2846 J.

Resonance, edited by W. Low (Academic, New York,
1963), Vol. II, p. 447. '

R, G. Shulman, B, J. Wyluda, and P. W. Anderson,
Phys. Rev. 107, 953 (1951).

"R, calvo, R. A. Isaacson, and Z. Sroubek, Phys.
Rev. 177, 484 (1969).

18N, S. Shiren, in Proceedings of the Twelfth Colloque
Ampére, Eindhoven, 1962, edited by J, Smidt (Inter-

C. CHENG AND J.

C. KEMP 4

science, New York, 1963).
9The form of the master rate equations is well known;
see, for example, Andrew and Trunstrall, Proc. Phys.

.Soc. (London) 78, 1 (1961).

B, V. Haxby, Ph. D. thesis (University of Minnesota,
1957) (unpublished).

R, L. Hansler and W. G. Sogelken, J. Phys. Chem.
Solids 13, 124 (1960). '

PHYSICAL REVIEW B

VOLUME 4,

NUMBER 9 1 NOVEMBER 1971

Ranges of Recoil Atoms from the (n,y) Process

William R. Pierson, Joseph T. Kummer, and Wanda Brachaczek
Scientific Reseavch Staff, Ford Motor Company, Dearborn, Michigan 48121
(Received 24 February 1970; revised manuscript received 21 January 1971)

Ranges of 198Ay (estimated average energy 50 eV) recoiling from neutron capture in gold
film surfaces have been estimated in deuterium, helium, neon, argon, and xenon by mea-

suring the yield on a collector as a function of gas pressure.

These ranges are 0.3, 0.54,

1.1, 0.8, and 1.2 pg/em?, respectively. From the shape of the curve of recoil yield vs
pressure in helium, the range is inferred to be largely independent of energy; this contrasts
with the strong dependence known to hold at higher energies. A simple model such as that
used for neutron thermalization reproduces the magnitudes and trends of the ranges reason-

ably well.

INTRODUCTION

The work to be described in this paper deals with
ranges of atoms in the 100-€eV region of kinetic en-
ergy, and with the angular distribution of such at-
oms when ejected from surfaces. Range measure-
ments in this energy region have not heretofore
been attempted, to our knowledge.

An extrapolation of data obtained at higher en-
ergies'™!? suggests that, at 100 eV and less,
ranges should be about one interatomic distance.
The few indications that actually exist in this en-
ergy region are all from (z,y) recoil studies!®—*°
as far as we know, and for the most part these
studies indicate that the ranges are of the order of
1 to 10 interatomic distances.

Our method of measurement depends on the fact
that an atom recoiling from emission of a y ray has
a kinetic energy ’

E=E}2/2Mc. @)
(Here, E, is the energy of the y ray, M is the mass

of the recoiling atom, and c is the velocity of light.)

In the case of neutron-capture y rays, the recoil
kinetic energy is of the order of 100 eV. Recoiling
atoms which are ejected from a solid surface are
allowed to cross a gas-filled gap to a collector.
The number of recoil atoms reaching the collector
is measured as a function of gas pressure. With
the gap evacuated, a certain number of recoil at-
oms will reach the collector. As the pressure
goes up, more and more atoms are slowed to ther-
mal energy in the gas and diffuse to either the col-

lector or the surface of origin. At sufficiently
high pressure, essentially all of the atoms will be
thermalized within a short distance and very few
will reach the collector. By allowing for diffusion,
a projected range can be deduced from such data.
Then, with some knowledge of the angular distribu-
tion of emitted recoils, the range can be estimated.

The range information obtained in this way is
quite crude. First of all, the recoil motion and
diffusion are not strictly separable. Second, the
recoiling atoms are widely distributed in velocity,
both in magnitude and direction. Even so, some
interesting trends can be seen despite the limita-
tions.

EXPERIMENTAL METHOD

The atoms used in this study are '%®Au ejected
from gold surfaces by the process *"Au(z, y)!**Au;
198A4 is a B and y emitter of 2.7-day half-life, and
so the number of recoil atoms reaching the col-
lector can be ascertained by the usual means of
counting radioactivity, long after the recoil pro-
cesses have occurred.

The (1, ¥) process on *’Au leads to a level in
%Ay at 6.5 MeV.2® The deexcitation from this
level is prompt (< 10®sec) and proceeds to the
ground state by a complex decay scheme involving
a number of alternate pathways (y-ray cascades).
The path consisting of direct transition to the
ground state, with emission of a single y ray of
energy 6.5 MeV, is followed only about 2% of the
time; the recoil energy [Eq. (1)] in this case would
be 115 eV. The rest of the time the recoil energy
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2000-5000 A thick and 0.847 cm in diameter,
sputtered in an argon atmosphere onto a vitreous-
silica disk of diameter 1.27 cm. Across a gap of
0.043+0. 002 cm there is a graphite collector that
subtends a solid angle of 27 sr from all points in
Above and below this sandwich
there are small pieces of gold wire, each of weight
approximately 100 ug (known to +1%). Knowing
the activity induced per unit mass in these gold
wires, one calculates the amount of activity ex-
pected to be induced in one atomic layer of the
Measurement of the activity found on
the collector then permits one to determine what
fraction of the ®®Au atoms produced per layer of

Normally, in each run there are two source-
plus-collector sandwiches and three standards,
as represented in Fig. 1, held in a graphite cru-
All graphite used is high-density reactor-
grade material, fired in an atmosphere of argon

After sputtering, the components are assembled
and the loaded crucible is put into a vitreous-silica
tube and evacuated with a liquid-nitrogen-cooled
molecular-sieve pump and further evacuated with
a sputter-ion pump. The final pressure in the
space between the film and collector is estimated

4 RANGES OF RECOIL ATOMS FROM THE (n, y) PROCESS
TO VACUUM
.0cm. i.d.
L 0z the target surface.
/ METAL PLