reference 4.
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1. Introduction

An axially channeled ion feels the periodic potential of a crystal as
an oscillatory electric field with a frequency which is the ion veloéity
divided by the atomic spacing along the axis. When this frequency (or one
of the higher harmonics) matches the exicitation energy of the ion,
selective excitation(Resonant Coherent Excitation) and subsequent emission
of a photon(Okorokov Effect) can be expected. Since the prediction of the
effect(1l) and the first report on the deexcitation photons(2), many
workers have tried to confirm the result, but no positive results were
obtained. It is considered that the excited electron of the ion has a
larger orbital radius than that of the crystal channel and, consequently,
is easily stripped. The coherent excitation, itself, is in fact detected
as changes in charge state distribution of emerging ions(3). On the other
hand, electrons excited resonantly and then stripped are considered to
travel with the same verocity as the ion. Such electrons may contribute
to the 'convoy electrons' of which origin is not known. The purposes of
the present work are [1] to detect the deexcitation photons emitted from
the resonantly excited ions and [2] to obtain knowledges on the origin of

the convoy electrons. The final purpose of the present experiment was to
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obtain a beam of excited ions, If a beam of resonantly excited ions is
extracted from a crystal, it will provide ion-atom collision studies with

a new tool,

2. Resonant excitation of highly charged heavy ions

To avoid any stripping of excited electrons, it is necessory to keep
their orbital diameters well below the inter atomic row distance of the
crystal. This condition can be satisfied in the case of the inner-shell
electrons of heavy ions. In the present, we report some preliminary
results of the experiment performed using the SF-cyclotron at Institute
for Nuclear Study, University of Tokyo.

Figure 1 shows an arrangement of beam lines in the experimental area.
A beam of 2°Ne®' was accelerated up to 85 MeV and then charge stripped to
9+(hydrogen-like) by a 40 yg/cm?® carbon foil and was introduced to the
scatteriﬁg chamber in the CAVE 3A after charge and energy analyzed by a
pair of Beam Analyzer magnets. Two sets of 4-jaw slits were attached in
front of the scattering chamber in order to limit the irradiated area of
the target, to obtain required parallelity and to satisfy a faint beam
condition.

A self-supported thin single crystal of (111).gold was prepared by
vacuum evaporation on a mica substrate. Crystal thickness was about. 2000
K. The crystal was mounﬁed on a goniometer capable of rotating around two

axes and translating along two directions. The alignment of the crystal

= |

Ll -

'"ﬁ&£$¥~’;;i
i

Carpon Foi

Scattering N
Chamber

Particle —
Analyzer

Fig. 1 Top view of the SF-cyclotron facility at Institute for
Nuclear Study, University of Tokyo.
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axis to the beam was achieved by detecting channeled ions using a silicon
surface barrier detector placed at a zero scattering angle. Ratios of the
low—energy loss ions to total transmitted ions were measured while 7
changing the crystal orientation. Fig. 2 shows the change in the low-loss
ion count for total transmission of 2000 ions while rotating the crystal
across the <l11> axis. The half width of the peak is consistent with the
theoretical critical angle of 0.35°,

The incident energy was changed by the step of 0.5v1.0 MeV around the
resonance energy(87.3 MeV, 6th harmonic) for the <111> channeling. The
charge state distribution was measured with the Particle Analyzer for
random and <111> aligned incidences at each incident energy. Fig. 3 shows
the change in the ratios of 9+ to 9+ plus 10+ charge state fractions for
the random and aligned incidences. While the ratioc for random incidence
shows a smooth tendency, that for aligned incidence shows a dip around
incident energy of 88 to 89 MeV. If we take acount of the energy loss,
0.75 MeV, of the incident ien in the target, this enefgy agrees with the
calculated resonance energy, 87.3 MeV. The resonance curve is similar to

that of 6th order resonance of Net ions for Au <111> channeling(3).

- 1[][}']' T v V/V .
g . 25 | tes .05
Z — i T 7 A
8 -
o 800 -
= e <111> hd - 1
3 .o —
& - T .5r 7 '
= G0 -~ °® ..  RANDOM
8 . . -. 9: i ° Ooooo .
S .B * - H °
z < st u -
=1 el g -
[=2} L < 1> uu i
EDU 7 :—T 1 9 g a
4t @ .
Ifl_‘__'%ﬁ = i i j
A z
Fig. 2 Rotation angle -STSLJ "Sb" "3%" "gb" L‘g%L
dependence of number of INCIDENT ENERGY(MEV)
low-energy loss ions transmitted
through a thin Au single Fig. 3 Ratios of 9+ and 9+ plus 10+
crystal. The total number of charge state fractions transmitted
transmitted ions for each point through a Au foil for random and <111>
was 2000. aligned incidences at various energy.
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Fig. 4 Experimental arrangement for spectrometry of ion induced

secondary electrons.

Work is still in progress.

The next step is to observe the change in

the intensity of the deexcitation X-ray(l1.02 keV) using a Si(Li) detector

at 45° to the incident direction.

3. Convoy electrons caused by reoscnantly excited ions

Figure 4 shows the experimental arrangement for the convoy electron

measurement. A beam of 0.6~ to 1.6-MeV He+ ions from the 2-MV van de

Graaff accelerator at JAERI was collimated by two apertures and

transmitted a thin foil of Au single crystal parallel to the <111> axis.

The crystal was prepared by the same way as described above and was

aligned by detecting foreward scattering using a Si detector at 46° to the

beam. The energy spectraum of
the 0° secondary electrons was
measured with a doubly folded
parallel plate energy
analyzer. Partial spectra for
1.0- and 1.1-MeV He®
incidences are given in Fig.
5, where convoy peaks are
clearly seen, As the convoy
electron intensity, total

count of 5 channels at the

peak was chosen. Fig. 6 shows

(x10%)
20 He* — au Q11>
2 P L MeV
£ 15 1oMey & ¢ ¢
. vy v,
é ] :\"" -"\
E 10 ; _.-‘- .'\.\ v"-\.
d P ] ‘\.\
5 —‘f \;\\-
m‘/ “""ﬁ'—u
0’55 105 126 ) 160 180

ELECTRON ENERGY  (eV)

Fig., 5 Energy spectra of secondary
electrons caused by the <111> channeling
of 1.0- and 1.1-MeV He ions.
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the change in the convoy

*10 +
. . . C — A
intensity with the incident 1 He uoam
energy. In the present case, the ® i

kY
expected resonance energy is 1.01 56 ’ .
MeV. In the figure, however, no & . s °

. * o e * ]
distinct change in the convoy g‘ R P

g | *
intensity is found at the “ . °

2 -]

resonance energy even if we take
account of the energy loss of the oL 5 T R— e iz

. . . . : Incident Energy  (MeV)
incident ions in the target

Fig. 6 Convoy electron igtensity for
Au <111> channeling of He' dions as a

caused by the fact that the function of the incident energy.

Open and closed circles were mesured

4 by increasing and decreasing the

He has an orbital radius of 1.1 incident energy, respectively.

P :

crystal. This situation might be
radius of the excited state of

A which is larger than the inter
string distance of the Au <111> atomic rows and consequently the resonance
width may be too large to be observed.

In order to clarify this situation, a measurement of the charge state
change of the transmitted ions and an experiment using heavier ions such

+ .
as C°7 ions are planned.
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1. Introduction
It has been reported by several authors(l-4) that the ion-induced

emission of secondary electrons from single-crystal targets strongly
depends on the incident direction of projectile ions. By using low-energy
(less than hundred keV) ions of noble gases, they found that the total
electron yield reflects the areal density of the atomic rows or planes that
are parallel to the ion-beam direction. This effect, however, has not been
extensively. studied mainly because of the difficulty in treating the
complicated scattering of electrons in solids, which produces observed
secondary electrons. This situation is in contrast to the simple case of
Rutherford 'béckscattering or characteristic x-ray emission under chan-
neling conditions(5).

A necesséry approach tol investigate this phenomenon should be the
energy analysis of the emitted electrons. Such energy spectra under
channeling (shadowing) conditicns have been measured recently by Macdonald
et al.(6), and by Kudo et al.{7-9) with a particular interest in the
emission of Auger electrons. However, they have not interpreted the
decrease in the elecfron vield over a wide energy range, as is cleariy
observed for low-index axial channeling {roughly 350% decrease for high-
energy electrons). [t is stil! unknown how the electron spectrum under
channeling conditions depends, e.g., on the structure of the crystal
channel, and on the ion species. '

With such a background, this letter reports on an experimental study
of the electron emission under channeling conditions, with a technical

interest in the structure analysis of thin surface layers by using
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secondary eiectirons.

2. Experimental

The apparatus used in this experiment has been described in a previous
paper(8)., The pérallel-plate electron spectrometer of the double-
deflection type, with a relative energy resolution of 2.5% full width at
half maximum, is effective in stopping stray electrons from entering the
electron multiplier. Since the electrons were analyzed in energy at 180°
with respéct to the ion-beam direction, it was easy to avoid the error
associated with a misalignment of the spectrometer axis. Actually, even.
20° tilt of the sample surface caused no noticeable change in the electron
yield. The measurements were carried out at room temperature (290-295K)
under the pressurelof about 5x10-% Pa., The (110), (111), and (100) wafers
0f Si crystals (0.3-0.5 mm thick) were chemically etched. Under these
experimental conditioné, the S5i surfaces were covered with contaminant
layers (a few monolavers thick) consisting of carbon and oxygen atoms, as
jdentified previously(8). Such thin layers, however, could hardly affect
the decrease in the high-energy electron yield since under channeling
conditions those electrons are originated from collisions between the
projectile and target electrons in the surface region of more than twenty

nanometers thick , as will be estimated later (Fig. §).

3. Hesults
Figure 1 shows energy spectra of secondary electrons induced by 156-

and 30-MeV He**, measured for <110> and random (nonchanneling) incidences.
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Figure 2 shows the dependece of the spectra on various axial incidences of
15-MeV He'"., A characteristic trend is seen in Figs., 1 and 2 if we
4x1 03 k ™ | T T
atpy
we, . 15-MeV He" on S
- bl .
o <100> e, Fig. 2 Secondary eilectron
?ﬂiéggﬁr‘ o ' spectra for <110>
a | oY v,,-,;.,‘” 1> "'.'.“RAN DOM ] p ) '
..0 .
= R, (111>, and <100>
2 Q oy :‘f“ .. L .
S 105" e W, " incidences of He**
et Qt; ¥ W:‘; . ."-.- .
a o3k “ﬂ%:;%$ ) - on Si targets.
L = =™ ‘:w“ -
; L o [- Bad X i
° d’ov‘v*‘o.
" o 0’ AR -
- L} 9‘0’0‘, -
T 9V s
b °°° gy —|
4x10% L L .
3 4 5 6

ELECTRON ENERGY (keV)

compare the pairs of spectra for axial and random caées; the logarithmic

plots of each pair can be well

overlapped by vertical

translation at

electron energies above 3 KkeV. This means that the number of high-energy

electrons emitted under channeling conditions decreases at a constant rate,

independent of the electron energy E. This was also observed for carbon

and oxXygen ions, as shown in Fig. 3. The charge state of the ions only
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affects the low-energy vield in the spectra. This 'is typically seen in
Fig. 3 for C* and C**, for which the electron vields are normalized to
the same numher‘of the incident carbon ions. For C%* case, the enhanced
portion of the electron yield observed below about 3 keV resulis from the
electron loss of C**,

Since the maximum energy transferred from a projectiie of 3.75 MeV/amu
to a stationary free electron {(in a head-on collision) is 8.2 keV, the
present measurements mostly covered the energy region where sufficient

electron yvields for measurements are obtained.

4. Discussion

The decrease  in the electron yield observed under channeling
conditions can be interpreted in terms of the ion*beam'shadowing effect,
i.e., as the decrease in the effective target thickness responsible for the
ﬁroductiﬂn nf scattered electrons. We demonstrate this by confirming a
scaling law of the data, which is expected from the shadowing effect. The
scaling law essentially corresponds to a special case of the universal plot
found by Feldman for the surface-peak intensity observed in ion backscat-
tering spectra.(10,11)

The shadowing effect is described as the successive increase in the
impact parameter in & sequence of soft collisions between the ion and
aligned atoms, although this increase is somewhat disturbed by the thermal
displacement of atoms. In the collision segquence, each soft collision of
impact parameter b causes the increase in the impact parameter for the next
soft collision by ¢{(b)d, where ¢(b} 1is the scaitering angle in the
laboratory frame and d is the interatomic distance along the row. In a
Coulomb approximation which is applicable to fast ions as in the present

case, ¢(b)d is given by(11)

L 7 @l
¢(b)d = Zi Z2 e° d = Re2/4b [1]

b Ec( 1 + M:/M2)

where Z: and Z: are the atomic numbers of the projectile and target.
respectively, e is the electronic charge, Ec is the ion energy, M:/Mz is
the mass ratio between the projectile and target, and R
{(=[4Z1Z2e2d/Eo{1+M-/M231"2) is the shadow cone radius. The factor 1+M:/M:

comes from the laboratory-frame expression of a small scattering angle.
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Equation [1] indicates that the shadowing effect, i.e., the impact-
parameter increase with depth is determined through the parameter Rs.
Next, we obtain an expressien of the constant reduction rate of the
high-energy electron yield, W, observed for channeling incidences. Because
the number of target atoms that are effective for producing scattered
electrons is restricted from the shadowing effect, the effective number of
target atoms, N (atoms/row), is a function of Rs. Therefore, the effective
target thickness for the shadowing case is given by N(Rs)d. We assume that
the observed vield of secondary electrons is proportional to the number of
the scattered electrons near the surface. This linearity enables a
treatment of W without discussing the detail of the production of observed

secondary electrons. Actually, we may write
W=N(Rs)d/t, i.e., W/d=N(Rs)/t, (21

vhere t is the effective target thickness for rahdom incidences. The
thickness t corresponds to the depth over which the ion-induced electrons
do not coniribute to the observed electron yield, as a result of elastic
and inelastic scattering suffered in the target. Since such scattering
smears the correspondence between the depth where the collision (between
the projectile and a terget electron) occurs and the energy distribution of
the secondary electrons originated from the collision , the thickness t
should be independent of the measured electron energy over a wide energy
range. This causes a constant W through eq.[2], as observed in the
experiments. For loernergy electrons, however, the scattering in the
target prevents the electron's escape from a deep region, and therefore,
decreases t. This effect results in an increase in ¥ for low-energy
electrons, as typically observed below 3 KkeV in Fig. 1.

For fast ions (e.g., MeV/amu energy range}, the parameter t in eq.[2]
is determined only through the ion's velocity v irrespective of ion
species, according to the semiclassical approxXimation model{12}., In this
model, the ilon-induced transition probability of a target electron from the
initial to the final state (corresponding ito the production of a scattered
electron) 1is expressed as Z:%f(v) with f(v) being the corresponding
transition probability for protons with the same velocity, so that the
parameter Z:; gives only the scaling factor for the number of scattered

electrons. Therefore, we can expect from eq.[2] that the wvalues of W/d
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obtained for various ions with a same velocity can be universally scaled
againsi the parameter Rs. Figure 4 shows the plot of W/d as a function of
Rs~1! , which was obtained for various axial incidences of 3.75-MeV/amu ions

of helium, carbon and oxygen on the 8i targets. In this plot, we see that

020 T T T T T T

3.75 MeYsamu, Si target
- 1 Fig. 4 Universal plot of W/d as a

O He*
016F oy (Bt @é] 4 function of Rs~!, for 3.75-
. . v ion.
| O @ﬁ] | MeV/amu ion
Te 012} a <o 4
~ b<111> <%?
N ¢ <1005 @tb |
N " d 310>
e <510% &
008 - ® .
004 | -
1 1 L L 1 1
% 20 40 60

all the data are distributed on a smooth curve within a deviation of about
5%, indicating an increase in the effective number of target atoms with
decreasing the shadow cone radius. This plot strongly supports the
interpretation of the experimental results in terms of the shadowing
effect.

The analysis presented here includes an unknown parameter t. Thus, it
should be necessary to estimate t for the present case . Figure 5 shows
‘the calculated ionization probabilities for K, Li,and Lz.3 shells of §i for
the <110> incidence of 15-MeV He**® together with the 30-MeV case, which are
normalized to those of the surface atom, respectively. The detail of the
calculation has been published previcusly{(7-9). In the treatment of
electron emission induced by energetic particles, we may assume that the
effective atomic size of Si is roughly the mean radius of L shells, though
the valence electrons should appreciably contribute to increase this size.
Since for 15-MeV He"* the ionization probabiliiies for L shells decrease to

50% at about 200 A, as seen in Fig. 3, we obtain 12450 A for 15-MeV
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He"*(i.e., for 3.75-MeV/amu ions) from eq. [2] by using N(Rs;)d =200 A and
the observed value of W=0.44 . Similarly, we can estimate that t=510 A for
30-MeV He**(i.e., for 7.5-MeV/amu ions) from the values of N(Rs)d=280 A and
W=0.55.

Firally, we emphasize that the shadowing effect observed in the
high-energy yield of secondary elecirons is applicable to the characteriza-
tion of thin epitaxially-grown crystals. Furthermore, this method should
be sometimes advantageous over the conventional channeling (Rutherford
backscattering) technique because the emission of those electrons is

sensitive to the crystal structure near the surface.
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I.5 GLANCING-ANGLE SCATTERING OF MeV LIGHT IONS AT THE
CLEAN (OO1)SURFACE OF TIN TELLURIDE CRYSTAL
Michi-hiko MANNAMI, Kenji KIMURA, Masataka HESEGAWA

Department of Engineering Science, Kyoto University

1. Introduction
It is known that specular reflection occurs at glancing-angle inci-

dence of fast ions upon the atomically smooth surface of a single crystal.
Surface channelling occurs also when the direction of incident ions is
aligned to a low index crystallographic axis parallel to the surface.(1,2)
In both situations, the ion experiences a series of correlated small angle
scattering with surface atoms, and cannot penetrate inside the crystal
when the glancing-angle is small. Thus the physcial processes taking place
during the scattering are expected to be different from those at trans-
mission of ions through solid, and the interaction between the fast ion
and the solid surface can be manifested in the ion scattering and related
phenomena. '

Here in this report, some of our recent experimental studies of
glancing angle scattering of MeV light ions at a clean surface are
introduced emphasizing on the energy loss of reflected ions and on the
angular distribution of scattered ions.

2. Experimentals
The experimental setup was described elsewhere.(3,4) Only a brief

outline is sumarized. A single crystal of KCl with (001) cleavage surface
was mounted on a S-axes goniometer in a scattering chamber whose base
pressure was 3 x 10719 torr. A single crystal of SnTe{001) was prepared
by epitaxial growth in situ by vacuum evaporation on the KC1(001) surface.
The crystal was kept at about 200°C during the experiment. The single
crystal of SnTe(001) thus prepared has dislocations of densities less than
109cm/cm3 and the (001) surface is supposed to have bulk-exposed surface,
because the surface showed sharp 1 x 1 RHEED pattem. A beam of ions from

the 4MV Van de Graaff accelerator of Kyoto University was collimated by a

Most of the data in the present paper were published in references
(3),(4),(5) and (6).
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series of apertures to the divergence angles less than 0.5 mrad and to 0.1
x 0.1 mm on the specimen. Incident ions were 0.7 MeV protons and He™
ions. The ions scattered at an angle GS in the plane which contains the
incident beam and the normal to the surface were chosen by a movable
aperture and counted with a solid state detector. The acceptance angle of
the aperture was 0.9 mrad for scattered ions.

3, Experimental results
Fig. 1 shows an example of the observed energy spectra of scattered

He' ions for varicus scattering angles when O.7MeV He' ions were incident
on SnTe{001) surface with a glancing angle 4.9 mrad. Each spectrum
consists of a few well-defined peaks. The yield of ions has a maximum at
the scattering angle about 10 mrad, which corresponds to the mirror re-
flection angle. The yield of ions forming the first peak (the peak with
the highest energy) is about 70% of the total yield.

Similar set of energy spectra could be cbtained when the incident
beam is aligned to an axial channel parallel to the surface plane, how-
ever, the peaks in the energy spectrum were broader.

Here in this paper, we are interested only in the case of specular
reflection, and the angular distribution of scattered ions and the energy

loss of the scattered ions will be discussed.

Energy spectra
Fig.2 shows an example of the energy spectrum of scattered He® ions.

The energy losses at each peak were determined by fitting the peaks with
Gaussian distributions. The spacings between the lst and the 2nd peak
and those between the 2nd and the 3rd peak for scattered He" and He™F
ions are shown for the glancing angle 2.9 mrad and the scattering angle
6.4 mrad in Fig. 3. The spacings are independent of the charge state of
the scattered ions and increase gradually with increasing ion energy.
The simplest interpretation of the multi-peak feature of the energy
spectrum is shown schematically in the inset of Fig. 2: The first peak
is formed by ions reflected at the topmost atomic layer and the 2nd peak
is due to ions scattered at the second atomic layer and so on. Thus the
energy spacing must corresponds to the energy loss of ions during the
oscillatory motion in planar chamnels. The energy loss of ions in one
period of oscillation along (100) planar channel was measured by
channelling/backscattering method. From the surface oscillation peaks in

the backscattered He ions the energy loss was determined and is shown in
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understand the penetration of ions through the topmost atomic layer to
give 2nd, 3rd and 4th peak. This is supposed to be caused by thermal
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The feature of the observed energy spectra of the reflected protons
at glancing angle incidence is different from that of He ions. The energy
spectrum shows only one peak at the energy slightly smaller than the
energy of incident ions. This is understood from the poor energy resolu-
tion of the solid state detector and it is expected that we could observed

. peaks in the energy spectrum if we have ion detector with better energy
resolution.

Fig. 4 shows the most probable energy loss {peak eﬁergy) of the ions
in the first peak as a function of the scattering angle when 0.7 MeV He™
ions are incident on SnTe(001) surface with glancing angle 4.9 mrad. The
most probable energy loss shows a broad peak at the scattering angle of
specular reflection, and the energy loss of the scattered He++ ions is
slightly larger than that of He' ions especially for smaller scattering
angles.

Fig. 5 shows the dependence of the most probesble energy loss of the
specularly reflected He icns on the energy of incident ions when He ions
are incident on the SnTe(001) surface with glancing angle 2.9 mrad. The

energy loss is almost independent of ion energy.
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Angular distribution of scattered ions
Angular distribution of scattered ions at glancing angle incidence

of He and H ions are not sharp as expected from the picture of mirror
reflection. Fig.6 shows the scattering angle dependence of the first peak
yield in the energy spectrum and of the total yield when the glancing
angle of incident He' is 4.9 mrad. The yields have maxima at the angle
twice of the glancing angle. The angular width of the total yield is
slightly wider than that of the first peak yield.

The full width at half maxima (FWHM) of the angular distribution of
reflected ions depends slightly on the glancing angle as shown in Fig. 7.
These data were obtained from the ions scattered at the topmost atomic
layer, i.e. from the first peak in the energy spectrum. However, for
proton data, the first peak in the energy spectrum cannot be resolved and
those of total yield are shown. Thus the FWHM for protons may be slightly

overestimated.

4. Discussion

Position dependent stopping power at (001) surface of SnTe(5,6)
If the stopping power of solid surface is determined by a position
dependent function S(y), the most probable energy loss of reflected -

iocns can be writtén as
AE =jS(y)dz, (1)

where the trajectory of ion lies on the yz-plane and the integration
is along the ion trajectory. The trajectory of specularly reflected
ion can be calculated with the use of the continuum model of planar
channelling. Tne interaction between the ion and the surface atoms

can be approximated to a planar continuum potential and the Moliere
approximation to the Thomas Fermi screening function is employed to
calculate the continmuum potential. An analytical expression of ion
trajectory can be obtained. Taking the zero of z-axis at the apex of
the trajectory, and using only the third term in the Moliere potential,

the trajectory is given as

y(z)=(agp/8y) Infcosn® (B, z/2an)2mn 2,7,e% /80, %,) ()
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where ayp is the Thomas-Fermi screening distance, np is the atomic
density of the surface, Z1 and 22 are the atomic rnumbers of projectile
and crystal atom respectively, E is the ion energy, Gi is the glancing
angle and ds and 33 are the constants in The Moliere potential. Sub-
stituting eq.(2) into eq.(1), the loss can be expressed as
co
AE= da0./B.8; gdx S(x/6, ) (X°X, %)

*y

-1/2 (3)

_ 2 1/2
where X = Giexp(psx/2aTF), X1 = (24rnpz122e andS/Eﬁ3) . The ob-

served energy loss is independent of Gi as can be seen in the experimen-
tal data, the right hand side of eq.(3) must be constant and thus
S(X/Oi) must be proportiocnal to ei/x . Using the relation, it is easy

to derive the position dependent stopping power as
S(y) = A(E) exp(-Byy/2am.) (4)

The integration in eq.(3) can be performed with the use of eq.(4) and

the energy loss is obtained as

AE = A(E)(2ﬂaTP.E/ols{sanp21Z2ee)l/2 (5)

Since the observed energy loss is independent of the ion energy, A(E)

mist be proportional to E_l/z. The position dependent stopping power
is therefore expressed as
-1/2
S(y) = C E 2 exp(~p,y/2ag,) (6)
where C is expressed 4E( w  B,n 7 Z e2/2qr )1/2 The constant C is
apPgzlpo1%o g/ _

7.7 x 10° Me\/”a’/zom_1 for He ions and is 2 x 10° I\f[a-:'vsmcm_1 for protons.
The stopping given by eq.(6) for 0.7 MeV He' is shown by a thick solid
line in Fig. 7.

It is known that the energy loss of fast ions in solid is due
to collective excitation of electron gas and to the singie collision
with core electrons. For the former, a few theoretical calculations
have been published. (7,8) The result gave values smaller than ocur
experimental results as shwon by broken line indiecated by 'Keawai' in
+1ig. 8, This suggests that the loss due to single collisions has to be
‘calculated. However the theories are not satisfactory to derive the
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energy loss near the surface.
Oen and Robinson have given a formula of impact parameter depend-

ent stopping power in ion-atom collision in their computer simulation
of ion trajectories in solids. (9) Their formula is
Q({r) = (0.045 K El/g/ﬂt 2) exp(-0.3r/a ) (7)

where K is a parameter. Theoretical basis of this formula is not clear
and is supposed to be derived from an approximate electron density
distribution near atom. In order to compare this formula with the pre-
sent experimental results, the pre-exponential factor in eq.(7) is
changed so that the stopping cross section calculated from eq.(7)
coincides with the semi-emprical formula derived by Ziegler. (8) The

resulting stopping formula is

, |
S(y) = 0.09n 8y/ma:” K, (0.3y/ang), (8)

where s 1s the stopping cross section of the crystal atom and Kl(z) is
the modified Bessel function. The calculated results (indicated by Oen
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& Robinson) can be compared with the eXperimental results in Fig. 8,
where the agreemnt 1s not so bad but the deviation beomes larger at
larger y.

The sum of the stopping power derived by Kawal et al and that
derived by Oen & Robinson is shown in Fig .8. The agreement between
this sum and the experimental formula is good, however, the dependence
of the stopping power on ion energy is different.

' Scattering of planar channelling ions is similar to the surface
specular reflection in various aapects and it is worth to compare the
two cases. Energy loss of planar channelled ions transmitted through
thin gold crystal has been studied by Robisnon.(10) He explained the
experimental results by a emprical stopping power,

s(y) = S, + sl(cosh(psy/ZaTF) - 1) ' (9)

where y is the distance from the channel centre andlso and S, are nu-
merical constants. Assuming the present experimental stopping power
formula to be valid for ions in planar channel, we derived the stopping
power for ions travelling in planar channel as the superposition of two

contimmm planes; The stopping power is then
s(y) = s'cosh(ﬁ3y/2aTF) (10)

where s' 1s a constant. This is similar to the experimental stopping
power except for the constant term (sO - sl), which is supposed to be
due to the electronic scattering with valence electrons. This may be
the first experimental position dependent stopping power at a surface

of solid.

Angular distribution of reflected ions (4)
When ions are reflected at a single crystal surface at glancing

angle incidence, the ions experiences a series of correlated small angle
scattering with surface atoms. To describe this scattering process, we
first assume that the ions travel along the trajectories defined by the
continuun surface planar potential. We then assume that the nuclear
and electronic scattering give rise to the small angle deflection form
these trajectories. Each scattering events are assumed to occur randonly

along the ion trajectory. The multiple scattering can be formulated
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with a stochastic theory. (11,12)

Let 6 be the deflection angle of ion from the trajectory defiend
by the contirmum potential, and W(z,9,¢)dp be the probability that an
ion, having a deflection angle ©, is deflected (¢, ¢+dp) after travelling
a unit distance at z. This probability depends on z, i.e. y(z), where
the y-axis is parallel to the surface normal and the incident ion lies
on the yz-plane. The stochastic equation for f(z,8)d8, the probabiiity
of finding an ion in (8,8+d8) at z, is expressed as

2£(2,6)/3 2 = qua {W(z,0,$)1(2,0)+W(z,6+p,~$)£(z,0+4) ) (11)

where the energy loss of ion is neglected. If we assume that W(z,e,4)
does not depend on 6, W(z,0,$) reduces to W(z,$). Thus the eq.{(11) can

be expanded into a series as

= = | n 1 n-1 (12)
3£(2,0)/ 22 =‘Z‘1(1/n1)ZMxl(z)Myn_l(z)}) £(2,8)/ 26, 28",

l=0

whgre
Mll(z) = gw(zs¢)¢lld¢’ L) (l = st) . (13)

When the terms with n>2 are neglected in eq.(12), a diffusion equation

is derived;

2 2 2 2
P(z,0)/ ¥z = K (z) 37£(z,0)/28," + Ky(z)z f(z,e)/BG)y , (14)

where
Ki(Z) = (1/2) J~W(Z,¢)¢12 d¢ (1 =xy), (15)
This can be solved with an initial condition that f(-00,0) = 5(8) as
2 2 2 2
£(z,8) = 1/20_ u“y exp(-8,“/20 " - e, /2 GY ), (16)
where
2= j azk, (z) , 1 =xy). (17)

The probability W(z,e,¢) contains the rnuclear and electronic
scattering contributions. The nuclear scattering is due to ion-atom
collision, mostly atoms displaced from their equilibrium positions by
thermal vibration. For an atom displaced at r and an ion at y from the
gurface, the defelction angle due to their collision is approximately

expressed as



JAERI —M 87—-134

¢2 = (‘b@(R)/aR)Erzcos%x + ¢(R)2rzsin20(A§ ; (18)
where R is the impact parameter of the ceollsion. The diffusion coefficent

is then become
Ki(z) =1/2 derdddi F(i/R)2 np g(ruu); (i = x,y), (19)

where g(%,r) is the distribution of the position of vibrating atoms.
If g{r,x) is approximated to a gaussian distribution, the integration in
eq.{18) can be performed and the numerical diffusion coefficients are
obtained.

The deflection due to eléctronic scattering can be related to the
energy loss of the ion.(13) If the impulse approximation is used, the
scattering angle is related to the energy loss E, ion energy E, electron

mass m and ion mass M by

$° = moE/ME (20)
With the use of this relation ,the contribution of electronic scattering
to T and G&_ are calculated.

The calculated FWHM of the angular distributions of scattered ions
are shown in Figs.7 and 9 at 0.7 MeV He and proton incidence. For the
thermal vibration of atoms, Debye temperature eD = 155K is used. As the
ruclear scattering has asmall contribution to the FWHM at smaller glancing
angles, while the electronic scattering has almost constant contribution
to the FWHM as shown in Figs 7 and 9. Total FWHM, i.e. the sume of
nmuclear and electronic contributions, is also shown by thin solid line.

The agreement between the experimental and calculated FWHM's is poor.
This is improved by taking larger displacement of atoms due to thermal
vibration. Good agreement can be obtained when the Debye temperature of
surface atoms to be 72 + 6 K. The modified total FWHM is shown by thick
s0lid line in Fig. 9.

In the present experimental analysis, we could determine the thermal
vibration of surface atoms. In comparison with the surface peak analysis
in RBS/channelling method, present method is advantageous, because we can
study only the ion scattering by surface atoms, while in the RBS/-
charmelling method it is difficult to eliminate the scattering at sub-
surface atoms. The present analysis has the potentiality to study the
thermal vibration of the second layer atoms by the analysis of second
peak of the energy spectrum.
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I.6 RADIATIVE ELECTRON CAPTURE IN HEAVY ION AND He COLLISIONS

*
Kiyoshi KAWATSURA, Akio OOTUKA , Masao SATAKA, Ken-ichiro
* * %
KOMAKI , Yasuaki SUGIZAKI, Hiroshi NARAMOTO, Kunio OZAWA

*
Yohta NAKAI and Fuminori FUJIMOTO

Department of Physics, Japan Atomic Energy Research
*
Institute, College of Arts and Sciences, University of

* ¥
Tokyo, Energy Research Laboratory, Hitachi Ltd.

The X-ray spectra emitted during the radiative capture of target
electrons into the projectile K shell have been measured under single
collision conditions for a He gas target. The experiment was performed

+
g 9*(g=16,17) ions. The

for 40 - 76 MeV F~ (g=8,9) and 120 - 175 MeV. Cl
centroid energies of the radiative electron capture (REC) X-rays have been
found to be in good agreement with the calculated ones. It is also
confirmed that the widths of the REC X-ray distributions for Cll7+ ion

impact are in good agreement with the simple medel calculations.

Introduction

Radiative electron capture (REC) in fast ion-atom collisions was
first observed by Schnopper et al.{l)}. Since then, many investigations
of REC processes have been reported. Most of the experimental REC data
has been accumulated by using either solid target or gas target cell with
entrance window. The REC X-ray spectra consist of the emissions from the
different charge states of the projectile ions during collisions.
Therefore, the observed data should be corrected toc obtain the real REC X-
ray spectra. The experiments should be carried out under single
collision conditions to compare directly experimental data with the
theoretical calculations.

With regard to the He gas target, the REC X-ray spectra have been
measured by Kienle et al.(2) (160 - 250 Mev N, 140 MeV Ne and 288 MeV Ar),
Schval et al.{(3) (45 - 65 MeV 0), Kawatsura et al.{(4) and Tawara et al.(5)
(15 - 40 MeV F8+ and F9+), and Kambara et al.(6) (110 MeV Ne). All

experiments are in poor agreement with each other. In the present work,
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. L. C s g+ 9+
we extended our REC data under single collision conditions of ¥ and F

ions incident on a He gas target to higher energies (40 - 76 MeV) and to

. 1 17
heavier projectile ions (120 - 175 Mev C1 6+ and Cl +).

Experiments

The present experiment wés performed using the tandem accelerator at
Japan Atcmic Energy Research Institute {JAERI). Beams of highly ionized
fluorine (FB+ and F9+) and chlorine (Cl16+ and Cll7+) were accelerated to
energies ranging from 40 to 76 MeV, and 120 to 175 MeV , respectively.
A collision chamber contained a single nozzlé for target gas jet and was
connected to the beam line through the differential pumping system of
turbomolecular pumps. The base pressure of the beam line and collision
region was less than 2x10_7 Torr. The relative pressure of tardget gas
was monitored with a B-A gauge, which was from 0 to 6x10_4 Torr. A test
for single collision ceonditions was performed by observing the
characteristic K X-ray and REC X-ray intensities as a function of pressure
at each energy and charge state of the incident projectiles. In the
present experiment, the pressure in the collision chamber was about 5x10
Torr for all measurements.

The characteristic K X-rays and the broad REC X-rays were abserved
with a HORIBA Si{Li) X-ray detector which had a 220 3 Au electrical
contact layer and a 0.2 ym Si dead layer in addition to a 15 um Be window.
The detector was placed at 90o to the beam direction. The X-rays were
cellimated with a graphite cap with a hole of 5 mm in diameter. An
energy calibration was made by using standard scurces of Mn Kg and Kf X-
rays and Cu Kg and KB X-rays. The energy resclution was about 170 eV
(FWHM at 5.9 keV). The X-ray count rates were kept below 80 /sec to

avoid spectral distortion due to pulse pile-up.

Results and discussion

In the previous work(4,5), one of u$ (Kawatsura) have measured the X-
ray spectra from the REC process to projectile K shell under single
colliision conditions for F8+ and F9+ ions incident on a He gas target in
the collision energy range of 15 to 40 MeV. Using the same projectile
ion and target, we extended our measurements to higher energy range of 40

. 8+ 9+ . .
to 76 MeV. Fig. 1 shows the X-ray spectra from F and F ions incident
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on a He gas target at 76 MeV (4 MeV/amu). Two overlapping peaks at about
0.8 keV and 1.0 keV correspond to the K X-ray lines which have energies
expected for transitions in hydrogen-like ions (F8+ ions]). The former
peak (at 0.8 keV) was due to the 2p - 1s transition and the latter peak
{at 1.0 keV) was a superposition of the lines from the np - 1ls transitions
(n = 2. For bare ion iﬁpact (F9+ ion), the hydrogen-like X-ray
transitions were caused by the electron capture into excited states of the
projectiles. For one-electron ion impact (F8+ ion), on the other hand,
the hydrogen-like X-ray transitions were caused by the electron excitation
of the projectile K shell. The helium-like X-ray transitions caused by
the electron capture were not observed. The c¢ross section for electron
excitation is much larger than that for electron capture at high energy.
The broad peak around 3 keV corresponds to the radiative capture of bound

electrons from He atom into the K-shell of the bare or cone-electron ions

(REC X-rays). The photon energy of the REC process is given as (7}
2 — -
iy = - 1/2 + + P = - MIE_ + 1
W= ep €; * (1/ )mv0 Vo' P € e, * {m/M) 0 mvev. (1)
where Hy is the energy of the REC X-rays, ef the binding energy cof the

electron in its final state, Ei the initial electron binding energy, m the
electron mass, M the mass of the projectile, EO the energy of the
projectile ion,'eo the projectile velocity, (1/2)mvO the kinetic energy of
the target electron viewed in the frame of the projectile due to the
moticn of the projectile,-; the momentum of the electron due to its
presence in a target atomic orbital, and viz the velocity component
parailel to the incident projectile direction of the electron to be
captured. Radiative electron capture is the capture of target electrons
into bound states of the projectiles. An analogous process is the
capture into continuum state of the projectiles (Primary Bremsstrahlung,
PB). This process is predominant when the photon energy is less than
T0 = 1/2mv§ . The cross section for PB decreases strongly when the X-ray
energy exceeds T0 , which is about 2.2 keV for 76 MeV (4 MeV/amu} F ion
impact. In this case , the K REC X-ray spectra is overlapped mainly with
the PB X-ray spectra and partly with the L REC X-ray spectra as shown in
Fig. 1. The similar results have been observed for high energy O ion
impact{3) and Ne ion impact(6). In corder to avoid overlapping between
REC and PB, we extended our measurements of the REC X-ray spectra towards

. . . . 16+
the heavier projectiles. Fig. 2 shows the X-ray spectra for Cl and
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17+ . :
cl ion incident on a He gas target at an energy of 140 MeV (4 MeV/amu),

which is the same velocity as 76 MeV F8+ and F9+ ions. The REC X-rays
{(at about 6 keV) are found far from the PB X-rays which are overlapped by
the C1 K X-ray spectra. The characteristic K X-ray spectra for Cl ion
impact are also different from those for F ions. The velocity of C1
. projectiles is lower than thét of the 1s electron of the projectile C1
jons. The cross section for electron excitation is less than that for
electron capture process. It is found for the Cl16+ ion impact that the
X-ray emissions through the electron capture into excited states of
projectile ions (152p - 152, lsnp - 152) are predominant. The X-rays
through the electron excitation of the projectile ions {2p - 1s, np - 1ls)
are also observed, but less intensive.

The centroid energy of the REC X-rays which changes with the
projectile energy is given as

fiw = € ~ €, * (1/2)mv3 =€~ €% (m/M)EO. (2)

In the present measurements, ef and Ei correspond to the binding energies
of the 1s electrons of the projectile ions and He atoms (24.5 eV). The
ls binding energies for hydrogen-like F and Cl ions are 1.103 keV and
3.946 keV, and those for helium-like F and Cl ions are 0.954 keV and 3.659
keV, respectively. The experimental and calculated data for the REC
centroid energy are shown in fig. 3 and 4 as a function of the projectile
energy. The experimental results are, generally speaking, in good
agreement with the calculated ones. Our previous data(4,5) seem to be
confirmed by this experiments. In the case of the Cl ion impact, the
experimental results for the REC centroid energy are systematically about
40 eV lower than the calculated ones. Kienle et al.(2) have also found

that the observed centroid energies were lower than the calculated ones by

10+
300 eV for 140 MeV Ne on He and by 50 eV for Ar on He. They explained
that these differences were probably due to screening effects. The
energy shift for Ne ion impact seems to be too large. More accurate

experiment and more reasonable explanation are necessary.
The full width at half maximum (FWHM) of the REC X-rays is given by

Schval et al. (3) as
r (FWHM) = 2.04 (T T )l/2 {3)
RE B : 07 i i

T0 is (1/2)mv0 and Ti the kinetic energy averaged of the target electron.

In fig. 5 shown are the experimental results of FWHM of the REC X-rays for
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17+ . . . .
c1l ien impact on a He gas target as a function of the projectile

energy. The results of the previous work and theoretical calculations
are also shown in fig. 5. The present data are in better agreement with
the calculated ones than those obtained by the previous experiments{3-6).
They have used relatively light ion projectiles (Q, F and Ne). The REC
X-ray spectra were more complicated as shown in fig. 1 . It is ,
therefore, very difficult to deduce proper spectra of REC X-rays from the
experimental data. Our present results are considered to be more
precise. In addition to energy dependence of TRE (FWHM) of the REC X-

C
rays, charge state dependence was also measured. The results of TREC for
16+ . . i7+ . .
Cl lon impact are about 5 % smaller than those for Cl ion impact.
These results are very similar to those of our previous work(4,5}). Our

recent experimental results of PR for different projectile ions (Si and

EC
S) at higher energies (2 5.5 MeV/amu) deviate to smaller values from the
calculated ones. The measurements of the REC X-ray spectra for Cl

projectiles at higher energies are now in progress.
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I.7 Zrv 9SCILLATION OF ELECTRON CAPTURE
CROSS SECTION

Fumiog FUEUZAWA

Department af Nuclear Engineering, Kyoto University,
Evota, 606 Japan

Equilibrium mean charges of B and “He ions emerging from solids
wers measured for many kinds of target wmaterials, and were found ta shaw
ascillatary dependence gn target atomic number. This gscillatign was found
to originate from fhe Z: oscillaticn of electiron capture c¢raoss section.
Even for very fast *He®* igns, Z: gscillation of electron capture cross
sectien was recagnized.

1. Intreduction

It was shawn by Phillips (Il for the first time experimentally that
the equilibrium charge ratia of hydrogen ions emerging from solids differ
significantly for different materials. In his experiment, fresh material
was evaporated an the exit side af a target foil just hefore measurement.
The change of charge ratis with time afier svaporation was shown ta be due
to the grawth of the surface contaminating layer which may be carbaon con-

taining molecules or gxides. In arder to see the target dependence aof
charge ratio of emerging ions, therefare,the surface of the target must be
clean. The use af foils as the targets with fresh surfaces limits the

kind of materials. Then, for many vyears after Phillip’'s experiment, there
were anly insufficient dataz te discuss abaut the material dependence of
charge ratic of emerging ions.

In ocur labaratory, a simple meihad to measure charge ratioc with thick
targets was develaped ([2]. This methad uses a cembination af electric (or
magnetic) deflectiaon field and a position sensitive solid state detector,
and can analyze the charge ratiao of scatiered iogns with continucus energy
distributicn. The use of thick targets allows us to use all solid mater
ials without difficulty and makes suface cleaning very easy. With this
methad, many data of charge ratio af smerging He iagns were systematically
accumulated in MeV energy region, and the target matsrial dependence of



JAERI — M 87-134

charge ratio was clarified over the wide range of target atomic number far
the first time.
Similar target dependence of charge ratio of H ions with relatively

low energy was also observed. In high energy regign. the slectrgn gapture

crass sections of *He®* igns for variocus target materials have beepn meas-
ured tc see the target dependencs. ' i
In the followings, the physical basis of the target dependence af

charge ratio is gconsidered, and experimental data are compared with simple
theagretical calculations.

2. Thearstical target dependence of mean charge af fast ions

Equilibrium mean charge is determined by the electran capture and
less cross sections of ions passing through media. This is true for light
igns such as H and He ions, because there are no significant caontributign

0f excited states of these ions in determining charge ratiaes. Bacause
there are no density effect for these iens, the data with gas farzeis and
with solid targets can be treated indis¢riminately. To ses simply the

arigin and behavior of the target dependence, semiclassical medels far the
Iass‘and capture processes are useful.

Target dependence of the electran lass cross sectiaon based on Bohr
model (3] is given by the following relatiacn, )

G ioss = [(E)Z.2-3 (1)
where Z¢ is target atgmic number, and C(E) is a constant depending on csl-
lision energy E. The value of C(E) was determined by comparing with knaown
experimental values of loss cross sections for gas and vaper targets rang-
ing aver the wide range af target atamic number,

In contrast tao the manotaonic target dependence of the electran lIass
cross section, the electron capture craoss section is expected to shaw an
interesting oscillatory beshavier af'target dependence, which can be seen
ebvigusly by using the Hahr-Lindhard modeI(4]. In this model,the elecgtran
gapture praocess is divided into two processes; the release of an electrun
from the target ataom by the Coulemb farce af the incident ion,and the cap-
ture of this released electran by the incident ign. In order to release
an electron from the target atom, the incident ion must approach to it wi-

thin the release distance R. determined by the fallowing relatian,
| qe?/R¢2 = mud/a (2
where q is the charge number of the incident ion, m is the electron mass
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and, u and a are orbital velocity and arbital radius af an electron under

cansideratian. The released electron is assumed tc has no relative vel-

acity with the target atom and, therefore, to maove with the same vyelocity

¥ of the incident iaon relative to this incident ign.

this electron, the incident

In ecrder to capture
ion must be within the distance from the tar-
get atom less than the capture distance Re determined by the fellowing re-
lation,

qe?/Re = mi/2 . (3
In the case of Rr<Re, the release process takes place under the condition
that the iIncident ion can capture this electren.
ign is given by the fcollawing farzula,

The capture cross sect-

G ecan = TR:F . (4)
While, 1in the case af R->Re, the incident ion cannot capture the released
electron at the distance af Rr, and the electran capture crass sectian

becames zera. In actual case, however, the above twg processes are not
instantanesus but gradual ones. By taking into consideraticn of these
facts, the capture cross ssctiens ars given by the following madified feor-
nulae,

for R: < Re , (5)

g1 = & wh:3
g1z & wR2 B [(Re/V)/(a/W)] far Re > Re (8)
where & 1is the capture praobability

Rc Vv

of the release eleciran and £ 1is the
Fi %

timing factor correspaonding te grad-
ual loss and capture processes. Twa
canstants & and B are used for ad-
justable parameters in the comparisaon
Wwith experimental data [5]. Canti-
nugus distribuatians of the values of
4 and a obtained by the Thomas-Fermi
atomic model give only monaotenic gen-
eral trend of target dependence af th
If the dis-
crete values of u and a are used,hﬁwF
gvar,

!
l
|
(
|
i .
Zg Izt
' ‘
1
AWer ¢ capture cross sectian.
! ,
!

the capture cross sectiaon will

Fig. 1 The relations af the releass radius

Be vs target atomic number Z. and tke capture
radivs Re vs the velagity V of the incident ien.

At the target number Zo, where Rr is equal ta R.,

the electron capture cross section is maxigum.

shaw the target dependence with same
structure sther than menotonic depen-
dence.

In fig. 1 is depicted schematic-
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ally the relation of Rr vs Zt for a given shell electron of the target at-
gm. The value of Rc is independent af Zi¢, and is determined by the charge
number g and the velocity V of the incident ion. The values af Rr and Re
baceme equal for the tfarget atem of atgmic number Zo. Far the target
with Z+ less than Zo, Rr is larger than Re. The capture cross sectians

for these targets are calculatdd by o i1, which varies as Z+° for the K
shell electron. While, for the target with Z: larger then Zo., R-r is sma-
1ler than R-. For these targets, the capture cross sections are calgu-
lated by o1, which varies as Zt~3 for the K shell electran. Therefore,
the capture cross secticn for this shell electron becomes maximum for the
target of atomic number Zo. This phenomena correspond to the so-called
“"yelocity matching”.

There are many electron shells in the target atam. For given ansrgy
of the incident ign, "velocity matching” of each shell electran takes pl-
ace at definite target atemic numbers. The Z+ escillatign of electren
capture cross section will be abserved as a result of these "velacity ma-
tching”s. In fig. 2, the release radius and the capture radius calcul-
ated by eqs. (2) and (2) for the incident He?* ign are depicted for all
target shell electrans. Orbital electron ve}ugities were estimated from
the binding energies [B], and orbital radii were determined as the pasit-
ians of maxima of the electran probability densities [7]. Far 1 Me¥
He?* ian, for example, the capture crass secﬁian has peak values at the
target numbers carresponding to the crossings of these curves and the har-
izental line passing the energy scale af 1 MaV, Fer other incident ians
with different charge number and velecity, the radius scale should be shi-
fted by considering the relations, Rro0q?“? and Recco q/(T/4), where T/& is
the incident energy per nucleon.

The equilibrium mean charge q of iogns with anly two charge states is
efxpressed as & function 9f G cao a0d T 1oss:

G = qo + ( Toan/G 1oss b Do, {7
where go is the charge number af the lower charge state. Eq.(7) is app-
Iicable, in practice, to H and He ians with velaocities larger than Bahr
velacity. bs the ¢ 1o0ss changes anly manotonically with Zt, the egquili-
briuw mean charge q of igns is expected to shew the Z: ascillationm with
just opposite phase to that of S cas.

3. Experimental abservation of Z: ascillation
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3-1 Equilibrium mean charge aof He ians

Equilibrium charge fractions of backscattered He ians from thick salid
targets were measured for many kinds of material. The method of wmeasur-
gment is described in detail in the previous papers {2,3]. Surface cle-
aning was wade by raising target temperature [9,1!]1, and by evaparating
fresh material continuously during measurement [10,11]. By combining
these data and the mean charges calculated by eq.(7) with experimental.cr-
gss sections G eao and ¢ 1oss for gas and vapor targets, target dependence
aof the equilibriumr mean charge of He ions was clarified. ds a typical
example, in fig. 3, the mean charges of 1.0 HeV He ians are plotted as a
function af Z:. A énlid curve in this figure is thecrstical mean charge
calculated by eq. (7) with the cross sections G cap and ¢ 1oss af egs.(5),
(6) and (1). The parameters & and £ were chosen sz as ta abtain gaond
fit to the experimental data: & = 0.5 and 8 = 4. Gagod reproduction aof
sxperimental escillation means that the shell structure of the target atom
plays an important rocle in the electron capture process as has besn descr-
ibed in ssctiagn 2. In the energy range af 0.6-2.5 MeV, similar results
were gbtained. Further, theoretical capture cross sectiogns caiculated by
the 0BK approximatian [12] and by the two state atomic sxpansian methed
[13] were found to give similar Z+ oscillation.

3-2 Bquilibrium mean charge af B ians [14]

Far # ians with energies larger than several tens keV,dominant charge
states are H® and H*. In this case, measursment of charge fractions is
rather simple; the energy spectira of scattsred H ions from a thick target
with and without magnetic field in the path of definite scattering direct-
ian are measured for the same amgunt of incident H beam. The former is due
gnly ta H® fraction and the latter contains all fractions af H° and H*.
From these two spectra, each fraction of H° and H* is ghbtained as a funct-
ign af energy.

In fig. 4, as a typical egample, are plotted the equilibrium mean ch-
arges of 50 keV H iaons emerging from varigus targets. & salid curve in
this figure is theoretical one calculated similarly as thes case of He ians

For comparison, the theoretical mean charge with o cap calculated by
O0BK approximation is drawn as a daotted curve. The Z+ ascillatian of tar-
get dependence is clearly seen, and the amplitude and the phase of this
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gscillation are, as a whole, fairly in good agreement beiween experiment
and theary.  With increasing the energy of H ions, the amplitude af Zt
gscillation of the mean charge was found to decreise just as was expected.

3-3 Electron capture c¢raoss section of very fast ®He?* ign [15]

The 3He?* ian from the AVF cyclotraon af RCMP was used for measurement
af the electron capture and loss cross sections in collisions with differ-
ent kinds of target fails. The snergies gf °He ians were 52, 62 and 72
Mel. Because the capture and loss cross sections are very small for such
high energy.incident 3He ions suffer only single collisians in thin targst
foils. The surface contaminating layer is nat impartant in this case.
Then, the growth curve method with varigus thicknessss of the target fails
give the elsctron capture and loss cross secions. _

Foils with different thicknesses were prepared by svaporating fresh
materials aof Cu, Ge, &g, Sn., and Au an the carbon foils which wers of same
thickness. After passing through foil, °He" igns were separated from ®He2~
igns with a magnetic field and were counted for given amount af 3He?®* bear

By appiyving least square fitting to the growth curve of the yield af
*He* ions, the electron capture and loss cross sectians were determined.

&s a typical example, in fig.5, the electron capture cross sectians
for 52 MeV 3He®* ions are platted as a function of target atomic number.
The dotted curves in this figure are the 0BK calculatian far different el-
ectron shells of target atoms, and the salid curve is the total of these
cross sectigns. In order to sbtain agreement of absclute values, experi-
mental cross secticns were multiplied by 4 in this figure. The Z: gscil-
lation is not conspicucus, but can be observed significantly just as exp-
ected by theoretical calculatian. '

4 Canclusions

Equilibrium mean charges of H and He isns were measured fgr many kinds
of target materials, especially for saglid targets with clean surfaces, and
were found to change oscillatarily with target atemic number Z:. This Zt
gscillatian ariginates from the sc-called "veloity matching” in the elsc-
tron capture process, and reflects the electron shell structures af target
atoms. This interpretation is supparted by comparing the experimental
target depencence with the theoretical calculation aof mean chargés taking

— 56 — .
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into account the atomic structure. Gaad agreements betwesn theary and

gxperiment were agbtained aover the wide range af incident energy; 50 keV/8
~ 24 HeV/A.

This work was surparted in part by the Special Progject Ressarch an

Interaction af lon Beams with Soclids from ¥inistry of Educatian, Sgisnce
and Culturs.
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1.8 HIGH RESOLUTION EXPERIMENTS USING HIGHLY CHARGED
RECOIL IONS PRODUCED BY TANDEM ACCELERATORS

Hiroyuki TAWARA

Institute of Plasma Physics, Nagoya University,
Nagoya 464

Abstract : Some of recent interesting experiments using highly

charged recoil ions produced in énergetic heavy ion

collisions are described.
1 Introduction
Recently it has been confirmed that highly charged secondary recoil ions are
copiously produced in énergetic, heavy ion collisions with rare gas atoms or
molecules. Their production mechanisms are also understood fairly well at
least qualitatively. In such energetic heavy ion collisions, helium-like,
hydrogen-like or even bare ions are observed with considerable intensities.

8+ .
bare ions

For example, in 15.4 MeV/amu U75+ ion impact on Ar gas atoms, Ar1
are produced. As shown in Fig.l, the high efficiencies of production of such
highly charged recoil ions in ehavy ion impact are quite in contrast to those
in electron or proton impact which are structurelessolj
These highly charged recoil jons have many features over highly charged ions
with high velocities obtained from accelerators : low kinetic energy (usually
less than a few eV, compared with a few MeV/amu ions provided directly from
accelerato or a few MeV ions from recently developed sophisticated‘technique
of Acceleration-Deceleration. This feature provides us many interesting and
important consequences over high energy heavy ion beam which is commonly

used in highly charged ion studies.

2 High precision measurements (ppm level) of transition energies
-~- comparison of recoil ion technique over beam foil technique or
plasma source

The beam-foil spectroscopy (BFS) techniques are widely used in observing and

investigating transitions of highly charged heavy ions where the emitted
photons or electrons are observed at 90 degrees with respect to the beam
direction. In BFS techniques, because of high velocities of ions (normally
> 0.1 c), the Doppler broadening of the spectrum is the most serious limita-
tion to the precision measurements of transition energies. In order to
reduce the Doppler broadening, very narrow and long collimators are used
which result in small yields in the observing transitions. See Fig.Z(a)z)
where an example of X-rays from 3P and lP transitions of Ar16+_ions with

1 1
the energy of 6 MeV/amu is shown. Note their statistics is not too good.
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projectiles as a function of the ion charge state,

As shown in the relationship

E, = B, (1 - 82)%/ (1 - Bcosd)
where EL and E0 are the Doppler-shifted and unshifted transition energies,
respectively, B is the ion velocity over the light velocity and 8 is the
observation angle with respect to the ion direction,further care should be
exercised in order to reduce the uncertainties related with high velocities:
i) precise setting of the observation angle 6 ( of the order of milli-degrees),
ii) minimun ion energy straggling and iii) minimum ion beam divergence.
Even with such cautions, serioud contribution, usually not easily controllable
in many cases, can not be avoided from satellites due to the spectator
electrons which depend upon the ion velocity and foil material. To minimize

the satellite effects, some systematic observations should be made by varying

the ion energy and the extrapolation to the zero energy is made. One of the
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most precise measurements of X-ray energies observed in high energy BFS

3)

technique was recently reported by Richard et al. who determined Lyman ci;

6+ ions with the accuracy of 34 ppm.

and o, line energies of CRI
One of the straight-forward techniques to further reduce the Doppler broaden-

ing is the reduction of the ion kinetic energy by deceleration after stripping

the electrons at optimum energies which has been recently developed at some
laboratories. Deslattes et al.4) first accelerated C£9+ - 11+ up to 130 MeV,
where the ions were stripped to C£17+, and then decelerated them down to

23.5 - 67.1 MeV. Then they sent these ibns into He gas targets to get C216+
where practically no satellite is - observed because the double electron
capture probabilities from He atoms are very small at these energies (at least

two orders of the magnitude smaller than the single electron capture. Of
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course atomic hydrogen targets are most preferable where no double electron
capture occurs).

On the other hand, recent advancement of plasma confinement and heating

techniques makes it possible to obtain high temperature plasmas which result
in producing highly stripped impurity ions at or near the plasma center. In
fact H-like or He-like impurity ions have been observed in many tokamaks.
The energies of these ions is much smaller, compared with those from
accelerators. For example, in Alcator C plasmas at MIT where plasma current
of 500 kA, confinement time of 500 ms,-electron temperature of 1.7 keV,

ion temperature of 1.3 keV and electron density of 1-3 x 1014 /cm3 were
obtained, X-rays from Ar17+ ions were observed which originated from one
electron capture into Ar18+ produced in the plasmas from atomic hydrogen.
Because of high densities of these plasms, fairly serious satellite effects
show up in the spectrum, resulting in asymmetric shapes of peaks. This
satellite effect can not be controlled easily in large plasma machines.

)

Assuming the known satellites inciuded ,Marmar et a1.5 could determine Lyman
¢, and o, lines of Ar17+ ions with the accuracy of 11 ppm. Though this
accuracy can be improved further down to a few ppm levels by careful arrange-
ment and better equipment, the limitation could be the Doppler broadening
due to the movement of bulk plasmas (convection).

The most important feature of highly charged recoil ions is the fact that

their recoil energy transferred by heavy projectile ions is very much small,
compared with all those meﬁtioned above. Though the detailed distributions
of their recoil energy depend upon the impact parameter of collisions,
rough estimation can be made by the following formula :

=4 x 107%%1%/ E, %)
where Er is the recoil energy in eV, q and i are the charge of projectile
ion and receil ion, respectively, M is the mass of the recoil ion, EP is
the projectile energy in MeV/amu and b is the impact parameter. It can be
assumed that the maximum ionization can occur at the impact parameter of
about 10 times the radius of the electron shell considered 6) { b =10 ao/i).
For example, in 15 MeV/amu U75+ ion impact on Ar, the recoil energy of Arls+
ions is estimated to be about 4 eV. A typical spectrum from Art®* jons
recoiled by 5.9 MeV/amu U66+ ions are shown in Fig.Z(b)?) No Doppler
broadening can be seen here. However, spectrum broadening due to satellites
(2n'%' > 1sn''L'') are cearly observed. Of course this broadening can be
controlled somehow by changing the target gas pressure. A comparison of these
spectra shows that the spectrum from recoil ions has much better statisitics

and better symmetry of the peaks, compared with that from high energy ions.
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In this particular case, total uncertainty is estimated to be 12 ppm with
the most significant contribution in the known reference energy calibration
source of 10 ppm (Cd Lo line).

Furthermore, recent observation of Lyman o, and o, from recoil Ar17+ ions
results in the accuracy of 5 ppm level (energy calibration:1.34 ppm, energy
dispersion:0.80 ppm, detector position:1.60 ppm, satellite:4.55 ppm)s).

By further careful measurements, for example, by changing the gas pressure

to see the effect of the satellites, the ultimate accuracy could be about

2 ppm when the recoil ions are used.

A summary of the features and the best results obtained in various techniques

mentioned above is given in Table 1.

Table' 1 A summary of the features and results in various techniques

method accuracy feature
beam foil 34 ppm relatively large Doppler effect
less satellitgﬁeffegg e
—“ZEEEEfﬁéEéf—'*“"mid_ipé__""-q‘ _miéz;-ggéglg; effézk but still some
with gas atom less satellite effect due to double

electron capture ( no satellite
effect should be expected for atomic

hydrogen target

— — i — — . ———— ra veits | ]

lasma 11 m less Doppler effect
P PP PP
satellite effect (uncontrollable ?)

o iy

recoil iomn 5 ppm no Doppler effect
satellite effect due to double electron

capture (controllable)

It should be pointed out that, with these accuracies achieved, we can now
obtain information of contribution of quantum electrodynamics(QED) effect

to the 1ls states. For example, the observed 1s QED correction to Ar”+ ions

is determined to be 1.145 + 0.016 eV which can be compared with the theoretical
value of 1.1413 + 0.007 evs),though the experiments are still one order of

magnitude worse than theory,.

3 Life-time measurements using highly charged recoil ions

--- comparison with beam foil technique
Beam—foil technique is widely used in determining the life-times of excited
metastable states of highly charged ions. However, the life-times of the

forbidden transitions for higher Z ions are known to increase drastically.
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They are of the order of > 200 ns for ions of Z > 20 for example. On the
other hand, the minimum energies of hte ions with appropiate intensities
should be > 10 MeV/amu (4.3 x 109 cm/s}. This means that the distance to be
covered in the life-time measurements of such high Z ions through beam-foil
technique becomes as large as 10 m., Such observation over long distances
poses us serious limitation on complete collection of the emitted electrons
or photons due to the beém divergence,

Instead, we can use highly charged recoil ions produced in heavy ion collisions
These recoil ions are, then , accelerated up to a few keV. The measuring
distances of the life-time of 200 ns are only a few 10 cm. The emitted
photons or electrons are observed immediately after acceleration, for example,
by the position sentive detectors. A typical example of such measurements is
shown in Fig.3(a) where the energetic heavy ions(IB) produced highly charged

recoll ions of Ar16+

at the point G. Then these ions are accelerated and
focused into a position sensitive detector (PD} of X-rays accompanied with
soller slit (S) to dermine the positions of the ions at the instance of the

photon emission. In Fig.3(b) is shown the variation of the intensities of

[ 2 1
Lec } 18
(a)
(g g 1 st 1 350y
Ml :
£ f [ Bl I i @
S s Il IIIHI ]
B ' S0mm 4 b — l_
200 t— 5I0 —— _L1fI!0 BE— 1|50 S 230 E— Zéﬂ

Channel
Fig. 3 Life-time measuremnts of the metastable state
of highly charged ions using recoil ions. (a) expérimental
set-up. (b} the variation of the intensities of K-xrays

of Ar16+ ions accelerated up to 16 keV over the distance,
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. 16+ ., . s
K X-rays emitted from Ar ions in the transition from the metastable

(1s2s 38 ). state to the ground state (ls2 1S } through M1 process as a
1 0

function of the distance over only 10 cm after accelerationg)° This variation
of the intensities over the distance gives the life-time of 180 + 40 ns,

which can be compared with 170 + 30 ns determined by Schmieder and Marruslo)
who used high energy beam-foil technique by observing the photon intensity
variation over the distance of 2m. Note that the life-time associated with
Ar16+(152p 3P2) state via M2 transition to the ground state is 1.7 ns. Thus

they decay very quickly before entering the accelration region.

4 Trapping and cooling of highly charged recoil ions

The cooling of the ion beams is now becoming an important technique to study
the collision processes and associated applications of these ions., However,
serious loss of the ions in the process of the energy retardation can occur,
In particular, highly charged ions, which are usually obtained at relativély
high energies of a few MeV/amu, must be reduced their energies many orders of
magnitude, resulting in prohibitive loss of the intensities. In contrast,

as mentioned in the previous sections, the highly charged recoil ions
should have a number of advantages over the high energy ion beams obtained
directly from accelrators. In fact, the efficient trapping and cooling can be
achieved by using such recoil ions because of their small recoil energy
provided in the collisions. If these ions are properly trapped for a long

period of time, we can obtain all the ions in the ground state because the

z
T—-» T B= By Z {required for Penning trap)

'y

\ | ¢lr.2)= Alr? - 222)
' U

e n_/Y 4 U A =
ring _i_o . -~ ;;2-+2202
“endcaps’’ / U=U,+V,cos 2t
{ (Vo = 0 for Penning trap)

electrode surfaces generated e _
by ¢{r, z) = const. X rays or lons

Fig. 4 Schematics of typical trapping apparatus of ions.

The projectile heavy ions of photons pass through the trap
from the bottom. The recoil ions produced are trapped by

the properly arranged electrode configuration.
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metastable state ions could decay during trapping.

To trap such highly charged ions efficiently, so-called Penning or Paul

1),

In this system the properly contrelled electrodes in combination with magnetic

trapping systems, among many techniques, seem to be most useful (see Fig.5

field or high frequency field are used., And the projectile heavy ions from an
accelerator are sent into the trap where the secondary recoil ions are
produced and, without serious loss through energy retardation, can be trapped.
During trapping, most of the ion losses are due to the electron capture in
collisions withresidual gases which results in the change of the trapping
condition, followed by escaping into the wall of the trap. Though no precise
data are available for the electron capture at very low energies, we can
estimate the survial times of highly charged trapped ions mainly due to the loss
by electron capture.. In Table 2 are shown the survival times to 1/2

of the primary intensities for Ar18+ ions at the chamber with the background
pressure of 1 x 10"10 Torr as a function of the ion energy, assuming that the
electron capture cross sections at such low energies are not different from

those at 10 eV (2 x 10714 cmz).

Table 2 The estimated survival times of Ar18+ ions

at various energies at the residual pressure of 1 x 10"10 Torr,
Energy (eV)| Temperature (K) Velocity (em/s)! Survival time to 1/2 (s}
Lo oo Vzexwl s .
| 2.6x1207° | 300 ___ __ ssx0t dse0 . ____ .
| 34x100 L4 ] 41x10° 200 _______
8.6 x 1078 1x 1070 6.4 x 10 1.7 x 10° ( = 2 days)

18+ .
can survive and are

As seen in this Table, the direct recoil ions of Ar
stored up to only 15 - 20 s even if the trapping system work perfectly. On the
other hand, at the liquid helium temperature, the storage time becomes long

5 K }, the ions can

( =1 hr ). Further if cooled down to milli-Kelvin ( 10~
be stored for about 2 days, during which time a series of the observations
can be made.
There are a number different methods of cooling ions and atoms from eV down
to , say, 1077 ev corresponding to the tenperature of 107 K :
i) stochastic cooling (probably efficient at relatively high energies around
eV region) '
ii} electron cooling
iii) laser cooling or radiation-pressure cooling( effective for very low

energy region or for almost stationary ions).
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Among these techniques of the cooling, the laser-cooling should be most
efficient at the lowest energies. In fact this is widely used for cooling of
atoms and singly charged ions. However, if highly charged ions are involved,
there are a lot of problems to be solved : As we go to heavier ions, the laser
should have shorter wavelengths comparable to the energy of the transitions

or the energy level spacings. Possibly X-ray lasers should be most effective in
such an application of heavy ion cooling.

As far as we are concerned with highly charged ion storage, secondary ions
produced by photo-ionization processes are surely the best because their recoil
energy is zero and in fact their energies are determined mainly by the
temperature of the parent atoms prior to ionization.

There are a number of the applications of these cooled heavy ions. One of them
, already in use, is the microwave frequency standards by using the laser

cooled singly charged ions where their stabilities of the order of 10“15 has

been achieved 1210

Another example is that highly charged, heavy ions with such low energies as
10-7 eV/ému can be used to study higher order effects of the gravitation
{non-Newtonian) and to find the "fifth" force which may play a role in develop-
ing the unified theory of interactions. In particular, heavy ions of highly

ionized states could be a good candidate in such investigations.

5 Concluding remarks

As discussed above, energetic, heavy ions accelerated through powerful accele-
rators up to 1 - 10 MeV/amu can provide us highly charged secondary (recoil)
ions with fairly good efficiencies. These highly charged recoil ions get only
small recoil energies of the order of less than a few eV. This advantage of

small recoil energy provides us some oppotunities of pursuing a number of

the interesting experiments :1) very high precision measurements of transition

energies, 1i) life-time measurements of metastable states of high Z ions and
iii) trapping and storage of highly charged ions are a few to be listed among

many probabilities.

These'experiments, in particular trapping and cooling experiemnts of highly

charged ions seem to be very attractive with a number of possible applications

opened.

I't should be pointed out that the recoil ions can be obtained through almost

any ion beam available from accelerators without disturbing the on-going

experiments : that is, simply the accelerated energetic heavy ions pass

through a jet of gas atoms located above the ion path and the (secondary)
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recoil highly charged ions are extracted from the beam path and sent into
experimental apparatus. ' This kind of experiments can be continued, independent
of whether other experiments are going on or mnot.

In particular, the tandem van de Graaff accelerators could be good system for

such experiments mentioned above because of good beam quality, low energy

spread and availabilities of highly charged projectile ions (see Fig.5).

Fig. 5 A tandem (van de Graaff) can provide gold in various ionization states ?

References

i} T.Tonuma, H.Shibata, S.H.Be, H.Kumagai, M.Kase, T.Kambara, I.Kohno,
A.Ohsaki and H.Tawara, Phys. Rev. A 33 (1986) 3047 '

2) J.P.Briand, J.P.Mosse, P.Indelicato, P.Chevallier, D.Girard-Vernhet,

A.Chetioui, M.T.Ramos and J.P.Desclaux, Phys. Rev. A 28 (1983) 1413
3) P.Richard, M.Stockli, R.D.Deslattes, P.Cowan, R.E.LaVilla, B.Jochnson,

K.Jones, M.Meron, R.Mann and K.Schartner, Phys. Rev. A 29 (1984) 2939
4) R.D.Deslattes,R.Schuch and E.Justiniano, Phys. Rev. A 32 (1985) 1911

5) E.S.Marmar, J.E.Rice, E.Kalle, J.Kalle and R.E.LaVilla, Phys. Rev. A 33
{1986) 774

6) R.E.Olson, J.Phys. B 12 (1979) 1843

7) R.D.Deslattes, H.F.Beyer and F.Folkmann, J.Phys. B 17 (1984) L689

8) H.F.Beyer, R.D.Deslattes, F.Folkmann and R.E.LaVilla, J.Phys. B 18 (1985)
207

9) G.Hubricht, E.Trabert and H.M.Hellmann, Z.Phys. D 4 (1987} 209

10) R.W.Schmieder and R.Marrus, Phys. Rev. Letters 25 (1970) 1245

11) D.J.Wineland, W.M.Itano and R.S.van Dyck, Adv. Atom. Mol. Phys. 19(1983)
135

12) J.J.Bollinger, J.D.Prestage, W.M.Ttano and D.J.Wineland, Phys. Rev., Letters
54 (1985) 1000



JAERI - M 87—-134

1.9 RECENT STUDIES ON ATOMIC PHYSICS AT RIKEN ACCELERATORS
Yohko AWAYA

The Institute of Physical and Chemical Research
(RIKEN)
Wako, Saitama 351-01

Experimental studies of heavy ion atom collisions at RIKEN have
been made mainly by using RIKEN linear accelerators in these five years.
The main subjects studied are 1) electron configurations of heavy ions
passing through thin foils. 2) Auger electron spectroscopy of target
atoms excited by heavy ion bombardments, 3) beam foil spectroscopy about
highly ionized jons around Z of 13, which will be given by another talk
in this symposium, 4) Impact parameter dependence of inner-shell joniza-
tion probability and that of charge state distribution of projectile
ions, and 5) the dissociation of target molecules by heavy ion impact.

Recently, a Ring cyc]otron was constructed and started to work so
we expect to make-heavy ion atom collision experiments in the energy
range of about 22 MeV/u.

Among the subjects listed above, I will report about the 4),
which concerns to the studies of impact parameter dependent phenomena.

I] Charge distribution of projectile heavy ions scattered at small
angles

The studies of the impact parameter dependent charge state
distribution of projectile heavy ions is just started. For this study
the magnetic charge analyzer with a position sensitive parallel plate
avalanche counter (PPAC) was prepared. By using this analyzer, we can
analyse the charge state from q to 0.6q simultaneously and resolve the
state with q and q+1 at q=20. Specification of the magnet is as
follows: radius=1.5 m, maximum field = 1.5 Wb/mz. the angle of deflec-
tion= 250. the gap of pole pieces = 3 ¢m, total weight = 3 tons, the
aperture of the vacuum chamber of the magnet is 10cm x 2.3 cm. The
size of the entrance window of the PPAC is 10cm x 2 cm and the resolving

power of the position is 1.1 mm FWHM, It is operated at around 6 Torr
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in pressure,

In order to define the scattered angle, which corresponds to the
impact parameter, a movable small aperture is prepared at the entrance
of the analyzer,

As a test experiment, we measured the mean charge of some species
of heavy ions and also the charge distribution of Cr ions scattered at
0.01deg. to 0.06 deg. by a 10 ug/cm2 carbon foil. We are now prebaring
a differential pumping gas target system to study the charge state
distribution of scattered projectile ijons under single collision condi-

tion.

II] Measurement of Impact Parameter Dependent Probabilities and Total
Cross Sections for Target K-Shell Ionization by He' Ions

We have measured the jmpact parameter dependent K-shell ionization
probabilities, PK(b). of Ca, Cr and Cu from collisions with 1.01 MeV/u
‘Het ions by scattered particle~K X ray coincidences. The He™ ion beam
was momentum analysed and collimated to Tmm x 1 mm with a divergence of
0.02 degq. The targets was prepared by evaporating Ca, Cr and Cu on
2.5 ,ug/cm2 C foils. KX rays from the target atoms are detected by
using a Si(Li) detector. In the forward direction of incident beams a
parallel plate avalanche counter (PPAC) whose ancde is divided to 16
rings was placed, By using this PPAC the scattered angle of 0,13° to
1,4% which corresponds to the region of b extended from well inside the
Bohr radius ayg to far outside ay. Coincidence between each ring of
PPAC and K x rays was stored by event to event mode,

The total K-ionization cross section oy was obtained by measuring
the scattered particles by the target by surface barrier detector
and yield of K x rays. The cross section obtained from integrating
PK(b) with thus measured total cross sections within the error of 30 Z

A comparison of the Py(b) and oy with SCA calculations of
Trautmann et al using RHFS wavefunctions for united atom and separated
atoms states is made,

Details of this work is reported in the reference 7).

Reference

1) R. Schuch, Y. Awaya, T. Kambara, T. Mizogawa, Y. Kanai and H,
Shibata: Z., Phys. D - Atoms, Molecules and Clusters 4, 339
(1987).
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I.10 LIFETIME MEASUREMENTS OF MULTI-CHARGED C1 ION
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Yaguaki SUGIZAKI, Yohta NAKAT, Akio OOTUKA,
* % *%
Ken-ichiro KOMAKI , Fuminori FUJIMOTC , Kunio OZAWA
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and Keisghi ISHII

Department of Physics, Japan Atomic Energy Research
*
Institute, College of Arts and Sciences, University of
* %
Tokyo, Energy Research Laboratory, Hitachi Ltd.,

3* 3%
Faculty of Engineering, Kyoto University

Beam-foil investigations of highly ionized chlorine have been
- performing in the wavelength region 80 - 470 R at the JAERI tandem
accelerator. The ion beam energy is varied from 80 to 150 MeV. The beam-
foil studies of C1 ions at an energy as high as a several ten MeV have
been reported thus far by two groups(1-3). As the ion beam energy in the
present work is the highest among all, the spectrum mainly congists of
lines with line multiplet belonging to higher charge states than C1 XIII.
The line identification in the region of 170 — 260 & has been reported in
the reference(4). In the succeeding paper(5), the line identification in
the region of 80 - 180 % has been reported. In the present paper, we
report lifetime measurements for An=0 transitions belonging to Cl XIV - Cl1
XV in the wavelength between 230 £ and 460 4.

Experimental apparatus has been described in detail in reference{4}.
The radiation from foil-excited chlorine beam is measured by a 2.2 m
grazing incidence spectrometer mounted at 900 to the ion beam direction.
Intensity decay curvé measurements are made in the usual manner. The
carbon foil mounted on a wheel is translated relative to the viewing
region of spectrometer. The foils whose thicknesses are about 15 pg/cm2
can be positioned within the accuracy of 0.05 mm. The foil position is
automatically gcanned by stepping motor and each step corresponds to
preset value of the integrated current measured by a Faraday cup behind

the foil.
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Strong lines in the spectrum between 230 ﬁ and 420 R were identified
with the lines of An=0 transgitions of the type 2322pk—232pk+1 and 2s2pk+1—
2pk+2 belonging to €1 XIIT - C1 XV and the lines of hydrogen-like
transitions belonging to C1 XIV - Cl XVI, We have measured the intensity
decay curves of lines attributed to An=0 transitions belonging to Cl1 XIV -
C1 XV. We are analyzing these intensity decay curves by non-linear least
square method(6). '

In table 1 we list the some results of measured lifetimes with
lifetimes measured by Ishii et al.(2) and Forester et al.(3). The
wavelengths and transitions cited in table 1 are taken from the table in
ref.(7). In figure 1 shown is the intensity decay curve for 2s2p 1P1 level
in the €1 XIV (237.7 R) measured at 120 MeV. The decay curve is decomposed
into two exponential functions, The early portion corresponds to the decay
of 282p lP1 level. The derived lifetime is 0.14%0.02 nsec. The value is in
good agreement with the result of Forester et al.(3) whose value was
0.15+0.03 nsec. It is considered that the late portion mainly contributed
from transition of 2s2p 1P1 - 2@2 ;D2 (458.4 8). The resultant lifetime
derived by late portion of decay curve is 0.60+0.06 nsec. The measured
life time of 2p2 1D2 using 458.4 ﬁ line is 0.63%20.02 nsec. The both values
agree well within the experimental errors.

The decay curves except for 237.8 R in the table 1 are composged in a
one exponential function. The measured lifetimes for lines at 384.0 and
415.6 R, belonging to the €l XV resonance doublet, have been measured more
precisely than previous measurement{(4). The lifetime of 2p 2P3/2 of Cl1 XV
ig 0.76+0.01 nsec. The lifetimes is in excellent agreement with the result
of Porester et al.(3). But the measured lifetimes are slightly larger than
the theoretical results of Martin and Wiese(8) (0.74 nsec), Armstrong et
al.{9) (0.69 nsec) and Cheng et al.(10) (0.72 nsec). The measured

3P based on 286.3 % and 276.1 % should be esgentially

2
same and the regultant lifetimes are in good agreement each other.

2
lifetimes for 2p
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Table 1 Radiative lifetimes for An=0 transitions in C1 XIV - €1 XV.

ION WAVELENGTH TRANSITION LIFETIME {nsec)
(g} Present Forestera Ishiib
1 21
XIV 458.4 282p P - 2p° "D, 0.63 0.60 0.54
XV 15,5 2 25 - 2p Zp 1.04 0.95 1.0
. 1/2 P 1/2 . . .
XV 384.0 28 25 - 2p °p 0.76 0.76 0,71
’ 1/2 P 3/2 : : ’
XIV 290,5 282p 3P1 - 2p2 3p0 0.16
XIV 286.3 282p 3P2 - 2p2 3P2 0.16 . 0.16
Xiv ~ 284.3 282p 3P1 - 2p2 3P1 0.16
XIV 276.1 282p 3P1 - 2p2 3P2 0.16
2 1 1
XIV 237.7 28 S, - 2s2p "P, 0.14 0.15

a Forester et al. (3).

b Ishii et al. (2).
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I,11 LINE IDENTIFICATION OF FOIL~-EXCITED Cl ION
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1. Introducticn
The investigation of spectra and lifetimes in multiply charged ions

is of importance in the fusion-oriented plasma physics. The measurements
can also provide a severe test of atomic structure theory. In this
report, we present the beam-foil work on Cl ions at an energy as high as
a hundred MeV by use of the JAERI tandem accelerator. The Cl ion beam
was passed through a thin carbon foil. Photon emission, following the
beam-foil interaction, was observed in the vacuum ultraviolet region.

In the previous paper{1l)}, we have reported identification of the spectrum
between 170 and 260 3. Most of the lines were identified as 2s-Z2p
transitions{2). Two lines were newly classified as nz4-5 transitions in
Cl XIV and C1 XV.

Bashkin and Martinson observed many new lines originated from the
hydrogenic transitions in the foil-excited Cl1 spectrum({3}. Hallin et af.
extended the ionization states to Cl XIV, using the ion beam energy up to
42 MeV{(4), followed by Bashkin et @Z.{5) and Bhardwaj et al.{6). We have
further extended the observation to the shorter wavelength region by use
of a hundred MeV ion beams(1}.

Similar hydrogenic transitions are also observed in the spectra of
foil-excited ions for oxygen(7}, for fluorine(8), for argon(9), for
chromium{10), for iron and nickel{11,12) and for fluorine, silicon and

-copper(13).

In the present work, the hydrogenic transitions in Cl XIV, XV and
XVI have been identified again in the vacuum ultraviolet region with the
aid of theoretical calculations: the term energy calculation of the
hydrogenic levels with polarization correction, and the calculation based

on the atomic structure theory(14}.
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2. Experiment

The experimental set-up is the same as shown in the preceding paper
of this proceedings. The Cl ion beam at energy of 80, 120 and 150 MeV was
passed through a thin carbon foil {mlsug/cmz). The photon emission was
observed in the direction perpendicular to the beam velocity by a grazing
incidence monochromator (McPherson 247) in the wavelength range between
75 and 175 3. The observation location was fixed immediately downstream
from the foil. The photoelectric signals were counted by a set of
standard pulse counting NIM modules in conjunction with a microcomputer.
The wavelength scanning was driven by a steppihg motor. Approximate
icnization stage of the lines were estimated by comparison of the
recorded spectra of different beam energies. The spectra were calibrated

against He-like and Li-like lines.

3. Results and Discussion

A typical spectrum observed at 120 MeV is shown in Fig.l. In the
wavelength range between 75 and 175 ;, no Cl line has ever been observed,
for ionization stage higher than Cl X, to our knowledge. Although the
predicted values of the energy levels, consequently wavelengths, for the
transitions in Cl XVII {H-like) are available{15,16), they are hardly
seen in our spectrum. Reference lines used in the present spectrum thus
are the calculated Heflike 3-4, 4-5 and Li-like 3-4, 4-5 transitions.
According to Edlen(17), the term value T can be expressed as: | .

T(n.2.2) = Tgln.2.2) + Ay(n.0.2), (1)

where Ih—is the hydrogenic term value with relativistic correction

included. The polarization energ-yAp can bhe expressed as:

Ap{n,ﬁ.z);‘e(Z)P(n,’Q)[1+k(z)?(n,2)}- {2)
Here the functions P{n.Q) and q(n,g} are tabulated in Ref.16. The

constants 4(Z) and x(Z) involve dipole and quadrupocle polarizabilities of

core electrons. For He-like ions(18), the polarization constants are

given as

A(Z)=(9/2) [(z-1) /213, (3)
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x(2)=(10/3)[(z-1)/21°. (4)

For Li-like ions{19), they are given by

A(2)=90(z-2) /{z-5)1%, (5)

with =0.3397+0.102(z-0.4)"1 and

x(2)14(2)1/%20.21132+0.598-2.427 1. (8)

In Table I, are given the calculated wavelengths in Cl XV and C1 XVI with
and without polarization corrections, which are lying in the region of 70
to 170 f& The calculated weighted transition probabilitieg g4 are
included, too. The entries in "weighted average' are the weighted means
of individual components and are the expected peaks, when each line is
not resolved. It is well lmown that the transitions with An=1 are
dominated among all possible hydrogenic transitions in the foil-excited
apectra{3-13). The four lines with dagger mark givén in Table I were used
as reference in the calibration of the present spectrum: one line at
73.12 A appeared as the second order at 146.24 A, and the line at 83.20 A
appeared both in the first and second orders. A line at ~91 A with
satellite peak on the longer wavelength side was classified as n=3-4
transition in Cl XIV {Be-like) with the aid of the atomic structure .
calculation{i4). The dominant three transitions are given in Table II,
where calculated and observed wavelenghts are also tabulated. The
theoretically generated spectrum for this transition is shown in detail
in Fig.2, where multiplet components are drawn individually with the
height proportional to the weighted oscillator gtrength. The curve
represent. the sum of each component having instrumental width. The weak
peak on the shorter wavelength side is missing in the observed spectrum.
This suggest that the yrast level is favorably populated in n=4 complex.
In the same way, a line at ~133 K is identified as n=4-6 transition in C1l
XIV. This line is, however, too weak to be studied in its structure. All
the peaks clearly observed in this region are identified. A few weak
lines are still left unidentified, which are probably originated,frdm the

transitions between multiply excited states.

We are grateful to the staff of the JAERI accelerator laboratory for
their support for the present experiment.
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Table I Calculated wavelengths for hydrogenic transitions in Cl XV
(Li-like) and C1 XVI (He-like} used as reference lines. Units in K.

Icn Transition Ap correction %g . Weighted  Remarks
An none incl. {x1077s 7) Average
Cl XV 1 3d-4f 83.274  83.242 560. 83.207  Also second
3p-4d 83.174 83.174%  215. order
3s—4p 82.850 82.850" 3.2
ClLXV 2 4f-6g  116.619 116.616 696. 116.61F
4d-6f  116.576 116.543 52.2
Cl XV 3 4f-7g 96.202 96,200 32.7 96.20 Blended
Cl XVI 1 3d-4f 73.185  73.167 725, 73.127  second
3p-1d 73.085 73.085% 278, order
3s-4p 72.761  72.761% 81.9
Cl XVI 1 4f-5g  158.153 158.150 279, 158,087
1d-5f  158.087 158.024 136.
4p-5d  157.882 157.882" 58.8
Cl XVI 2 4f-6g  102.494 102.492 90.1  102.47 Very weak
4d-6f  102.451 102.432 67.6
ClL XVI 3 4f-Tg 84,550 84,549 42.4 84.55 Blended

¥ . .
Polarization not corrected.

+Used as reference lines.

Table II Calculated and observed wavelengths
for n=3-4 transition in Cl XIV (Be-like).

Transition Wavelength(ﬁ}
Calc. Cbs.
3 3 o

1s3p P - 1s4d "D  88.40 missing

1s3d °D - 1s4f °F  91.61 91.73 + 0.23
1s3d 1D - 1s4f 'F 94,87 94.63 + 0.23
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I,12 SPECTRUM AND LIFETIME OF HIGHLY IONIZED ALUMINUM

Kozo ANDO, Yohko AWAYA, Susumu KOHMQTO, Hidekazu KUMAGAT,
Tadao TONUMA and Seiji TSURUBUCHI

Atomic Processes Laboratory, The Institute of Physical and

Chemical Research (RIKEN), Faculty of Technology,
Tokyo University of Agriculture and Technology

1. Lifetime measurement of Al X 2s2p ~P level

For determining a lifetime of a level, all cascade transitions must
be measured and are took into account in analyéis of lifetime. The level
of ZsZp 1P has four cascade transitions as shown in Figure 1, but a decay
curve of a spectral line from R2s3p s level was not measured because its
wavelength was too short for the spectrometer. At first, decay curves
were analyred to beccme sum of multi-expcnentials by DISCRETE program(1).
A lifetime of 2s2p TP level was determined by the ANDC method with CANDY
program(1) and got the value of lifetime of 0.049240.0005 nsec. This
value is too short in comparison with other data. In these cascade
transitions, a line 395.62 A of 2s82p 1P1 - 2p2 180 transition was mixed
with a line 395.36 A of 2s2p 3P1 - 2p2 3P2, so that a cascade transition
from 2p2 1S was omitted in CANDY analysis.

The final value of lifetime of 2s2p P level was 0.1923+0.015 nsec.

_£33p
28 3s;
~ a2 _
~ i=P Sa2p D
\_\.l ':.,-/ _— e
/«" 2s82p

Fig. 1 Schematic diagram of primary transition 25% - 282p TP with

cascade transitions.

2. Identification of Al X 2p3d - 2p4f Transition Array

In beam-foil spectra, spectral lines arising from the f levels are so
strongly observed that the transition from other unknown f levels would be
exXpected to appear in the spectra. In a Be-1ike ion of aluminum, the

transitions from displaced levels of 2pif to those of 2p3d have not yet
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been identified. A prelimirary calculation of atomlc energy levels using
the Hartree-Fock approximation predicts that the transition array of 2p3d-
2p4if will appear near strong lines of 2s3d 3p - 284t 3F and a theoretical
pattern of the array calculated by Cowan's program(2,3) is also similar
tc the observed line group near 2s3d 3p - 2841 3F lines.

The strong lineg in the transition array mainly come from transitions
2pa4f 3G to 2p3d 3F levels, but the energy values for the lower levels 2p3d
3F of this lines are unknown. Therefore, energies of the 3F levels are
estimated from an isocelectronic seguence.

Slater integrals for the upper levels of 2p4f configuration in the
expressions of term energies ars experimentally determined from the
observed level energies by least-squares fit calculation. The strongest
line in the theoretically calculated spectrum did net fit to the experi-
mental one, so that the lower levels of the 3F were shifted to lower
values and procedure of leagst-squares fitting was repeated. As ghown in
Figure 2, the theoretically calculated transition array becomes to be very

gsimilar tc the experimental spectrum.

k
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" A4 Al x 2p3d - 2p4f transition array
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Fig. 2 Comparison between the spectrum obtained by the beam-foil experi-
ment(upper) and the theoretically generated one of 2p3d-2p4f transition of
Al X (lower).
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I.13 FUNDAMENTAL PROBLEM IN THE RELATIVISTIC APPROACH
TO ATOMIC STRUCTURE THEORY

Takashi KAGAWA
Department of Physics, Nara Women's University
Nara 630

1. Introduction

Interest in the relativistic calculation of structures
for multiply ionized ions has increased in recent years in
connection with the study on space and nuclear fusion
plasmas. In high-temperature plasmas observed in solar
corona or the Tokamak, most atoms including heavier cnes are
highly ionized.

In the theoretical calculation of energy levels and
oscillator strengths of highly ionized atoms, various
relativistic effects as well as the correlation effeccts
must be included into the theory adequately because the
relativistic effects become large as atomic number increases
or as degree of ionization in an atom become high. '

The relativistic formalism for many-electron systems
(1,2)

was firstly developed by Breit who obtained the
relativistic Hamiltonian for two-electron systems as a sum
of the Dirac one-electron Hamiltonian HD(i) and two electron
operators Ve due to the Coulomb and the Breit interactions,
given by

N

H = Z Ho(i) + V. : (1)

i

The Dirac one-electron Hamiltonian in atomic units is

written as

. _ . 2
Hy(i) = ca;'p, + ¢ Bi + V(ri), (2)

where V(ri) is the nuclear potential and c¢ is the velocity

of light. o and B are the Dirac operators in the matrix
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form,

The two-electron operators Vee is written as

1 ..
Vee = L0 { —— +Hgi, 91}, (3)
i<j r..
1]
where
> >
H_(i,§) = - _iilii._ i.(* . - 4
gli,3) = - 5 N l)(aJ Vj) Tiq- (4)
‘ 1]

The relativistic self-consistent-field (RSCF) method has
been used to calculate the wavefunctions and energy levels.
Two schemes for the RSCF eqguation are developed: One is the
relativistic Hartree-Fock or Dirac-Fock (DF) method(3) using
numerical integration method and the other the relativistic
Hartree-Fock~-Roothaan (RHFR) one(4’5) using a finite basis
set to describe orbitals.

The methods described above are based on a single
configuration wavefunction in jj-coupling for the state
considered. However, the magnitude of the relativistic
effects in each electron is different, namely, inner-shell
electrons move under the stronger nuclear potential than
outer-shell electrons. This means that atomic electrons
require different treatment for their coupling and
relativistic effects. The multiconfiguration Dirac-Fock
{MCDF) theory (6,7)

wavefunctions in intermediate coupling into the theory.

has been developed to introduce

Using the finite basis set method, we have developed the
multiconfiguration relativistic Hartree-Fock-Roothaan
(MCRHFR) method.(s) Theoretical calculations with these
methods have successfully been applied to the calculation of
structures for multiply ionized ions.

However, it is known that the relativistic atomic
structure theory contains a serious fundamental problem so
called the Brown-Ravenhall (BR) problem(g) or variational

collapse. This problem arises from the fact that the energy
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spectrum of the relativistic Hamiltonian for many-electron
systems is not bounded from below because the negative-
energy solutions as well as the positive-energy ones are
obtained from the relativistic eguation.

In this report, two methods to avoide the BR problem in
the relativistic calculation, that is, the projection
operator method and the general variation method are briefly

described.

2. Projection operator method
Firstly, the BR problem is mentioned for two-electron
systems.
We start with the Hamiltonian in eqg. (1) with N=2. If
Vee=0 in eg.(1), the wavefunction for the ground state, that
is, the lowest positive-energy state, can be obtained as the

product of the Dirac 1ls orbitals, so that the ground

1/2
state energy in this case is two times the ground state
enenrgy for the hydrogen-like atom. This situatiocn is

illustrated

in Fig. 1l{a). I
However . if oz LLLI1I1101) S 110717
one constructs — -

a wavefunction 0 —— e

as a product

of the Dirac -mgs ——— mme--

orbitals 71111111171 1111117117
belonging

to a positive- _ (a) (b}

and a negative-

energy continuum Fig. 1 The bound state (a) and continuum
states appropri- (b) states having the same energy
ately, he can for two-electron systems.

obtain the same

energy as the

exact ground state energy given above. The latter case is
shown in Fig. 1(b). Moeover, in the latter case, one can

construct infinite number of wavefunctions belonging to the
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same energy.

When the Vee is applied to the system, the bound state
shown in Fig. 1l{a) and the continuum one in Fig. 1{b) are
mixed, so that the transition preobability from the bound
state to one cf the continuum states having the same energy
become non-zero. This situation leads to the autoionization
process well known in the electron-atom or ion collisioh
experiment. If so, no stable bound state for the system can
exist, which contradicts the situation in actual systems.
This is the BR problem which one now encounters in
developing the relativistic atomic structure theory.

In order to remove the BR difficuty in the relativistic

(10)

formalism for many—eléctron systems, Sucher has proposed
the use of a modified Hamiltonian containing a projection
operator which projects the positive-energy solutions in the
relativistic wave equation. Following Sucher, a modified

Hamiltonian for many-electron systems is written as

N
H, = g Hp(i) + A V__A_, (5)
where
A, = A (1)A (2)5++reeh (N), (6)
NENES) i sl o, (7)

and ¢£+)(i) is an eigenfunction belonging to the positive-

enerqgy state for HD(i).

The problem in the use of the projection operator
method is that the projection operator for the system cannot
be determined uniquely. If the self-consistent-field (SCF)

local potential VSCF is given, eqg. {5) can be rewritten as
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N
Hy = ; Hp(1) + Vgep * MVee = Vgep) o (8)
where
Al = AL(L)AI(2) === -R!(N) (9)
and
RS o e e ). (10)

)(i) is a SCF orbital belonging to the

In this case, $R(+
positive-energy state.
‘The expectation value for the second term of H+ in eq.

(8) with respect to the V¥ {l,**+* N} becomes zero. This is

the condition that the Haigiee—Fock solution should satisfy.
S50 it is said that relativistic HF solutions with a
wavefunction expressed by the single Slater determinant
vield an approximate ground state energy for atomic systems
without the BR problem.

(11) for the Dirac -

Recently, a numerical calculation
equation with the pure Coulomb potential to test accuracy of
the projection operator method has been carried out and a

comment on the work also appeared(lz).

3. General variation method
In this section, the general variation (GV)
method(l3’l4)

Suppose that ¢ and W are the exact wavefunction and

is briefly described.

energy, respectively, for the system under consideration, we

obtain in the following eigenvalue equation,
H® =W_20 (11)

where H is the Hamiltonian for the system. In relativistic

cases, a variational wavefunction Y. can be expanded in terms
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of a complete set of the exact wavefunctions belonging to

o*) ana negative- ol

positive- energy states of the

Hamiltonian as

- (+) Z(+) (=) 2{(-)
vo=) CHI ) a; "oy, (12)
1 1
where a(+) and a(_) are expansion coefficients for positive-

and negative-energy states, respectively. As the GV method
can be shown to be valid for any Hamiltonian including
relativistic ones under consideration, we, for simplicity,
omit indices of (%) for a; and 51 in eg. (12), and write the

equation in the following form,

¥ o= Z a; 51' o (13)
1
where
, L B
g la;1* =1 for <¢i|®j> = 6ij' (14)

Now we write expectation values of the Hamiltonian and

its squared with ¥ as

E = <¥|[HIY> (15)
and

D = <¥|H2|Y>. (16)
We start with the following relation:

A = <¥|(H - EjZ[W>

= <¥|H®|¥> - 2E <Y¥|H|¥> + E?2

H

D - EZ, {(17)
The key inequality for an exact energy Wn in the GV method

is obtained by rewriting A in eq. (17) with the normaliza-

tion condition for ¥ in eq. (14) as follows,
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A= §|ai|2w; - 2E :ZL|ai|2wi + B2 |a, |2

= 2

= Llaglfow; - By?

1
1

_ _ 2

= (Wn E)

> 0. (18)
From the ineguality in eq. (18), upper and lower bounds for

an exact energy Wn with a variational wavefunction ¥ are

given by

E+ vV & >W >E=- A E (19)

n

This is the general variation (GV) method in which a
variational wavefunction is varied so as to minimize the
value of A. As mentioned above, it can be applied to any
systems including relativistic ones whose Hamiltonian is not
bounded from below.

Relativistic calculations for hydrogen-like systems by
use of the general variation method have been carried

(15)

out. Extension of the method to many-electron systems is

now, in progress.
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1I.1 RADIATION DAMAGE OF INSULATORS BY ELECTRONIC
EXCITATION

Noriaki ITOH
Department of Physics, Faculty of Secience,

Nagoya University, Furocho, Chikusa, Nagoya 464, Japan

I. Introduction

Energetic heavy ions impinging into solids lose most of their
kinetic energy by electronic excitation, whieh is known to influence
the radiation damag‘e or formation of iattice defects by radiation in
insulators(l). The degree how the electronic execitation plays a role
in forming radiation damage depends on materials. Some materials,
such as alkali halides(2), are damaged by electronic exeitation, while
in many materials synergistic enhancements of radiation damage in the
presence of elastic and inelastic encounters between incident partie-
les and solids have been observed(3,4). BSurfaces are also known to be
damaged by electronie excitation, as demonsirated by measurements of
laser-induced desorption and modification of surface structures(s).

The primary process of defect formation by electronic excitation
is known to be self-trapping of excitons and subsequent transformation
of the self-trapped exciton to defects originated from the adiabatic
instability in the configuration of the self-trapped excitons at a
certain exeited states(1,2,6), Thus, in discussing the radiation
damage induced by electronic excitation, it is convenient to divide
the insulators into three categories: (I) insulators in whieh excitons
are not self-trapped, (II) insulators in which excitons are self-
trapped but no permaﬁent defects are produced by electronic exeitation
and (IlII) insulators in which permanent defects are produced by electro-
nie exeitation.

The number of defects produced by electronic execitation in the
solid of type (III) is usually proportional to the number of electronic
excitation, namely to the fluence of incident partiecles. On the other
hand the contribution of the electronic excitation to radiation damage
in other materials is not necessarily a linear funection of the number
of exeitation: for example, the desorption yield by a laser pulse is a

super-linear function of the fluence of the laser pulse(?). Thus the
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most crucial information needed to understand the contribution of
electronic excitation on radiation damage is (i) to survey the types
of materials in which excitons are self-trapped, (ii) to understand
the origin of the super-linearity and (iii) to understand the mechan-
ism of the interplay between the radiation damages induced by electro-
nic and elastic encounters.

The purpose of the present paper is to review the experimental
studies carried out currently in our group for the purpose of elucida-
ting the contribution of eleectronic excitation to radiation damage in

insulators.

Il. Lattice relaxation associated with two interacting self-trapped

excitons(8)

The alkali halides are the materials in which the mechanism of
radiation damage induced by electronic excitation has been understood
most satisfactorily(2). Thus they are most suited to be used in
investigating the origin of the super-linearity, which may arise from
interaction of excitons. We studied lattice relaxation caused by
interaction of two exeitons in alkali halides by measuring lumines-
cence and F-center {vacancy) formation by irradiation with a laser
pulse of a wide fluence range. RbI and KI are considered to be
particularly suited to this type of studies.since free excitons are-
mobile but self-trapped in a short time and hence interaction between
free and self-trapped excitons is considered to take place at a reason-
ably high frequenecy.

Measurements have been carried out of the luminescence and opti-
cal absorption change in Rbl induced by irradiation with a XeCl exci-
mer laser pulse (308 nm). The intensity of the = -luminesecence which
is emitted in proportion to the density of execitation at a low fluence
was found to saturate as the laser fluence increases and a new lumines-
cence band starts to increase in proportion to the 4th power of the
laser fluence (Fig. 1). Nearly at the fluence where the new lumines-
cence bénd starts to increase, the F centers are found to be formed in
proportion to nearly the 4th power of the laser fluence. Thus it is
concluded that a free exciton interacted with a self-trapped exciton
is relaxed into defects or into a new luminescence center which may be

asecribed to a 0122— center.
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Fig. 1 The dependence on the intensity of the laser pulse
of the intensities of a -luminescence (open circle) and of
new luminescence {(closed circles) induced at high exeitation
density in Rb! at liquid helium temperature.

The result described above indicates clearly that the relaxation
of an exciton in the proximity of another exciton is different from
the relaxation of an isclated free exciton. The result can be regard-
ed as evidence for lattice relaxation under high density electronic

excitation being different from that under low density electronic

excitation.

111, Self~-trapped excitons in Alzg {9)
It has been well established that excitons in SiO2 are self-

trapped. We have undertaken experimentnal studies te deecide whether
excitons in A1203 are self-trapped. One way of proving self-trapping
of excitons is to show that a strong iransient lattice relaxation is

induced upon electronic excitation. For SiOZ, a transient volume

change, the decay time of which is the same as those of luminescence
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and transient optical absorption change over a wide temperature range,
has been shown to be induced upon electronic execitation. Thus it has
been coneluded that the self-trapped excitons emitting luminescence
and exhibiting transient optical absorption are generated. The con-
clusion has been further substantiated by an ODMR study(10).

For A1203, a transient volume change has been found to be induced
but no luminescence nor transient optical absorption change that has
the same decay time as the volume change was found, as for 8104, The
magnitude of the volume change, howevér, is found not ‘to be influenced
by doping of the crystal with Cr3t at a concentration of nearly 1 %.
Thus the volume change was concluded to be intrinsie possibly due to
self-trapped excitons. The decay time of the volume change was found
to be on the concentration of the Cr3t impurity and the result was
ascribed to the energy transfer from the self-trapped excitons to the
Cr}':

The result described above gives strong evidence for existence of
self-trapped excitons in A1203. Comparing with existing knowledge of
self-trapping of excitons for oxides, we note that the excitons are
not self-trapped in MgQ but self-trapped in SiO2 and A1203. The self-
trapping is appeared to be related to the ionicity, which is somehow
in accordance to the Toyozawa(ll) and Rashba(I2) criterions. |
IV, Structural change of GaP surfaces induced by laser irradia-
tion(13,14)

A few pieces of circumstantial evidence have been presented for

desorption and modification of the surface layers induced by dense
electronic excitation(5). The experimental studies so far have been
carried out under a condition where a substantial number of surface
layers are destroyed during measurements. We need to understand the
way how the surface is modified within a mono-layer regime by elec-
tronic excitation and how the clean surface reacts to photons to cause
modification.

We have investigated laser-induced change in the LEED patterns of
GaP (111) surfaces. In order to avoid the temperature rise. of the
surfaces, laser pulses near the indireet band-gap energy was used.

The threshold laser fluence that causes the change from the recon-

— 100 —
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structed (17x17) structure to the (1x1) structure for the indirect
band-gap photons was found to be nearly the same as that for the
direct band-gap photons. It follows that the surface modifieation by
the indireect band-gap photons, at least, can not be ascribed to the
temperature effect. Furthermore it is found that the wavelength depend-
ence of the threshold fluence has a dip near the indireet band-gap
energy (Fig. 2). Since the bulk optical absorption coefficient in-
creases monotonously by a factor of 200 as the photon energy increases

from the indirect band-gap energy to the direet band-gap energy, the
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Fig. 2 The dependence of photon energy of the threshold
laser fluence for laser-induced transformation from the
reconstructed (17x17) structure to the (1x1) structure of
GaP (111) surface.
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decrease in the threshold laser fluence near the indirect band-gap
energy ecannot be ascribed to the bulk electronic exeitation. Thus it
is concluded that electronic excitation at the surface causes surface
modification. The effect of the repetition of the laser pulse on the
threshold fluence was also measured and only a small dependence was
found. The result has been interpreted in terms of the super-linear
dependence of the laser induced effects.

The result described above shows that the electronic exeitdtion
at the surfaces modify the surface strueture in GaP. No bulk damage by
electronic excitation of GaP is known to be induced. Thus the process
is entirely different from the damage production in the bulk. A few
models have been presented so far but further experimental and theoret-
ical investigation is needed to elarify the mechanism of this surface

modification induced by dense electronic excitation at the surface.
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II.2 LATTICE DEFECTS IN SiC

Yukio KAZUMATA, Hiroshi NARAMOTO,
Norio MASAKI and Akira KIKUCHI®

Department of Physics, Japan Atomic Energy
Institute, *Faculty of Engineering, Ibaraki

University

1.Introduction

Silicon carbide has been utilized in various fields such
as the first wall material of a fusion reacter, a coating for
nuclear fuel and semiconducting devices. In these many
applications, the study of defects induced by irradiation is
not only an essential but also a commen problem to be tackled,
A variety of defects has beenlreported by several researchers
(1~ 8), particularly in a review article by Choyke(1).

As for paramaénetic defects, Balona and Loubser(2) have
reperted seven different esr spectira and they have proposed
the models relevant to the spectra. Veigner et al (3) have
found an isolated carbon vacancy in n-type 8iC by guenching
from high temperature. Besides these defects, nitrogen-
vacancy and exchange-coupled vacancy pairs have been observed
in n-type 8iC irradiated by fast neutrons by Vainer and
ITI'in{(4). Particularly, the relevance between nitrogen-
vacancy pairs and luminescence centers {D; and D, centers) has
been pointed out.

In heavily ion-implanted SiC, Raman spectra are found to
be rich in resonant and localized modes (1). Molecular Si-H
stretch modes to Si-H bonds formed at a carbon vacancy have
been observed at 2221 and 2247 en™! in HY? implanted crystals
(5). In heavily 1 implanted crystals, the 1435 cn~ ! band
observed has been attributed to a2 C=C bond due to two carbon
atoms forming a split <100 interstitiazl at a Si vacancy site
{6). The plaﬁar hexagonal ring network like graphite was also
found at 1400—1600 cn™! (7 - 8).

Amorphization by heavy bombardment and the influence of

oxygen lons at the surface to amorphization have been examined
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in polycrystalline X~-SiC by McHargue et al with Rutherford
backscattering and the nuclear reaction, 16O(d ,p)17€;
technique (9 - 10).

In spite of these many studies, comprehencive
understanding of lattice defects in 8iC is far fronm
satisfaction, and that no experiments have been done for the
~correlation between point defects and lattice disorder. The
experiments for paramagnetic defects and also the change of
Raman spectrum by ion bombardments are taken up in this paper.
Lattice disorder is reflected in Raman scattering and point
defects, particularly paramagnetic defects, are observed by
esr. In the earlier works described above, esr experiments
had been carried out in the ecrystal irradiated by neutrons and
electrons, while ion implanta{ions had been used for Raman
scattering. To obtain the correlation, in this paper, ion
bombardments were applied to study both esr and Raman
scattering. Two paramagnetic centers were found in crystals
irradiated by neutrons and ions, and plausible models
corresponding to these centers were proposed. The change of
Raman spectrum due to both acoustic and optical phonons were
studied as a function of the fluence of bombarding ions. The
Raman lines from the phonons at the center of the Brillouin
zone were less sensitive to the amount of defects, but the
lines from the phonons in the intermediate points in the zone
significantly reduced their intensities even by low fluence of

ion bombardments.

2. Experimental procedﬁres

Four different samples were used in this experiment.
These samples were named A, B, C and D sample. The A sample
was a transparent single crystal colored in pale green, and
the size was about 1.5x1;5 mm? in area and (0.2 mm in
thickness. The B sample was also a single crystal in a large
size of 20 mm in diameter and 30 mm in length. This sample
was transparent but in somewhat dark green coloration. In
the experiments, the sample was cut in the size of 4x10 nm< in
area and 2 mm in thikness. The C sémple was a single crystal

~as well but in opagueness colored in dark brown. The crystal
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structure of these three single crystals was confirmed to be
in 6H 5iC by x-ray difffaction. Finally, the D sample colored
in green with thin yellow was a polycrystal containing O(andp
phases synthesized by chemical vapor deposition (CVD} by
Toshiba Co.

These samples were bombarded by the variety of ions from
a van de graaff and a tandem accelerator at nitrogen
temperature (NT) in vacuum of 10-7 mmHg. After ion
bombardments, temperature of the samples was warmed up to room
temperature (RT) and the measurements by esr and Raman
scattering were done. The fluence of a bombarding particle
was monltored by an CRTEC Model 439 Digital Current Integrator
and a Model 875 Counter.

Esr was measured at NT %y a 9 GH, conventional
spectrometer made by Echeo Co. The cavity of the spectrometer
was operated in the TE011 mede with 100 kH, ‘modulation coils.
For measurements at XNT, a small quartz Dewar vessel was
inserted into the cavity. Esr frequency and static magnetic
field were measured with an HP-5246L frquency counter and a
proton rescnance spectrometer Echo EFM-30AD, respectively.
Raman scattering was measured at RT by NR-1000 Raman

spectrometer manufactured by Japan Spectroscopic Co.,Ltd.‘

3. Results and Discussion
3-1. ESR experiment

The results of esr are shown in Fig.1 for the four
samples before ion bombardment. In the A sample, three well-
resolved lines are observed, which arise from nitrogen donors
substituted for carbons in the host lattice. Even in the B
sample, three lines are also observed but the intensity at the
center of the lines is significantly stronger, as compared
with the result of the A sanple. The spectrum of the C
sample, at the third in the figure, shows a very complicated
feature, which is presumably due to the large amount of
impurity ions. Finally, in the D sample a narrow line 1is
ocbserved despite polycrystalline nature.

These four samples were irradiéted by neutrens and ions.

Typical esr spectra are shown in Fig.2 for different
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irradiation conditions., As shown in Fig.2(1), besides the
strong line at the center {g=2.0030), fine structure is
observed at NT in the A sample after the irradiation by
neutrons at a liquid helium temperature. Similar spectrum is
observed in the B semple irradiated by 100 MeV cto and N*'°
ions. However, nothing bu£ a strong line without any
structure was yielded by the bombardments of low energy light
ions and high energy heavy ions, for instance, such as 1.C MeV
DY and 150 MeV Au?t ions as shown in Fig.2(3).

An increase of the intensity of the central line was
studied as an increase of the fluence of bombarding ions. As
shown in Fig.3, any noticeable change is not observed at the
fluence of 1017 P+/cm2 by 1.0 MeV P* ion bombardments. At the
fluence of 1016 P+/cm2, the traﬁsparent A sample blackened to
be opaque and the intensity of the line increased
significantly. Further increase of the fluence up to 1017
P+/cm2 caused an additional line in the line. For 140 MeV
c18* ion bombardment, as shown at the bottom of Fig.3, the
additional line is seen as a small bump near the downward peak’
of the central line.

As described abecve, two different esr specira were
observed by icn bombardments. The spectrum with a fine

structure was analyzed by the spin Hamiltonian,
H=gg5 H+ 5 DS (1)

where the first term on the right hand side means zeeman
energy, and the second one is due to spin-spin interaction.
From the angular dependence of the spectrum, the parameters, g
and D, were derermined to be D=592.5 gauss, g”=2.002 and g
=2.0060. From these parameters, the model of VOc proposed by
Balona and Loubser {2) is acceptable, where VOc stands for an
uncharged carben vacancy.

Another specirum, the central line at g=2.0030, is hard
to deduce the model. The intensity of this line changes from
one sample to another sample even before irradiation.
Further, as described above, the intensity of the line

increased with an increase of the fluence. The results of esr
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experiments with +the samples quenched from high
temperaturte(3) and of channeling experiments (11) have
pointed out the presence of carbon vacancies in an
unirradiated sample. 411 these experiments presume that the

esr line 1s closely bounded up with a carbon vacancy.

3-2. Raman scattering

Raman spectra for the unirradiated sanmples are sheown in
Fig.4. Every Raman line in the A and B sample was assigned to
the normal modes from the experiment by a polarized light beam

and with the formula
1= c v [(n, + 1)/\)p] (e} Xppel)? | (2)

and by consulting with the figures in the reference (12). ~ In
ee.(2), C is a constent, VY is the Stokes-shifted Raman
frequency,'yp is the vibrational frequency of the oscillator,
n_ is the occupation number of the initial vibrational state,

P

e? is the Pth component of the unit polarization vector of
the incident light, eg. is the G th component of the scattered
light, and Nfsis the Raman tensor and given by Loudon (13).
The lines with the wave number less than 600 cm'1-a:e
associated with acoustic phonons while the lines between 700
and 1000 en~! are due to optical phonons. Two phonon mode 1is
observed at 1515 cm"1 as a broad band. Much difference cannot
be seen in comparison between the A and the B sample, but in
the C sample the lines associated with the accustic phonons
are missing. Further, in the D sample the lines from the
acoutic phonons disappear as well and some differences from
the above three samples are seen even in the lines from the
optical phonons.

The change of the Raman spectrum by irradiation is shown
in Fig.5 for the A sample on the 1 Mev P* ion bombardments.
No significant change is observed at the fluence of 1x1012
Pt/em?, An increase of the fluence to 1x1016 Pt/cm?
remarkably decreases the intensity of the Raman lines from the
acoustic phonons and the sample furned transparency into

opagueness. The results by 100 MeV ¢°* ion bombartdments is
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shown in Fig.5 in comparison with above figures. At the
fluence of 1017 P*/cmz, the lines from optical phonons
detoriorate remarkably and above this fluence samples will be
turned into amocrphous state. —

The line at 969 em~' is from the phonons at the center of
the Brilloun zone but the other lines are due to the pnonons
‘away from the center. Consequently, from this experimént it
will be concluded that the phonons at the center of the
Brilloun zone receive less influence by ion bombardments in
comparison with those at the intermediate and the boundary of

the zone.
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ESR spectra of four samples
prior to irradiation
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Fig.1 Esr spectra of four samples before ion bombardments,

measured at NT.

— 110 —



JAERI — M 87-134
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Fig.2 Esr spectra efter irradistions.
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Fig.3 The change of the central line with an increase of the

fluence for 1 Mev PY ion bombardment.
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Fig.4 Raman spectra of four samples before ion bombardments,

measured at RT.
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Tne change of Raman spectrum with irradiation
for A - sample
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Fig.5 The change of Raman specirum with an increase of the

fluence for 1 MeV P ion bombardment.
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II.3 FLECTRON IRRADIATION-INDUCED PHENOMENA IN ALLOYS AND
CERAMICS

Chiken KINOSHITA, Kiyomichi NAKAI and Sadakichi KITAJIMA

Department of Nuclear Engineering, Faculty of' Engineering,
Kyushu University

1. INTRODUCTION

The electron microscope, in particular the high ﬁoltage electron
microscope (HYEM), provides many experimental advantages for investigating
radiation effects. The most important advantage of the electron microscope
is that it permits direct observation of phenomena during electron
irradiation. Since the first use of electron microscopy for the in situ
observation of the nucleation and growth process of dislocation lcops
(11, it has been used to investigate not only radiation damage itself,
but also the kinetic process of point defects., Systematic experiments and
their analysis have led to an understanding of the fundamental aspects of
radiation damage in metallic, ionic and covalent crystals.‘ The purpose of
the present paper 1is to review the recent progress in the phenomena
induced by electron irradiation in alloys and ceramics. Particular
emphasis is placed on our results related to transformations, such as
irradiation-induced defect ageregation, chemical disordering,
precipitation, spinodal decomposition and amorphization. Most results have

been published elsevhere.
2. KINETIC BEHAVIOR CF POINT DEFEIITS_AND DEFECT CLUSTERS

A systematic understanding of the kinetic behavior of point defects
in alloys and ceramics has been tried through the observation of the
nucleation and growth process of dislocation loops in a high voltage
electron microscope. The solid sclution of Fe-7.5at/Mo (A), Fe-14.0at%Mo
(B), Cu-1.3at%Ti (C), Cu-4.9at%Ti (D) and Cu-47.0at’Ni (E) alloys and Mg0
were irradiated at temperatures from 300 to 1200 K. Dislocation looﬁs of

interstitial character are formed, and the loop nucleation stage is
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complete early in the irradiation. The size of dislocation loops was
followed as a function of time under irradiation at various temperaturés.
Loops grow with a relationship proportional to some power of the
irradiation time, the power is ~ 1/3 below Ty and approaches 1 above Tp
( To ~ 560, 580, 400, 410, 370 and 900 K for A, B, C, D, E and MO,
respectively ). The volume density €. and size D of loops after the rapid
" nucleation can be expressed by CL o ¢'2t" and D oc /3 and by D « ¢'/2¢
for the irradiation below and above Ty, respectively, where ¢ is the
electron flux and ¢ the irradiation time.

The kinetic behavior of interstitial loops should be directly related
to the behavior of point defects. The kinetics of loop nucleation and
growth may be classified in terms of the mobility of interstitials M; and
of vacancies My, nucleation sites of loops and so on. When
di-interstitials form the nuclei of loops at temperatures where only
interstitials are mobile, the density of interstitial loops saturates at
the beginning of irradiation and the loops grow in proportion to the cube
root of the irradiation time. This also happens in impure metals. The
dependences of volume density (| and size D of dislocation loops on t, ¢

and irradiation temperature T is (2]

G o oY%, D ooc 13 B¢y

Explicit expression for M, is M; = v exp(-Ex'/kT), where Ex' is the
migration energy of interstitials. When vacancies are mobile, or when
My > My = 100 ~ 1000 jump/s, interstitial dislocation loop may grow in

proportion to the irradiation time (2), that is

D o o722t | @)

The kinetic behavior of loops in A, B, C, D and E is in accordance
with the nucleation-growth model, in which di-interstitials are stable
nuclei of loops. The model characterizes Ty as the temperature where the
mobility of vacancies in the each alloy becomes effective. According to
the model, the dependence of (. and dB/dt on irradiation temperature.below
and above Tg is respectively related to the migration energies of
interstitials Ey' and vacancies Ev'. Experimental results are used for
getting By' = (3.0 + 0.6) x 102 J and Ey' = (1.6 £ 0.1 ) x 1079
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for A, Ef'= (28+06) x10®J andE' = (2.6 £ 0.83) x 1079 J
for B, By = ( 1.2+ 04) x 10® J and Ef = 1.3 x 10 I for C,
Ef = 1.3x 10" JforDand By = (3.8+ 0.7) x 102 J and By =
1.2 x 107" J for E (3, 4, 5] .

For diatomic oxides such as MgO, it is seldom the case that
displacement rates are identical for both anions and cations ; nor in
~general will defect mobilities for each ion be the same. Conseqﬁently.
those features of diatomic oxides have to be taken into account for
describing the nucleation and growth process of loops. Following the
similar treatment to that for getting Egs.(1) and (2), we adopted the
pseudo-chemical rate theory for describing the nucleation and growth
process of loops, and got equations analogous to those in metals, or
Eq.(1) and Eq.{(2) (6] .

The kinetic behavior of loops in HgO follows Eq. (1) and Eq.(2), below
and above 900 K, respectively, and implies that the loops nucleate with
one pair of Mg- and O-interstitials. At temperatures above ~ 900 K, the
size of individual loops was traced and the temperature dependence of the
growth rate of the loops is used for yielding the migration energy for the

slower vacancies, presumably O-vacancies, as (3.1 £ 0.3) x 10'9 J 7y .
3. IRRADIATION-INDUCED CHEMICAL. DISORDERING

In atomic displacement processes, replacement collision sequences
play an important role as a medium for transporting energy and mass
through crystalline materials. Most of the displacement occur via the
replacement collision sequences, leaving the vacancy at the beginning of
the sequence and depositing the excess atom as an interstitial at the end
of the sequence. When superlattice alloys such as FeAl and NizAl are
irradiated with high energy particles at low temperatures, where
interstitials and vacancies are immobile, the displacement énd/br
replacement collisions are accompanied by chemical disordering. Two
chemical disordering mechanisms involve : (1) replacement collisions along
mixed atom rows , and (2) the recombination of displaced atoms with
vacancies on the “wrong”™ sublattice,

The HVEM has been used for measuring the change in long-range order
parameter S of alloys during electron irradiation, and results have been

discussed in terms of the chemical ordering and/or disordering mechanisms.
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However, the superlattice intensity method has mostly been used for
measuring S, which is the electron microscopy analdg of the classical
X-ray method . This method is very convenient to use, but dynamical
electron diffraction effects produce seriocus ambiguities in experimental
data. Kinoshita et al. {8), on the other hand, proposed a method of
determining S from measurement of thickness fringes in electron
" micrographs. They applied it to clarifying the dominant mechanism for
electron irradiation-induced chemical disordering of Fe-48.6at%Al which
has BZ-type superlattice and a high concentration of structure vacancies
[9) . The extinction distance of the 100 superlattice reflection of
Fe-48.6at%A]l at the exact 200 Bragg position depends more strongly on S as
the electron energy increases. The relative positions of the thickness
fringes in 100 and 200 dark-field micrographs taken at the exact 200 Bragg
condition were related to S by the mahy—beam dynamical theory with an
appropriate choice of atomic scattering factors based on the experimental
results. The variation under irradiation was measured for irradiation
along directions near <I100> and <110> with electrons of energy
0.25 - 1.25 MeV at room temperature. The values of 8 decrease with

irradiation time t, and follow the equation

S = 8 exp(-Ket), | - )

vhere Sy 1is the initial value of S, K the chemical disordering
cross-section which can be expressed in units of barns and ¢ the electron
flux. The values of K increase with increasing energy of electrons and are
independent of irradiation directions. Equation (3) is also supported by
theoretical predictions based on disordering mechanisms (1) and (2). With
the use of the electron-atom collision theory the theoretical
cross-section K based on mechanism (1) depends strongly on irradiation
direction, which is not shown by the experimental results. The successful
application of mechanism (2) to the results suggests that recombination of
displaced atoms with vacancies on the "wrong® sublattice is the dominant
process for disordering in Fe-48.6at%Al alloy, which contains a high

concentration of structure vacancies.

4. TRRADIATION-INDUCED PRECIPITATION AND SPINCDAL DECOMPOSITION
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The effects of electron irradiation on phase stability have been more
extensively studied in alloys, where displacements are solely due to
direct displacement, not only because of scientific interest, but also for
the assessment of nuclear materials. Two types of irradiation-induced
precipitation have been found in many systems, and a number of mechanisms
have been suggested to explain these phenomena. One is inhomogeneous
precipitation around point defect sinks. This type of irradiation—induced
precipitation has been successfully interpreted as resulting from the
accumulation of solute atoms that have drifted toward defect sinks or the
matrix. The other is homogeneous in the form of coherent or incoherent
precipitates. A brief introduction to our new phenomena and possible
mechanisms of homogeneous irradiation-induced phase transformation is
given here {3, 4, 5, 10] .

Electron irradiation induces y and/or ¥y’ phases in Cu-1.2at%Be alloy
above the solvus temperature (> 573 K) where fcc single phase is expected
in the phase diagram. The irradiation—indﬁced precipitation is observed at
higher temperatures as the electron flux ¢ is increased. The nucleation of
precipitates is completed within 100 s from the beginning of irradiation,
and the density stays constant for incresing irradiation time f. The
saturated density of precipitates Cp is proportional to @“Q, and the size
of precipitates Dp reaches a plateau with t after linear growth in the
early period, t = tg, of the irradiation. The value of ¢y increases with
increasing ¢ and irradiation temperature T. In « Cu-Be alloys Be atoms may
form mixed dumbbell interstitials (MDIs), and di-MDI may be stable. On the
assumption that a di-MDI and/or a complex of an impurity and the di-MDI
act as a nucleation site of the precipitate and the growth of precipitates
is due to the flow of MDIs into them, the behavior of precipitates, which
is analogous to the nucleation and growth process for interstitial loops
in metals, may be understood (10] .

Electron irradiation also induces a modulated structure in Fe-14at?Mo
even at temperatures higher than the spinodal temperature (~ B80 K) of
the alloy (3) . The modulated structure is along the <100> direction and
accompanies satellite spots along the same direction on the corresponding
diffraction pattern. The wavelength of the modulated structure A remains
constant for increasing irradiation time after rapid formation of the
modulated structure. Such kinetic behavior, according the Cahn-Hilliard
theory, suggests a modulated structure being induced by spinodal
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decomposition. The Cahn-Hilliard theory gives the wave number of modulated
structure g, (2z/4) in terms of the spinodal temperature T as

Bl o< ( T — Ts ), (4)

where T is the annealing temperature. If Eq.{(4) holds for spinodal
" decomposition under irradiation, a plot of observed $,° versus T, which is
irradiation temperature in this case, should be linear and should
intersect the T-axis at Ts. The plot shows a decrease in $,° with
‘increasing T and abrupt changes around 600 K. Below and above 600 K the
kinetics of interstitial 160ps confirms, respectively, Eqgs.(1) and (2),
showing vacancies sufficiently mobile above ~ 800 K. The
irradiation-induced spinodal decomposition, therefore, is strongly related
to the behavior of point defects, and is presumably due to the relaxation
of the coherency strain in composition modulation with point defects
(4, 8] .

5. IRRADIATION-INDUCED CRYSTALLINE-AMORPHOUS TRANSFORMATION IN CERAMICS
(1)

In order to provide valuable insights into the mechanism of
irradiation-induced amorphization, single (S) and/or sintered (P) graphite
S, P), SiC (S, P), ZrC (P), TaC (P), WC (P), BN (P), SisN; (P), AIN (P)
and ZrQ (P) were irradiated at temperatures from 130 to 300 K in the HVEM
with 1 MeV electrons up to 2 x 10 electron/m®. None of those crystals
except graphite is amorphized at 300 K. At 130 K, however, SiC other than
graphite is completely amorphized. The required fluence is approximately
constant at temperatures below 230 K. At temperatures between 230 and
300 K, the required fluence increases very quickly with irradiation
temperature. The required fluence was also determined at 130 K as a
function of electron energy and electron flux ; it is independent of
electron flux, but decreases with increasing electron energy. Thus, the
cross-section for amorphization decreases with increasing electron energy,
as that for elastic collisions does.

Approaches on the basis of bond type or homologous crystallization
temperature were considered as an empirical guide to whether substances

will amorphize on ion impact. The impact 2zone of a 1 MeV electron,
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however, can not be regarded as a liquid zone which is indispensable for
the homologous crystallization temperature criterion. Therefore, the
production of cascades is not the necessary condition for the irradiation
induced amorphization, and the bond type criterion seems to be the best,
Accumulation of defect concentration = 10% may lead to amorphization. In
the case of electron irradiation, the maximum defect concentration of 1/Z,
Z being the number of sites within a spontaneous recombination volume, is
expected. However, the condition such as Z = 10, which achieves the
critical defect concentration, is not realistic. Structural topology,
whose importance was originally pointed out for amorphization of Si0:>, may

play an important role for stabilizing the critical defect concentration.
6. CONCLUSIONS

Energetic particles induce point defect clﬁstering and chemical
disordering. In some cases, they also induce phase transformations, such
as precipitation, spinodal decomposition and amorphization. The electron
microscope, in particular the HVEM, provides many experimental advantages
for investigating radiation effects. Our recent progress in studies on

irradiation-induced transformation in alloys and ceramics is reviewed.
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ITI.4 TRRADIATIOR EFFECT ON ION CONDUCTIVITY OF LITHIUM OXIDE

*
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Satoshi SUZUKI , Mikio HORIKI and Hitoshi WATANABE

Department of Fuels and Materials Research, Japan Atomic

Energy Research Institute,'*Faculty of Engineering,

Nagoya University

1. Introduction

Lithium oxide (LiZO) is a very attractive candidate of a solid tritium
breeder material of D-T fusion reactors, because of its high tritium breed-
ing potential. L120 will be irradiated by neutrons with energies up to l4
MeV during operation of the fusion reactor, and a huge pumber gf irradiation

defects will be introduced in Li2

themselves, triton (2.7 MeV) and helium ions (2.1 MeV) produced from
6

0 by the high energetic neutrons

Li(n,dDBH reactions. These defects will induce swelling and cracking of
L12
tritium and helium as well as of lithium and oxygen atoms composing LiZO.

0 (1,2}, and furthermore they may have a large influence on migration of

Ion conductivity of L120 depends on impurities and lattice defects in-
cluding the irradiation defects, and alsoc reflects migration behavior
(diffusion) of lons composing Lizo. Recently, the ion conductivity of non-
irradiated LiZO was investigated in the temperature range from 570 to 1420 K
to evaluate the self diffusion coefficients of lithium ions (3,4). In such
studies 1t was found that there was a close relationship between diffusivity
of 1lithium jons and that of tritium. So, the irradiation effect on the
migration behavior of tritium as well as lithium ions cén be studied by
measuring the ion conductivity change due to the irradiationm.

In the present study, the ion conductivity of a LiZO single crystal
specimen irradiated with oxygen ions was measured and the correlation be-
tween the ion.conductivity and the irradiation defects or correlation be-

tween diffusivities of tritium as well as lithium ions and the irradiation

defects were discussed.

2. Experimental

The specimen used was a thin plate of LiZO single crystal (about 7 mm
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in length, 8 mm in width and 0.3 mm in thickness). The specimen was an-
nealed at 1270 K for 10 h in vacuum better than 1:&:10’_3 Pa to eliminate OH
ions or LiOH in/on the specimen. After the annealing, the specimen was
mounted on the specimen holder as quickly as possible, and then the holder
was set to the stage for the ion conductivity measureﬁent in an irradiation
vacuum chamber which was attached to the Tandem accelerator at JAERI.

The specimen was irradiatéd using the Tandem accelerator by oxygen ions
with energy of 120 MeV. 1In the irradiation, the oxygen ion beam was
projected to the specimen in the direction of thickness, and the projected
range (penetration depth) of the oxygen ions irradiated for L120 is about
0.1 om. So, a third part of the specimen in the direction of thickness was
irradiated. Measurements of the ion conductivity along the direction per-
pendicular to the direction of the thickness were conducted "in-situ" in the
irradiation chamber with the two-terminal ac method using YHP Model 4192 A
or 4194 A impedance analyzer after interrupting sometimes the successive
irradiation. The conductivity was determined by measuring the complex im-
pedance in the range from 0.5 to 200 kHz. The total oxygen ion fluence of
3.5x10'? ions/m2 was attained.

After the irradiation, the recovery behavior of the ion conductivity
was investigated by isochronal annealing experiments. The specimen ir-
radiated was heated for 90 min. at each annealing temperature from 520 to

570 K.

3. Results and discussion

Prior to the irradiation, the conductivity of specimen was measured in
the temperature range from 411 to 519 K in the vacuum irradiation chamber.
Fig. 1 shows typical examples of the complex impedance plots of the L120
specimen at various temperatures in the frequency range from 0.5 to 200 kHz.
The bulk resistances are shown as the intersecting points of semicirculars
with real axis (absgissa of Fig. 1). The relationships between the conduc-
tivity before the irradiation and reciprocal temperatures are shown with
those extrapolated from the data of as-received and well-amnnealed L120
single crystal specimens measured by Ohno et al. in Fig. 2. The measure-
ments were done two times (the first run and the second run). Both data are
almost identical and slightly smaller than those of well-annealed specimen
by Ohno et al. It was shown in the studies by Ohno et al. that the ion con-
ductivity of L120 is very sensitive to the content of OH ions included in
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Fig. 2 Relationships between the ion cbnductivity

before the irradiation and reciprbcal temperatures.
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the specimen and that the OH ions raise the conductivity (3). In view of
this, the content of OH ions of the specimen in the present study was found
to be smaller than that of well-annealed specimen in the study of Ohno et
al, .

Fig. 3 shows the ion conductivity at 489 K as a function of measurement

time for each measurement at various fluence (7.1x1018, 2.5x1019 and

3.5x1019 ions/mz) together with that before the irradiation. Each ﬁeasure—
ment was started when the specimen temperature of 489 K was attained. The
conductivities at each fluence and before the irradiation decreased with the
measurement time and then the constant values of conductivities were at-
tained after 104 8. This decrease of conductivity with measurement time was
assumed to be due to desorption of water or OH ions near the surface of
specimen, which arose from adsorption of water vapor in vacuum at tempera-
tures lower than the measuring temperatﬁre (489 K) before the irradiation or
during the irradiation. Such adsorption-desorption behavior of water near
the surface of L120 in vacuum was confirmed by an experiment in which be-
havior of water or hydrogen near the surface of LiZO single crystal specimen
in vacuum at various temperatures was studied with elastic recoil detection
method using 2.0 MeV helium ions (5). Consequently, the constant values for
each measurement can be regarded as the ion conductivity of the specimen,

In Fig. 4 the ion conductivity of the Li.0 single crystal specimen at

489 K is shown versus the oxygen ion fluence.2 The conductivity decreased
with the fluence in the examined fluence range (up to 3.5x1019 ions/mz).
This suggests that diffusivity of lithium ions is decreased by the
irradiation. If the diffusion of lithium ions is closely related to that of
tritium, it can be said that the diffusivity of tritium is decreased by the
. irradiation, i.e., introduction of irradiation defects.

Recently, the diffusion coefficients of tritium in L1i,0 single crystals

were measured in the temperature range from 550 to 950 K (g). In the study,
the values of diffusion coefficient below 570 K deviated to the slightly low
values from the line of Arrhenius' plot which was fitted for the data above
570 K. This result is qualitatively in good agreement with the data ob-
tained in the present study.

The recovery behavior of the ioﬁ conductivity was observed by measuring
at 489 K after each annealing, and it 1s shown in Fig. 5. The decrease of
conductivity due to the irradiation was completely recovered in the tempera-

ture range from 520 to 570 K. This recovery temperature range is similar to
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Fig. 3 The ion conductivity of Li, O at 489 K

2
versus measurement time for each measurement at

various fluences and those before the irradiation.
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Fig. 4 The ion conductivity of Li,0 at 489 K

versus the oxygen ion fluence.
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that of the F+ centers which are predominant irradiation defects in LiZO (7-
9).

The ion conductivity of L]'.20 reflects migration behavior of lithium
ions( i.e., mobility and concentration of lithium ions), since the dif-
fusivity of lithium ions is much larger than that of oxygen ions. S0, the

conductivity can be expressed by

(TzNe )7%;/1%.; &)

where N is the number of lithium ions, ?Zv‘_mol fraction of lithium fon
r
vacancies, /thi mobility of lithium

ion vacancies. The lithium ion

vacancies have negative charge, while : Tsochronal Annealing
the F' centers have positive charge. Li0 Single Crystal
Therefore, the lithium fion wvacancies Z-B“qummmd. (0]
are electrostatically attracted by 27r
the F+ centers. The F+ centers are _ 28l ’Ion Conductivity
immobile below their recovery e - T=489K
temperature. Consequently, the Tc.: 25
decrease of ion conductivity (the o 24}

w2
decrease of diffusivity of lithium =
ion) can be attributed to the o 23
decrease of mobility of lithium ion 22l -
vacancies due to retardation by the
F+ centers or the decrease of the Z'I:E_u , . , , , .
number of mobile lithium ion %o %00 400 500 €00 700 8OO
vacancies due to trapping by the F+ Amediing Temperature (K}
centers. However, the above- Fig. 5 The recovery behavior of
mentioned result is preliminary, and the ion conductivity of Li,0
further investigations are required lrradiated Wi_th oxygen ions.

to clarify the irradiation effect on
diffusivity of lithium ions or
tritium and the mechanism of the ir-

radiation effect.
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II.5 DETERMINATION OF THE PHYSICAL STATE OF IMPLANTED HYDROGEN

IN 5i BY RBS COMBINED WITH ERD USING AHE IONS

Sadae YAMAGUCHI, Akio SAGARA*, Khoji KAMADA*, Yutaka FUJINO#*#*

Institute for Materials Research Tohoku Univ., *Institute of
Plasma Physics Nagoya Univ., *#*Department of Nuclear Engineer-

ing Tohoku Univ.

Rutherford backscattering spectrometry (RBS) combined with elastic recoil
detection (ERD) is applied to the characterization of hydrogen implanted into
5i and He implanted Si. By monitoring the hydrogen concentration in the tar-
get with ERD, backscattering measurements of He ion proﬁide the information
of the energy loss in the implanted hydrogen atoms. The results indicate that

there are some difference in energy loss between gaseous and solid state.

1. Introduection

In the past few years, the behavior of hydrogen atoms implanted intc ma-
terials has become a target of research from the technological interest in the
field of fusion research. In plasma machines, high fluxes of'hydrdgenfisotopes
are implanted into the first walls surrounding the plasma. The retention in
the surface layer, the diffusion into bulk material, and the release of the
hydrogen are of importance for the plasma composition, the mechanical proper-
ties of the wall and the tritium inﬁentory in future devices.

For non-implanted systems, the behavior of hydrogen in metals has been
despribed in numerous papers and reﬁiews(l). In the defect-free metal, hydrog-~
en .atoms are dissolved interstitially and hence are highly mobile even arround
room temperature. For ion-implanted systems, howeﬁer, the formation of gas
bubble or hydride precipitates near the surface is favoured compared to the
diffusion into the bulk, due to the large local concentration achieﬁable by
ion implantation. The knowledge of physical state {gas, liquid or solid) and
chemical binding of the implanted ions is important to understand blistering
and hydrogen embrittlement of the first wall. '

In this paper, we report the determination of the depth distribution of
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15-keV protons implanted into Si and He implanted Si at room temperature by
both Rutherford backscattering and elastic recoil detection using-&He ions,
and suggest the possibility to study the physical state of the implanted
ions through the change of stopping power for fast charged particles in

medium.

2. Experimental

. The high energy ion beam analyses were carried out in a vacuum chamber
which was connected to a 2.5 MV Van de Graaff accelerator for analysis and
a 200 kV Cockcroft-Walton accelerator for implantation (Fig. 1). A‘system
pressure of less than 1x 1078 Torr was maintained during the analysis and
implantation. The hydrogen concentration was measured by elastic recoil
detection as well as Rutherford backscattering. Two surface barriér detec-
tors were used in the experiments. One of them was installed at a scatter-—
ing angle of 20° and equipped with a Mylar abserber of 9 ym thickness in
order to suppress elastically scattered 4He ions. This detector provided
recoil proton spectra. The second detector measured the back scattered 4He

ions at 150° scattering angle.

3. Results and discussion
Two types of targets have been used in this investigation: (1) silicon
single crystal [abbreviated as

Si]; (2) silicon single crystal

preimplanted with 20-keV 4He at -~ TMP.

17 2 Differential
fluence of 1x 10" He/em™ [He pumping
implanted Si]. Faraday-cup —

Figure 2 and 3 shows a back- ‘ shutter B
Differential 45 olifis

scattered energy distribution of pumping

1.5 MeV He for 5i targets before T.M.P.
Sampie holder

and after the implantation of

20-keV helium jons at a fluence
17 2 ¢4 olifis

of 1x 107" He/em” at 293K in a :
T.M.P,
ramdom direction, respectively. & SIP.

From the comparisen between

ig- i t
Fig. 2 and Fig. 3, it will be Fig. 1 Experimental setup
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seen that the implantation of light ions lead to a decrease of the electronic

stopping power at the depth corresponding to the projected range for the imp-

lanted ions(2).

The implantation of 20-keV protons has been carried out to a fluence of

1
6x 10 7H/cm2 succeeding the RBS measurements described above. Rutherford

backscattering spectra as well as -the recoil proton spectra have been taken
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Fig. 4 Backscattered energy distribu- Fig. 5 Backscattered energy distri-

‘tion from Si target after H

implantation.
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simultaneously after the proton implantation. The same angle of incidence

and deflection have been used for all measurements.

Figure 4 and 5 shows a backscattering spectrum from $i and He implanted
2

3

Si after the implantation with 20 keV proton to a fluence of 6 x 1017H/cm
respectively. The backscattering yields from the H implanted specimens are
clealy lower than those before the H implantation. If one assume the Bragg's
rule to stopping power for the H implanted Si, the experimental ratio between

the signal height in the energy spectrum is related to the H concentration

as follows, Target Virgin Implanted
H(Ei)Virgin- H(Ei)lm.p' . HE (el ERD ’ 2.4 3.2
a RBS(Gas 2.05 3.0
H(Ei)Imp. Ny lelgy (Cas)

RBS(Solid) 2.5 3.6

where NH/NSi is the concentration ratio
f hyd d sili . iti

of hydrogen and silicon. The quantities Table I H concentration

[e]S:.L and [e]H are the backscattering

cross section factors for the probe iops at Ei con 5i and H, respectively.
Figure 6 shows the concentration distribution of the implanted hydrogen
evaluated from the backscattering spectra, here we adopt the stopping power
for gas state hydrogen as given by Ziegler. From the ERD measurements, we
determined independently the hydrogen concentration at the same time. The
results are listed in Table 1, together with the results obtained from the
RBS measurements using both the stopping power for solid'state and that for
gas state. It will be seen from this table that the hydrogen atoms in the He
implanted samples may be in gas state, whereas the hydrogen in the Si samples

without the He implantation are in solid state. The value of stopping power

for hydrogen in the solid polymar of — ! '
+ ; Yirgin
hydrocarbon is smaller than that in ob 0 : Implanted 1

u
o
=
o
3

the corresponding moncatomic gas as
well as those of Ziegler.

2.0t

It is well established that the

implanted He precipitate as gas bubble.

—
=]

The hydrogen atoms implanted into He

H CONCERTRATION (1022 atoms/cm®)

implanted samples may be trapped in

L ) . A A .

] 1000 2000 3000 4000 5000 6000
N

DEPTH (A)

the He bubble as the gas state.

References Fig. 6 H distribution for Si and He
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implanted Si determined by RBS.
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I11.6 ANALYSIS OF Nb-Mo ALLOY WITH ENERGETIC HEAVY I1ONS

Hiroshi NARAMOTG, Kiyoshi KAWATSURA, Masao SATAKA, Yasuaki
SUGIZAKI, Yohta NAKAI, Kunio OZAWA*, Sadae YAMAGUCHT**,
Yutaka FUJINO** and Matto AQKI*%%*

Department of Physics, Japan Atomic Energy Research
Institute,*Energy Research Laboratory, Hitachi Ltd. ,

*Faculty of Engineering, Tohoku University, *%*%The

Institute for Solid State Physics, The University of Tokyo

1. Introduction

High eneregy heavy ions interact with atoms in solids in the various
manners like high density excitation of electrons, elastic scattering and
nuclear excitations depending on the pfojectile energy and the projectile=
target combination. In the crystalline sclids, incident ions feel the axi-
al potential arising from the atomic strings, and these are anomalously
transmitted along the crystallographic direction, which is called channel-
ing. The above processes can be utilised to analyse the behavior of speci-
fic atoms in crystalline solids, which will become more effective than the
standard ion beam analysis(1).

The location of hydrogen isotopes is inevitable information to under—
stand the diffusional properties in the energy devise materials(2). Much
interest has been devoted to look at the atomic behavior of hydrogen iso-
topes in the transition metals(3). However, the details of site preference
in crystal lattice has not been clarified satisfactorily. The addition of
substitutional solute atoms expands the solubility limit of hydrogen in
Nb, which suggests the strong interaction of hydrogens with the solute
atoms{4}.

.In order to investigate this situation more microscopically, are em-
ploved two complementary methods, IBA(ion beam analysis) with high energy
heavy ions and PAC(perturbed angular correlation of r~-rays}. The present
report describes the results of IBA on (Nb Mo 2)00.075&111031 specimen using

0.8 0.
35Cl ions. RBS(Rutherford Backscattering Spectroscopy), PIXE

high energy
(Parti-cle Induced X ray Emission) and NRA(Nuclear Reaction Analysis) are
utilised to distinguish the information from the constituents, and in ad-
dition, are alsc shown the preliminary results of PAC experiment using
100-Pd/100-Rh nuclei introduced through the nuclear fusion reactions of

93 .
C ions with Nb in a target.
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2.Experimental procedure

Nb-Mo alloy with 20 % Mo contents was grown by an electron beam zone
melting technique under the ultra high vacuum, and the solute content of
Mo was determined to be about 20 % in atemic fraction through the PIXE
process. Three Kkinds of ion beams were used to detect the three kinds of
elements distinguishably in (ququlz)%}oﬂflloy. In this alloy system, a
conventional RBS analysis is not effective, and 80 MeV 3501 ions from a
JAERT tandem accelerator were bombarded to specimens to induce the cha-
racteristic x-rays from Nb and Mo atoms. Deuterium atoms dissolved ther-
mally into specimens.were analysed using the nuclear reactions of D with
750 keV 3He ions, D(3He,a)H. Protons were also supplementarily used to

3501 ion bombardment. The details

compare the PIXE results with those by
of experimental arrangement were already described elsewhere(5). The sepa-
ration of two adjacent peaks of K& x-rays from Mo and Nb atoms was per-
formed using a Si(Li) x-ray detector with the resolution of 163 eV for Mn
Ka x-rays(5.9 keV). .

For the PAC experiment, thin foil targets of Nb with 10 um thickness
TZC

ions to introduce the

12C with 9";Nb. In the

were prepared and were irradiated with 100 MeV
100-Pd/100-Rh nuclei through the fusion reactions of
introduction of PAC probes, the target temperature is the critical factor
to control the induced defects and to incorporate hydrogen isotopes into
a specimen by diffusion within a vacuum chamber for the ion beam énalysis.
The two dimensional temperature distribution of a foil specimen was mea-
sured under the inbeam condition of12C ions detecting the photons in the
infrared region. A specially designed detecting system(6T61) with a HgCdTe
detctor was prepared for two dimensional scanning by Nihondenki Sanei Co.
For the PAC measurement, a new ?-ray detectingsystem was developed to col-
lect the angular correlation information with four 7-ray detectors which
are placed perpendicularily with each other. Fig. 1 illustrates the block

diagrams of this system. In this system, Both of 6 angular correlation and

4 energy data are obtained simultaneocusly.

3.Results and discussion

Fig. 2 shows x-ray spectra from Nb(}.gl"loﬁ.2 alloy specimen induced by
80 MeV 3501 bombardments. The yield in the lower energy region was reduced
to avoid the influence of pile-up in the spectra using Al filter with 51
um thickness. In this figure, 1t is clearly seen that the x-ray yield dec-

reases drastically with changing the incident beam direction from random
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to <100> crystallographic axis, and that the K x-ray peaks from Nb and Mo
are well separated. These results suggest the channeling analysis using
the PIXE process is effective even in Nb-Mo alloy crystal. As a result

of multiple ionization by 3¢C1 ion bombardment, some shift of about 100 eV
is observed toward the higher energy side for the peak energies of Nb and
Mo characteristic x-rays. The Mo content was determined to be about 20 %.

Fig. 3 shows the angular scans around the <100> axis for Ke x-rays
from Nb and Mo atoms in alloy and pure Nb crystals when bombarded with 80
MeV 39Cl ioms. In this figure, it is observed that the full widths at the
half maximum in the channeling dip curves are the same within the experi-
mental error for Nb and Mo, and these are much smaller than that in pure
Nb crystal shown with the data guided by a solid line. This decrease may
be attributed to the lattice distortion introduced by the addition of
solute elements

In the energy region mentioned above, the cross-section of Rutherford
scattering is decreased to about 2 % of that for 2 MeV He ions, and the
analysis of backscattered 35C1 ions is not effective. In order to make
sure the above results, the RBS analysis was made using 1.6 MeV protons.
Fig. 4 shows the yield change of backscattered protons when scanned around
the <100> axis of pure Nb((a)) and of qusMoo'zalloy((b)). The incident
1.6 MeV protons can not distinguish Nb and Mo atoms because of the elastic
scattering kinematics, but it is confirmed also in the RBS analysis that
the addition of Mo solutes makes the dip width of channeling decreased
from 1.29° to 1.15°.

After the above measurements, deuterium atoms were introduced ther-
mally to the content of about 7.5 %. In this specimen, the channeling ex-
periment combined with PIXE process was also made around the <100> axis
using 80 MeV 35Cl ions. Fig. 5 shows the results of these angular scans.
Data points with open and solid circles correspond to the X-ray yvields
from Nb matrix and the solute Mo atoms, respectively. The data points with
triangles are from bremsstrahlung, but this result is not discussed any-
more. In this figure, it is observed that the widths of the channeling dip
curves are widened up almost to that of pure Nb, and that some noticeable
difference is induced between the dip curves for Nb and Mo. The above
result probably reflects that the introduction of deuterium atoms can
relieve the internal strain around the under-sized Mo atoms. This inter-
pretation is consistent with the dramatic increase of the terminal! solu-

bility of hydrogens in Nb-Mo alloy system(4).
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The result of the previous figure also suggests the existence of
strong interaction of Mo with deuterium, which will influence the site
preference. To make clear this problem, the channeling experiment was made
around the <100> axis, the (110) and i;OO)'plane in (Nb0'8Moﬂ_2)DOiﬂ5alloy

specimen for the incident 0.75 MeV “YHe ions. Fig. 6 shows the planar=
scanned curves around the (110) and (100) plane. The yield of backscat-
tered He ions forms a dip as shown with a solid line. However,thé reac-
tion yield from deuterium atoms forms a peak just around the (110)plane,
and on the contrary, the yield around the (100) planc shows the dip cha-
ractor. These results with the peaking of deuterium around the <100> axis
indicates the octahedral occupation of deuterium atoms.

In order to investigate this site-preference from the microscopic
point of view, we have started the PAC study with a rather preliminary
experiment. Fig. 7 jilustrates the temperature distribution of Nb foil
specimen under the in-beam condition of12C ions. The position of beam spot
(5 mm¢ ) is denoted by a "+" mark, and the specimen size(10 x 10 mmz) is
illustrated with a square. This figure is printed with the color original-
ly, and it is hard to recognise the distribution of temperature quantita-
tively. However, the side views of the temperature distribution along the
X and y axis can be seen. The maximum temperature at the beam center was
below 80 °C when the beam current was adjusted to about 15 pnA. With in-
creasing the beam current, the temperature changes nonlinearly, énd it is
necessary to measure the distribution in each experiment. To avoid the
effect of ion irradiation, rather higher beam current was used when the
introduction of probe nuclei is made.

Fig. 8 shows the induced 7 -ray spectrum through the nuclear fusion
reaction of12C projectile withgng in a target foil. The spectrum feature
is rather simple and most of the remaining peaks are associated with the
100-Pd/100-Rh transition as suggested by Sielemann et al. (6). The cascade
transition of 100-Rh in the lower energy region(74.6 and 83.9 keV) was
used for the PAC experiment.

Fig. 9 shows the time differential PAC(TDPAC) spectrum of Nb foil
obtained using the above nuclear transition. The probe nuclei were intro-

]2C ion irradiation with high intensity( 50 pnA). The

duced directly by
half life of the intermediate state in the probe nucleus is rather long
(214 ns), and it is easy to do the the TDPAC measurements. The coincidence
counting rate was detected by semiconductor detectors placed perpendicu-

larily and paralelly with each other. For the two field directions, the
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perturbation is expected to have a phase shift of 180°, and the asymmetry
ratio R(t)=(N(180;t)-N(90°t))/(N¢(180,t)-N(90°t)) was calculated to elimi-
nate the component of the exponential decay. In this figure, R{t) holds
almost the zero level in the entire delay time region, which denies the
existence of the electric field gradient coming from the irradiation=
induced defects. 12¢ ion irradiation with high intensity probably contri-
" butes to the defect recovery. From the preliminary experiment of PAC, it
has become clear that the carbon ion irradiation with high intensity pro-
motes the incorporation of the probes. into the substitutional sites in
niobium lattice without crystal defects. On the contrary,under the above
irradiation-condition, it is very difficult to introduce hydrogens by
diffusion within a chamber. Further trials will be made to solve the above

difficulty.
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Fig. 4 Angular scans of back=
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Fig. 6 Two-dimensional
temperature
distribution

under 100 MeV
12

C ion irradi-

ation. The maxi-
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center.

Fig. 7 Angular scans around
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11.7 MOSSBAUER (CEMS) STUDY OF ION IRRADIATION
EFFECTS IN ALLOYS

Tsao SAKAMOTO and Nebuyuki HAYASHT

Electrotechnicai.Laboratory

1. Introduction

Recently, it has been reported a large number of studies that has
investigated the ion drradiation effects not only in the field of nuclear
energy engineering but alsc in the fields of semiconductor technology and
new materials innovation. In the former field the irradiation effects are
sometimes useless and harmful for material's life. On the other hand, the
irradiation effects in the latter fields are thoﬁght as useful one in
improving metallurgical and electrical properties. In both cases, what
matter is how to estimate the ion irradiation effects. The range of ions
in solids is short and irradiation effects are restricted near the surface
regions in solids. Many technigues have been used to detect ion
irradiation effects, i.e., ion beam analysises such as Rutherford
backscattering (RBS), x-ray diffraction, transmission electron diffraction
(TEM) and so on. | |

To authors' knowledge we are the first who have investigated phase
changes due to ion irradiation effects in alloys by means of internal
conversion electron Mossbauer spectroscopy (CEMS). CEMS gives us
selectively informations near the surface in solids, because the range of
electron in solids is short. In the present work, we report the results of
the ion irradiation effect in amorphous FegnBog (a—Fe8OB20), beron film on
Fe and type 304 stainless steel.

2. Experimental
A-FegnBs and SUS 304 were obtained from Allied Chemical Corp. and
Good Fellow, respectively. The preparation of boron films on Fe samples

were done by electron beam deposition. Their thickness were 1000 & and

2000 8. He' and Xe' ions were used to irradiate the alloys. These ions

were accelerated by ETL 200 keV and 400 keV ion implantors. The
temperature of samples did not rise above 140 for Xet and 200°C for
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40 keV He' ion irradiation.

CEM spectra were measured at room temperature for all samples. A
cenventional Mossbauer spectrometer was used together with a source of
approximately 50 mCi 57¢o in rhodium. The backscattered K conversion
electrons (7.3 keV) and subsequent L Auger electrons (5.6 keV) emitted
from ?7Fe were detected in a simple flow type gas proportional counter
" using He + 10 7 CHZ+ mixture. The electrons after struggling in sclid
outcome from the specimen surface. Therefore, the energy loss of outcoming
electrons is roughly proportional to the depth where electrons are
generated. This means that depth profiling of CEMS can be done by
selecting the electrons energy with depth ranges such as 0 - 200 K, 200 -
600 A and >600 A(1). The energy spectrum of outcoming electrons is shown
in Fig.?. It should be noted that the electrons' range is comparable to
ion ranges in solids and that CEMS is a very effective means to detect

irradiation effect.
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from 290 & °7Fe film.
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3. Results and Discussion

3.7 Irradiation effect in a-FegnByj

Amorphous materials are'originallyl lack of long range orders and
might be resistant to ion irradiation damage. We have investigated the ion
irradiation effect in a~FegnByo(R). The shiny side of a-FegnBsy samples
was irradiated with 40 keV He' ions to a dose range from 1077 to 1018
ions/cm®. CEM spectrum of the as-received samples is shown in Fig.2 a).
The spectrum, which is composed of well-defined but broadened lines, is
conmonly observed in amorphous magnetic solids. After 40 keV Het ion

irradiations, the spectra have changed as shown in Fig.2 c) - e) depending
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. 108y

I ! Fig.2 CEM spectra of 40 keV He®
104k & . 1’ irradiated a_FeSOBEO glloy:
i r ‘L {a) as-received
ol v..‘"_f '}‘} ' (b) 5 x 1017 ions/cm?
#‘... (c)1x101810ns/cm2
e ‘u’_e;?ocm? (msz's? ° 0 (d) 3 x 1018 ions/cm2‘
108 F
(04 -
100 -Table 1 Hyperfine fields
= 1
o8t
3 L Sample Hyperfine
2 0ar Preparation field(kOe)
E 100
g 08r as-received 264,.5+4.2
i 1 x 1018
104 -
i a-Fey,Bq_. 252.3+8.9
00 - alpha Fe 330.910.4

N AR
velocily (mm/s )

on the dose of He™ ion irradiation. It has been clearly shown that the
formation of alpha-Fe has occurred and the amorphous state is still
remained. The saturation of the alpha Fe formation has been observed at
the higher doses. The spectra were analysed by a least-squares fitting of
Lorentzian profiles with the assumption that internal field distribution
is gaussian in amorphous state. The average hyperfine fields (h.p.f) Hj
calculated from Fig.2 are given in Table 1. While the h.p.f for induced
alpha Fe is in agreement with that observed in crystalline Fe, Hy values
in the remaining amorphous state shows a decrease from Ey in as-received
sample. It is considered that the decrease indicates boron enrichment in
the amorphous state. The amount of induced alpha Fe relative to amorphous
state (I“/Ia) is calculated as 0.8 for Fig. 2(c) spectrun. Postulating
that the irradiation effect can be expressed as a~FegnBog — Iy/(I o&+Ia) (9
Fe) + Ia/(Idea) (a~FexB1_X), we can obtain as x=0.7 from the qu/Ia value.
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The obtained value is reasonable in comparison with the work of Chien et
al(3).

It is well known that thermal treatment of a-FegnBsn leads to the
alpha e precipitation as a consequence of primary crystallization.
However, it is remarkable that ion irradiation induces such a large amount
of erystalline alpha Fe with the amcrphous phase still remained. There is
a difference in structural relaxation between ion irradiation and ﬁhermal
treatment. It seems that irradiation may enhance diffusion of Fe atoms in

the alloy and nucleation of the crystalline alpha Fe.

3.2 Irradiation effect in boron film on Fe

Boron-Fe system is one of the typical amorphous materials with
practical use. The amorphous Fe,Bq_, (a-Fe B4_, ) alloys is usually
prepared by liguid-quenching. However, it is expected that amorphous allcy
can be prepared by atomic mixing of boron film on Fe. The atomic mixing is
a non-equilibrium process and has an advantage of forming amorphous alloys

without compositioral restriction.

107. 50~

L0E. DOf-

Fig.3 CEM spectrum of boron

REL. SCATTEAING (%)

104. 501 film on Fe irradiated

with 400 keV Xe© +o
a dosgse of 1 x ‘101’7

100. Un|—meatmeas R, ' ions/cmz.

] l I | | | | 1 | J

-16.0-8.0 -6.0 -4.0 -2.0 0.0 2.0 4.0 6.0 B-0 0.0
VELOCHIY (MH/S)

[03. 0ol-

101. 50—

Fig.3 shows CEMS after 2000 ! boron-Fe has been irradiated with 400
keV Xe© ions to a dose of 1 x 1017 ions/cm2. The spectrum indicates the
appearance of an ifradiation-induced paramagnetic phase (quadrupole
doublet) due to the atomic mixing, while magnetic peak (alpha Fe peak)
comes from the substrate. The hyperfine parameters of the phase agree with
the results of -spﬁttered amorphous Fe,B,_, films by Blum et al(4). It has
been confirmed by X-ray diffraction pattern that the phase has shown a
broad diffraction band characteristic of an amorphous materials.
Therefore, it is quite safe to conclude that the atomic mixing layer is

the amorphous FeXB1 —x
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The magnetic property of the irradiation-induced a-Fe,By_, is very
sensitive to boron concentration as indicated in section 3.1. In the case
of 1000 & boron-Fe we have found that 400 keV Xe® ion irradiation induces
the ferromagnetic phase of a-Fe,By_, instead of the paramagnetic doublet
in Fig.3. The doublet peak in CEM spectrum in Fig.3 suggest the magnetic
transition temperature (Tc) lower than room temperature. It is likely that
atomic mixing of 1000 2 boron-Fe results in amorphous alloy with low boron
content and that T, in the alloy is higher than room temperature;
according to Chien and Unruh(5), Fe,B; ., with x € 0.45 is paramagnetic at
room temperature. These results indicate that.a—FeXB1_X alloys with high
boron concentration can be easily prepared by ion irradistion and that the

boron concentration can be controlled by the film thickness.

3.3 Irradiation effect in type 304 stainless steel

Stainless steels are one of the candidates for structure materials of
nuclear fusion reactors. Therefore, the irradiation effect of stainless
steels has been extensively investigated, by means of a wide variety of
methods. Since microscopic information seems to be still lacking, we have
investigated the irradiation effect in SUS 304 by CEMS. As the crystalline
phase (gammma phase) of 304 austenitic stainless steel is metastable at
room temperature, it is expected that we can detect a noticeable
irradiation effect in the same way as a-FegnBos.

CEM spectrum of the as-received sample in Fig.4 a) shows a single
peak from paramagnetic gammma phase. CEM spectra from the sample
irradiated with 40 keV He' ions are shown in Fig.4 b) - d). The figure
makes clear that a ferromagnetic phase is induced by the ion irradiation.
The amount of the ferromagnetic alpha phase has increased depending on the
increase of a irradiation dose. The irradiation effect has saturated at
the higher dose. It is well known that implanted He atoms aggregate and
form bubbles in solids, and that the internal pressure of He bubbles is
very high. It is considered that the high pressure due to He bubbles
induces a stress effect around He bubbles. It is likely that the observed
gamma-alpha phase transformation is martensitic transformation drived by
stress effect of He bubbles. Martensitic transformation is diffusionless
and occurs through a shearing of discrete volumes of solids. We have
confirmed by the combined method of CEMS and TEM(6) that gamma-alpha

transformation in 17/7 steel, which has simpler composition to SUS 304,
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has a martensitic nature with N-W orientation relationship in the fec and
bee lattice.
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Fig.4 CEM spectra of 40 keV He' ion- Fig.5 CEM spectra of SUS 304:

irradiated SUS 304: (a) as-received and

(a) as-received irradiated to 3 x 1078
(b) 8 x 1017 ions/cm® ions/cm2 ‘
(¢) 1 x 1018 ions/cm? (b) is measured with high
(d) 1.6 x 1018 ions/cn?. energy electrons

(¢} with low energy

electrons.

Depth profiling of CEM gpectra are shown in Fig.5. SUS 304 foil was
irradiated with 40 keV He' ions to a dose of 3 x 1018 ions/cmz. Fig.5 b)
is CEM spectrum taken with high energy electrons generated at the surface,
while Fig.5 ¢) spectrum with low energy electrons generated at deeper
region. The irradiation-induced ferromagnetic phase appears in both cases.
The amount of the ferromagnetic phase relative to the austenitic phase is
larger at the deeper region than at the surface region. It is worth noting
that the depth dependency of the phase transformation is not inconsistent
with the range distribution of Het ions, because the mean rangé is 1500 )1
in SUS.
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4. Summary

It has been demonstrated that CEMS, which is a non-destructive method
by nature, is useful to determine the phase condition in the near surface
region of ion-irradiated alloys. Depth profiling of CEMS, furthermore, is
expected to give us more detailed information on the irradiation effect.

It has been shown that 40 keV He® ion irradiation induce a partial
- crystallization of alpha Fe in amorphous FegnBpg alloys. The result is
consistent with those from atomic mixing of boron film on Fe substrate
where amorphous Fe B, . layers has been formed at the interfacial region.
The result suggests that amorphous Fe,Bq_yx phase with enough boren content
may be resistant to radiation damage. Gamma-alpha phase transformation has
been found to be induced in SUS 304 irradiated with 40 keV. He™ ions. It is

conclﬁded that the transformation has martensitic nature.
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IT.8 H,I.T. FACILITY OF THE UNIVERSITYOF TOKYO AND CAVITY
MICROSTRUCTURAL EVOLUTION IN DUAL-ION IRRADTATED
Fe-Ni-Cr ALLQOY
Akira KOHYAMA, Yutaka KOHNO and Kyoichi ASANO

Department of Materials Science, The University of Tokyo

Introduction

The concurrent production of displacement damage and deposition of
helium in materials can be expected to have a significant influence on the
evolution.of the microstructure when compared to a material with only
displacement damage. Since no operating fusion reactors or intense fusion-—
spectrum neutron sources exist at present, studies of helium effects rely
upon dual-ion beam irradiation with helium and heavy ions as a simulation
of fusion reactor environment [1-8], TFor the purpose of this simulation
irradiation, in Japan, the High-fluence Irradiation Test (H.I.T.) Facility
of The University of Tokyo has been constructed since 1983, and was
completed in 1985 with the accomplishment of the target station assembly
for dual-ion irradiation. Fe-Ni-Cr ternary alloy has been investigated as
the most probable candidate material, and many characteristic features of
microstructural evolution under irradiation have been reported [9-12]. In
this report, an outline of the H.I.T. facility is firstly introduced, and
then, the experimental results on the cavity microstructural evolution of
Fe~20Ni-15Cr sample mainly induced by nickel and helium dual-ion

irradiation are presented and discussed in some detail.

Outline of H.L.T. Facility [13,14]

A major part of the H.I.T. facility is composed of two accelerators,

i.e., a Van de Graaff accelerator for light ions and a Tandem accelerator
(Tandetron) for relatively heavy ions. The Tandetron accelerator with the
terminal voltage of 1 MV is equipped with a sputtering ion source, and
provides energetic charged icons for producing displacement damage in &
dual-ion irradiation experiment., The 3.75-MV Van de Graaff (VdG)
accelerator for light ions can produce up to 300 micro-ampere of proton or
helium ion beam with the maximum energy of 3.75 MeV. Configuration of

accelerators and beam lines is described in Ref 13 in detail.
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Figure 1 shows the view of
dual-ion irradiation target cham-
ber assembly. This is composed of
the target chamber, pumping sys-
tem, target stage with specimen
holders, multi-channel beam pro-
file monitors, target stage driv-
ing unit, energy degrader for
light ions, beam masking attach-
ment. Figure 2 shows the target
stage after removal from the tar-
get chamber. The target stage can
be equipped with two types of
multi-channel beam profile monitor
(BPM). The stage can be loaded
with three sets of specimen
holders, and each specimen holder
can contain twenty, 3-mm diameter,
TEM disk specimens. This target
stage can move quickly in a direc-—

tion normal to the heavy-ion beam

—M 87—-134

Fig.l The target station assembly

for dual-ion irradiation.

axis.

The beam profile monitors are made up of 20 or 37 pieces of l-mm

diameter Micro-Faraday Cups (MFC)

with secondary electron suppressor. One

of BPM is used for the heavy-ion profile measurement, and the other is used

for light-ion. Beam profile monitoring by means of this types of BPM is

advantagecus for the
simultaneous measurement
of two dimensional dis-
tribution of absolute
beam intensity as well as
the shape of the beam
profile. Figure 3 shows
the schematic circuit

diagram of the BPM cpera- e

%eg%%%K&&w&-: w?“'.‘l:’h:ixa.‘«**.’* " . )

P S . SRR N gt AR T B

N S B R B B e a g BB e :
. . 3%

tion. Thirty-seven de- Fig.2 Target stage taken down from target
tecting Micro-Faraday chamber. At the right hand part, specimen
Cups (MFC) with l-mm di- holders and BPMs are attached.
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ameter aperture and secondary elec-

' Oscilloscope
tron suppressor are arranged at

intervals of 2 mm in a circle of

=

1
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[=]
3

l4-mm diameter. Figure 4 shows an

Dlscharge [ Charge
example of the oscilloscope display switoh Cy :;Eﬂ?:;ﬁ
for the Ni beam profile monitored chhmle

pulse 1

by this BPM. Figure 4-(1) indi-

L i 37T ch.analog
cates the initial beam profile meleiplexer

which is centered on the target

*:fg:,:f“"gmr(
holder. Figures 4-(2) and 4-(3) _ P?‘{ﬁw
Al

show the results of a scanned beam

with two scanning intensity levels.

Jﬁéﬁk&%‘ﬁb'
555

SEZEE3E,

In Fig.4-(3), the effect of beam SOSCOO07
. . . CEEEST
rastering on the uniformity of the ‘;W' & | _
mnd Faradey cups
beam intensity is clearly indicated, Beam J L
2t
Specimen heating and tempera-
ture control during dual-ion irra- Fig.3 Schematic diagram of the
diation are accomplished by using a electrical circuit for the multi
small-size electron beam heating channel beam profile monitor,

(EBH) system.

Each target hold-
er has a fila-
ment, a grid and
a thermalizer
block made of
tungsten., The ab-
solute tempera-
ture, which can
be increased to
about 800C, is
measured by a

pair of thermo-

couples contained
in the thermali-
zer block. Fig.4 An example of the oscilloscope display for the

Ni3+ beam. (1): initial profile without beam rastering,

(2,3): results of rastered beam.
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Cavity Microstructural Evelution in Dual-Ion Irradiated Fe-20Ni-15Cr Alloy

i, Experimental Procedure

For this experiment, Fe-20at.ZNi-15at.%Cr(Fe-20Ni-15Cr) alloy was
used. The specimen was prepared from high purity materials, and was
annealed at 1050C in an argon atmosphere.Nickel ion irradiation (3.0-MeV
Nit) was used for displacement damage production, and helium injection was
performed with degraded 0.83 MeV Het. The energy of the injected helium
ions was degraded to give a distribution of helium deposition in the
specimen that similar to the damage depth distribution for the Nit ions.
The damage rate was 3 X 10-3 dpa/sec at the nominal sectioned depth of 450
nm in the specimens. Three different helium injection schedules, i.e., 15
appmHe/dpa, 50 appmHe/dpa, and 15 appm He injected at 25C prior to Nit ion
irradiatigon, were utilized in this experiment. The specimens were
irradiated at about 700C in a vacuum of 10-8 torr. The irradiated
specimens were prepared for TEM observations by jet-thinning method.
Photomicrographs of dislocations and cavities in the specimen section
extending from the 450-nm to the 650-nm depth were cobtained with either the
JEM-200CX or the JEM-1250,

Wy - 7 ANAY

e

mgxm@@%%t o 55,4 g LG dpa

Fig.5 <Cavity microstructural evolution in Fe~20Ni-13Cr alloy,

15 appmHe/dpa dual-icn irradiated at about 700C.
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Fig.6 Effects of helium injection schedule on cavity micro-

structure of Fe-20Ni-15Cr alloy irradiated at about 700C.

(Scale mark indicates 200 nm)

2. Experimental Results

Typical cavity microstructures for dual-ion irradiated Fe-20Ni-15Cr

alloy with 15 appmHe/dpa at nominal damage levels of 40, 65, and 100 dpa

are presented in Fig.5. At every
damage level, the cavity size
distribution is bi-modal with large
cavities, greater than 4 nm,
dominant. Also, the effect of the
helium injection schedule on cavity
microstructures at a nominal damage
level of 100 dpa is presented in
Fig.6. In the case of helium pre-
injected specimens, there was little
indication for the saturation of the
swelling'with increasing damage
level. The dependence of the average
cavity radius, cavity number density,
and swelling on displacement damage

that was dual- or single-ion

&0

Fe-20Ni-15Cr

IMev Hi¥,0.8MeV He' Ten'C
T S0k |
< 15:1 (appm He:dpa)

N
7]
A 200 of i
)
-
I~
-
el
W
w 20 i
© ;
= ;
2 1 .
< 10~ g large cavities{24nm) |
1small cavities(<4nm)

b 0 35 E (dpa)

Fig.7 Dose dependence of cavity
size in Fe-20Ni-15Cr.(Filled marks:
after Agarwal et al [5] at 700C.
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irradiated at 700C
Fe-20N1-15C

is shown in Figs. 7, o

(m

8, and 9, respec- 10%%

tively.

The average

DENSITY

cavity diameter of
large cavities in e r

the dual-ion irradi-

NUMHBETR

ated specimens de-
creases with an in-

crease of the He/dpa

CAvVITY

ratio. The averageée

r

IMeV Ni*,0.8MeV Re*
(a) SMALL CAVITIES(<4nm) {») LARGE CAVITIES(gé4nm)

50:1 (sppm He:dpa)

15 appm He
pre-injected

15 appm He
pre-injected 710

1 | L 1 L I

cavity size ap- : ]
o 50
proaches a limiting > 0

5

E

100 "] 50 1co
{dpa) D 0O S E (dpa)

value  for  damage Fig.8 Dose dependence of cavity number density in

levels higher than Fe-20Ni-15Cr.
about 70 dpa. The [5] at 700C.)

pre-injection of

(Filled marks: after Agarwal et al

helium (15 appm) causes cavities to be formed with an average diameter that

is intermediate to the diameter in specimens with 15:1 and 50:1 helium

injection rates. The bi-modal cavity
size distribution that was determined
for the 50 appmHe/dpa dual-ion irra-
diated samples at 40 dpa changed to a
uni-modal cavity size distribution at
65 and 100 dpa. But, in the case of
helium pre-injected samples, the cavi-
ty size distribution was uni-modal
throughout the irradiation conditions.

The cavity number density in
heiium pre-injected samples was ini-
tially 1020/m3 but increased with
increasing damage to a limiting value
of 5 X 1020/m3 ar 90  dpa. Tn
contrast, the cavity number density in
dual-ion irradiated specimens was ini-

tially high with the majority of small
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cavities of 1022/m3 at 5 dpa and then decreased and approached a limiting
value with increasing displacement damage. Figure 8 also indicates that
the bi-modal cavity size distribution observed in dual-ion irradiated
specimens tends to become a uni-modal cavity size distribution at a high
damage region.

The specimens, regardless of helium injection rate or helium pre-
injection, undergo a transition regime of displacement damage that producés
only small swelling (less than 1%) before the onset of a constant, high
swelling rate. An increase of the helium deposition rate.resulted in a
delay of the start of a constant swelling rate [5]. For the dual-ion
irradiated specimens, there was a trend toward saturation of the swelling
with increasing damage level that was closely related to the saturation and
subsequent decrease of the number density of small cavities. For the
helium pre-injected specimens, there was little indication for the
 saturation of the swelling with increasing damage level., In Fig.9, for the
specimen that received 15:1 or 50:1 (He/dpa) helium injection rates, a
constant rate of swelling, that is, 0.5%/dpa, between 25 and 65 dpa. It
can be observed that the data point for the highest damage in the 50
appmHe/dpa specimen shows significant deviation from the line for constant
swelling rate,

3, Discussion

3-1 Comparison with Other Fe-20Ni- . | rFe-20mi-15ce
}.SCI' Results . 15 appm He pre-injected
w 60 F and Ni ton irradiated J
Agarwal et al [5], Loomis et al -
[6] and Johnston et al [7,8] irra- @

675°C 2x10"%dpa/s
diated Fe-20Ni-15Cr with Nit+ ions wo b omnereneral.)

after 15 appm He pre-injection. The =
4935%C

former two researchers used the same

-

facilities and microscopy, while - 0F .3
xl0"“dpa/s|

719

700°C 3x107 *dpa/s
(hgarwal et al.)
i A 1

10%. As shown in Fig.10, the data of 0 50 100
_ D O 8 E (dpa)

Johnston et al used step-height for

all swelling levels of larger than

Agarwal et al and present results are

co-linear as expected, and exhibit the Fig.10 Comparison of swelling
same eventual swelling rate as seen by measured in Fe-20Ni-15Cr. (Filled
Johnston et al. The shift in transi- marks: after Johnston et al [7,8]

ent relative to Johnston's curve is and Agarwal et al [5])
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probably due to the large difference in displacement rate, as shown in Ref
19. The shift may also arise partially from the fact that Johnston's

experiment was at 675C, while the other was at 695C to 710C. Garner has
shown that the effect of increasing temperature lies in extending the
transient [15-17]. |

Tt has also been shown that the swelling rate for ions is a function
‘of depth, varying from a maximum of 1%/dpa at the front surface to about
0.2%/dpa at peak damage region [15]. Step-height data leads to an average
value and present data is taken between 430 and 650 nm. Thus, the
agreement at 0.5 to 0.6%7/dpa may be fortuitous. Neutron irradiation
experiments are not influenced by the surface, dpa gradient or injected
interstitials, and swell at 1%/dpa in this alloy [15-17].

Agarwal showed that at 700C the transient regime is first shortened by
helium co-injection and then lengthehed as the helium injection rate is
increased. A minimum is reached near 5 appmHe/dpa, increasing slightly at
16 appmHe/dpa, and increasing substantially at 55 appmHe/dpa [5]. The
present results at 15 appmHe/dpa suggests that this trend was maintained in
this experiment.

3-2 Saturation of Swelling

The present results imply that the swelling reaches saturation at high
dpa and in one case there even appears the reduction in swelling. Johnston
et al used step-heights to probe swelling levels in excess of 60%, and
found no saturation. On the contrary, saturation during ion irradiation
has been observed in Type 316 by Kumar and Garner [18] and by Packan and
Farrell [19]. The transient regime of swelling for ternary alloys is known
to be very sensitive to temperature and at higher temperature there is a
sudden increase in the transient regime that can be quite large for only 10
to 20C [17]. However, there is another plausible cause of the apparent
saturation or decrease in swelling obtained in this experiment. As the
void diameter becomes a large fraction of the range, many, but not all, of
the ions will penetrate the large voids without energy loss and deposit
their energy at deeper depth. This factor alone will cause a decrease in
swelling rate (unless the dpa rate is corrected) and would give the
appearance of the onset of saturation. In addition, however, the swelling
at shallower depths continues to increase; as the thin feil was taken at a
fixed depth from the surface of the specimen, we probed a shallower mass-

depth and, therefore, a lower displacement level than anticipated, giving
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an apparent decline in the swelling rate. This problem will be accentuated
if the swelling rate per dpa near the surface is greater than that near the
peak. Garner et al, Johnston et al and Chickering et al have shown this to
be the case [15]. _
3-3 Effect of Helium Injection Schedule

In a previous paper [12], we discussed the helium effect at the
‘initial stage of cavity formation in Type 316. That is, pre-injection
produces a relatively small number of vacancies and thus we would initially
expect "a large number of helium atoms per vacancy in pre-injected samples
‘than in dual-ion samples., This could produce a high number density of
essentially immobile defects in pre-injected samples that would tend to
retard both dislocation microstructure development and void swelling., Even
at high displacement damage levels up to 100 dpa, microstructure
development is very similar with thét observed in dual-ion irradiated
samples with the total dose less than 25 dpa [5], indicating that without
simultaneous helium injection microstructure development is retarded., In
the linear swelling stage, cavity growth is predominantly bias-driven and
injected helium is removed from matrix, thus cavity microstructure
development may become similar to the single-ion irradiation or electron
irradiation. The gradual increase of dislocations and cavities in pre-
injected samples suggests that the linear swelling stage is still occurring
at 100 dpa [20]. On the contrary, the dual-ion irradiated samples showed a
saturation tendency in swelling and cavity number density. This could be
related to the slow decrease in dislocation densities observed, although
the difference is the factor of two [20]. For Fe-20Ni-15Cr alloys, the
cavity size distribution was bi-modal with the small cavities dominant at
low displacement damage and, with increasing He/dpa ratio, the number
densities of small cavities and large cavities increased. This would

reduce the growth rate of both types of cavities and thus reduces swelling.
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IT.9 LIGHT-ION IRRADIATION EXPERIMENTS

IN NATIONAL RESEARCH INSTITUTE FOR METALS
Naoki KISHIMOTO, Johsei NAGAKAWA and Haruki SHIRAISHI -

Nuclear Materials Division, Tsukuba Laboratories
National Research Institute for Metals
Introduction

Ion irradiation techniques have been extensively applied for

simulating damage effects of fusion neutrens on the firstwall materials.
In comparison with in-pile experiments using fast breeder reactors, the ion
irradiation methods have advantages not only in their inexpensive cost but
also in keeping well-defined experimental parameters (temperature, dose,
stress etc) and varying them readily in the laboratory. The systematic
analyses, for example, by changing He appm/dpa ratio(1-3) have contributed
to obtaining understandings of elementary damage processes of mutually-
interactive phenomena, such as defect agiomeration, void swelling, helium
bubble formation, radiation-induced segregation and sc on.

The basic goal of the simulative research on fusion reactor materials
- is to find out correlation rules between ion- and neutron-irradiation
damages concerning not only those microstructural evolutions but. also
mechanical properties. Mechanical testing under ion bombardment provides
important information in this context and would be an effective tool for
the material development. However, the ion bombardment techniques have
been less commonly applied to the mechanical testings, perhaps because of a
few difficulties inevitable in the charged particles such as a small
irradiation velume of uniform damage distribution and the beam heating .

Up to date, creep experiments using accelerators have been carried out
in several institutes{4-13) in the world and the irradiation creep data
have been utilized mainly to examine validity of the theoretical creep
models.’ However, the creep mechanisms are not established as yet and there
have been few attempts to correlate them to the results of neutron
irradiation. Consequently more experimental data should be accumulated to
clarify the mechanisms and to contribute to the establishment of the
neutron-ion correlation rule. Thus, National Research Institute for
Metals (NRIM) has primarily focused on the mechanical testings under ion
bombardment (creep, fatigue, fracture toughnéss being planned) and has begun
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the irradiation creep experiment since spring in 1988.

will outline the basic idea of our simulation research and the

In this

report, we

irradiation

creep facility, including a few experimental data obtained at present.

Materials Testing Under ITon Bombardment

Requirements of the ion beam for
the materials testing would essentially
be the damage

induced by fusion neutrohs and to attain

to simulate natures

a relaﬁively large irradiation volume of

The former

[0 +T - He + 14 Me¥ neutron]
¥y

First Wall Materlals

Void swelling, Irradlation creep, Heilum embrittlement etc

I Fundamental Processes due to 14 MeY neutrom }

Y

Atomic displocement effects

Polnt defects, Coscades, Loop

Tronsmutation effects

Helium, Hydrogen, etc

Yolds
|

I

uniform damage distribution.
attained

Displacement per gtom l Helium production I
PKA spectrum

LIGHT ION ACCELERATORS

by taking

displacement

requirement is

account of the atomic

effect and the helium generation effect

through nuclear transmutation of the

i ig.1). atter
alloying elements (Fig.1l) The 1 tF Fig.1 jation age features induc
is concerned with both selection of the by fusion neutrons and an application
experiments.

beam energy and 2-dimensional  beam-.

operation over the specimen area.

the PKA (primary-knock-on atoms)
determine the damage structure
It is concluded from theoretical

10 2

As for the atomic displacement effect,
energy spectrum should be simulated to
concerning cascade damaging effects etc.

analyses(14,15} that proton of a similar F et
ARGET ; IRON
energy gives rise to a close PKA o
~— |43 Me4 protons
spectrum to that of fusion |o‘“\ —= 170 ey protons
neutron(Fig.2). It is practically _k —= 140 Me/ peutrons

supposed that proton and deuteron of 10-
20 MeV are allowable in this viewpoint.
The selection of the energy values may
be, a trade-off between
damage rate and uniformity of the dpa

in a sense,

(cm'/ incident parlicle - hev'}

depth profile. The high damage rate is Y
forced to be sacrificed to some extent i
to perform the mechanical testing of a e , , ‘ ‘ ‘ '
. . ] 0 . 200 400 6&uC 800 000 200
given specimen thickness. Primary recoil enerﬁ{w
As for the helium generation, high Fig.?

Primary recoil ener spectra for
fusion neutrons of 14% Mes:ac rotons

energy proton beam can produce a fair 14.3 MeV and 17.0 MeV, in iron{15).
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amount of helium for Ni-containing
alloys, as shown in Fig.3{16,17), and
helium ion injection is also an

efficient method to simulate the helium
generation effect. For these purposes a
light
suitable accelerators in the viewpoint
of total performance , and the NRIM has
purchased an AVF-type cyclotron (BC1710
by Steel quks) with

modifications  accommodating to

ion cyclotron is one of the most

some
the

Japan
irradiation testing.
of the NRIM cyclotron
1.

materials
Characteristics
listed in Table

are These energy

He appm/dpa ratio

neutron

er-reactor
= ! ! 1

Fig.3

and FBR-ngutrons, neu
proton and deuteron in 316 SS

10 20

Energy {(MeV)
i dpa for fusion-
Ratio of He appm/ rc'moga t%?;?n

Table 1 Characteristics of particles produced by the NRIM cyclotron.

Ion species | Energy |Max.Current | Dose rate at 1QpA/cm2 Dose
Proton 17 Mev 50 pA 2.5x10" 'dpa/s 0.1 dpa(100hr)
Deuteron |10 MeV 50 pA 1.7x10 8dpa/s 0.6 dpa(100hr)
Helium-4 |20 MeV 20 pA 4 x10 %appm/s 1300appm{ 10hr)
Helium-3 | 26 MeV 20 uA same as above

values of proton and deuteron would attain fairly good

of the dpa structure and uniform damage distribution along the

conditions
specimen depth,
than 0.1
thickness,

mm. Also,

helium atoms can be

by using those helium ion beams. Thus,

simulative

though the allowed thickness is limited approximately less

injected along the above
the NRIM light-ion-

cyclotron properly simulates fusion irradiation envircnments.

Table 2 Technical requirements of the ion beam, the beam transport and the
target apparatus for the materials testing.

Needs of beam Concerns

Transport

Target

Thermal shock
Transient effects
Long pericd(creep)

1. Stability

2. Uniformity T-distribution

Damage gradient

3. High intensity | Damage rate

Computer control

Scarni .
Homogenizing

Transp. efficiency

Fast T-control
Low drift device

T-distr. control

High cooling rate
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For the materials testing,
uniform over
possible.  These practical requirements
for the materials testing are summarized
in Table 2. They should be satisfied as
the total system, that is, not only by
the but also by the
transport and the target apparatus. For

the NRIM cyclotron system has

accelerator

example,
successfully employed a computer-control
for the beam operation and homogenizing
devices such as electric-field scanning
at 5 KHz (Fig. 4) and off-center
magnetic-field lens (multipole-doublet:

in progress).

Radiation Damage Regime
Up to now,
by using

Beam Intensity (arb. unit)

Fig.4

17 MeV proton and 10 MeV deuteron beam.

B-probe —— BS——Mask —Specimen
85% x40 x50PL(20K)

0 kv

10 kv 5 kHz

£10%,
20 kY

) | |

-0 0 10
X (mm)

am with

each ion beam is required to be stable and

the specimen area keeping the beam intensity as much as

Electric-field scanning of the iog

-

triangular waveform at

preliminary irradiation creep tests have been carried out
Fig.5 shows a damage

profile of 10 MeV deuteron, which is calculated by using the so-called TRIM

code(18).

The deuteron beam emitted from the cyclotron passes through a

thin aluminum membrane (30 pmt for vacuum/helium sealing at the target

window) and loses a fraction { ~0.4
MeV)

collisions,

of the initial energy by inelastic
which results in the beam
in

heating of the specimen. As seen

Fig.5, the damage profile along the
specimen depth 1is regarded fairly
uniform for this thickness of the
specimen. In this case, the fraction

of displaced atoms produced in collision
cascades 1is about 70 % as much as the
total ones.

The present irradiation conditions
are listed in Table 3.
at the specimen position is about 4

pA/cm2 and amounts to 5x10"7dpa/s for

The beam current
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Table 3 Irradiation conditions for the typical cases.

Deuteron Proton Unit
Beam Energy 10 17 MeV
Beam Current 4 10 ‘pA/cmz
Damage Rate 5 x 1077 2.5 x 1077 dpa/s
Dose 0.1{50 hr) 0,03(30 hr) dpa
Temperature 400 300 ‘C

the deuteron irradiation. It takes about 10 hours for each period of the
creep measurement and the total atomic displacement for a specimen reaches
about. the order of 0.1 dpa at the most. The total damage level is still
less than the onset level where macroscopic changes like void swelling,

irradiation segregation etc take place.

Trradiation Creep Apparatus

An important and difficult point for the irradiation creep measurement
is the temperature control of the specimen under the fluctuating beam
heating, Especially for the tensile creep measurement, the superimposed
thermal dilatation, without sufficient temperature control, wrecks the
creep strain measurement. The difficulty in this kind of temperature
control arises from both the large beam heating and the small thermal mass-
capacity of the specimen. The specimen temperature must be precisely

controlled in the critical balance

) dT/dxwet
between the big thermal input and the
heat removal by rapid cooling.

For this purpose, we have employed FEIL) Qﬂj, VL
helium forced convection for the cooling &m&@:::; :j;+?&)
and the DC heating to compensate the T
thermal fluctuation, by monitoring the [l
specimen resistance for the temperature
control. The high helium velocity is T farced ¢, free c. vac.
desired not only for effective cooling J ’ \ ///’—\\ Z//f\\\
but also for temperature uniformity

thin thick

along the specimen length. Fig.6 shows Fig.6
ig.
Sgggenaim;r;iclthegmall)c s}iltu%t.ion agg the
i . Input: beam
heating (F).  Output:  Black-bady
I‘adia.tion(~T4) » conduction to grips

(~dT/dx) and helium flow(~Vy,1/2),

the schematic  situations of  the
temperature distribution arising from

various heat-dissipation paths, and the
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typical examples actually observed are

I T I T T
given in Fig.7. A laminar flow of high Unirrad.
He 100 m/sec

velocity attains homogenecus cooling 600
rate per area along the gauge length,
and minimizes temperature-gradient
effects, such as gravitational 500

distribution due to free convection,

T(C)

He 0.11MPq

thermal conduction to the specimen grips
7807
through  the specimen cross section. £00) 009t x25W mm?

The total ceooling rate at VHe:IOO m/sec

AX
is about 50 Watt and a fairly uniform §;;

temperature distribution is obtained. 300 | L l 1 |
0 5 10 15 20

As seen in Fig. 8, the foil X (mm)

specimen gives a fast thermal response Fig.7 Temperature profiles along speci
pec g po len% b for helivm free ggnvectiég?g
in the helium gas flow. In such a m/s}) and forced convection{100 m/s).

critical condition, it is important +to
set an appropriate response for the
temperature ootroller. The necessary
response of the controller must be much
faster than that of the specimen, while
too fast response tends to cause
instabilities like overshooting or
oscillation etc. After those
experimental analyses of the thermal

behavior, the response of the contrcller

has been appropriately determined to be 7 F T
0 DU R :
6 msec. To prevent the long-term Vye=-100n/sec, T =160msec
temperature drift, the environmental Fig.8 Thermal response of the specimen to
. input. heat of 800 msec step- function
temperature around the apparatus is for free and forced convection.

accurately controlled by using water
coolant (1 0.1 K) etc and alsc low-thermal-expansion materials (quartz,
Invar) are adopted for the core parts of the strain measuring device. Thus,
the temperature stability of about + 0.2 K has been achieved enough to
distinguish the typical creep strain from the thermal dilatation.

On the other hand, we have also developed another creep apparatus of
torsion method. By using an electromagnetic force of a coil in the

permanent magnetic field, torque stress is applied to a wire specimen and

— 166 —



JAERI —M 87—134

the rotational displacement due to the creep deformation is optically
measured. Since 3-dimensional thermal dilatation, in principle, does not
directly affect the rotational deformation, this method is free from such a
severe requirement for the temperature control. The control level of £ 1 K
is enough accurate for the torsion method to measure the creep strain, and
the resolution is still by two orders of magnitude superior to that of the
tensile method. The detailed description of the torsion creep apparatus is
obtained elsewhere(13).

Fig. 9 shows a . :
TORSIONAL AND UNIAXIAL TN-SITU CREEP TESTING

UNDER LIGHT (ON BOMBARDMENT

schematic comparison of
. Smal ] AVF-type Cyclotron

17 MeV P, (O MeY D / Z6 Mev SHe, 2C Mev He Inkstorag_winciow
{Clspiacement effect)/ (Hellum effect?

instrumental character-

istics between the

torsion and the tensile

creep  apparatus. The
advantage for the torsion

method is very  high
strain resojiution to
about 1077 and,

therefore, suitable for

TORSTONAL UNIAKIAL

Yery high strain-resclution \grge ceformotico ronge

1o-7 Correlotion with
data acquisiti Cree mechartism {7 tomieventary averoaches () | AlElScPrctural change
the quS]'tlon over [ﬂt low o T, dpofs TEM, Neor ruptufe

wide stress and

temperature ranges. It Fig.9 angorﬁsi.r.:on and tensile creep rigs’

. . their instrumental character-
is also pointed out that istics depicted schematically.

this method enables us to

change stress easily and conveniently to examine creep-fatigue interactive
effects. For the tensile method, +the resclution is not so very high but
has other advantages of simple uniaxial stress mode and availability of
microstructural cbservation. Consequently, both methods are supposed to be
complementary to each other and contribute to obtaining understandings of

the creep phenomena.

Specimens ‘
In our laboratory, experimental alloy series of Fe-Ni-Cr-MC, 316SS and

PCA(Prime Candidate Alloy) have been investigated concerning mechanisms of
the phase stability(19) and the post-helium-implantation creep(20) etc.
Recently, our major interests are shifting towards more innovatory

materials such as low-induced-radicactivity materials{ Fe-{9-12)Cr-W,V,
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30Mn~steels), alloys of single crystal(TMS-12), oxide-dispersive
steels(MA754, MA956) and so on. Some works on these alloys are making
progress, mainly about characterization and phase stability after helium
injection .

For the irradiation creep work, the experimental alloys, Fe-25Ni-15Cr
and 316588 have firstly been examined as reference materials. Chemical

compositions for those alloys are listed in Table 4.

Table 4 Chemical compositions of alloys used.

Code C Ni cr Ti Si Mn Mo B Fe Annealing

7807 | 0.07 25.7 15.7 Bal. 950°C x 30 min
7811 | 0.02 25.2 14.8 0.95 Bal. | 1000°C x 30 min
31685 | 0,04 13.9 16.1 0.44 1.42 2.5 0.0006 Bal. 950°C x 10 min

For the alloys of 7807 and 7811, the ingots are rolled down to about
110 ymt, being intermittently annealled. By the recrystallization
annealing at the given temperatures (Table 4), the grain size is adjusted
to be about 20 )m for the both alloys. . The annealled plates are cold-
worked by 20 % and machined into platelet specimens whose gauge part is
0.087 x 2.5 x 20 mm°. The 316 SS is used for wire-shaped specimens of
torsion creep measurement. Wire of 0.8 mm in diameter is made by swaging
and the above recrystallization annealing gives grain size of 10 jpm.
After the 20 % cold-work by drawing, the wire specimens (gauge 0.1 mm $ x
8 mm) are fabricated by electropolishing{13}.

Experimental Results and Discussion

Figure 10 shows examples of recording traces for the tensile creep, at

400 °C. In order to equilibrate the thermal creep state, the specimen is
crept under wunirradiated conditions for more than 24 hours at given
temperature and stress. At this temperature and stress, the steady-state
thermal-creep rate is less than 1/10 of the irradiation creep rate and
almost negligible within the present strain resolution. - After the onset of
deuteron irradiation, the creep curves consist of transient build-up and
the following steady state where the creep rate remains constant. The
transient period seems to be a few hours and not to depend on the stress
greatly. Since this specimen is cold worked, the most plausible
explanation would be anelastic deformation as first reported by Hudson et
al(7). However, many other possibilities under irradiation would have to
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be taken account, such as

CW 20

Fe-25Ni-15Cr
point defect evelution, SRRRAREN T

{'i;ggfb‘

relaxation of dislocation . T
and solute/precipitate T
evolution ete. As an fﬁ?tt
informative example in
"Fig. 10, dips are
interestingly seen in ;;i&;;
the .strain curves.,
Although they Jjust come TR A S
from the instable changes 0 L 2 3 4 5 6 7 8 8 10
in the beam intensity, tehr)
they may convey Fig.10 Irradiation cree curves of

Fe-25Ni-15Cr at various stresse

information of transient

creep feabtures. Since

under 9.6 MeV deutercn bombardment.

the changes show exponential decays after a spike-like beam increase, they

would be associated with transient relaxation

change like point-defect population-change.

after an

instantaneous

More well-defined experiments

are necessary to clarify this kind of transient creep.

Steady-state creep rate after those primary transients are plotted as

a function of stress in Fig. 11. For
comparison, the creep data of HPS and
31688 by KFA Jlilich(17,21) are given in
where HPS(High Purity

FeNiCrMo

the same figure,
Stainless steel)
alloy of 3168S’s composition without
Mn, C etec).
the experimental conditions, especially

denotes a

minor elements (Si, Since
of temperature, may be different between
our data (full circle) and those KFA's
data({open symbols), the  detailed
comparison would be difficult, but a few
tendencies c¢an be stated taking account
of the weak temperature dependence of
the irradiation creep(7). The magnitude
of creep rate for 7807 is rather close

to that of HPS and it indicates that the

— 168 —

10— I T
8 @ Fe-25NI-I5Cr-07C CW20%
(S} o 96MeVd ~400°C -
4 b= KFA-Jlich: .
< HPS CW33%,
a A 31655 QW20 2Mevd 300°C
T 21 : =
=]
(el
o
2
<107 -
-..... 8 B 7]
L7 6 L a
4l ~ §= Ti-medified]
2+ _
153 11 ] | [
4 6 BI0? 2 4 6 810°
o ( MPa)
Fig.11
Steady-stat
25Ni-15CE d%ng;efgrgrél:gtigg e
Ci 1S
Talieh(17.21) " ° of KFA



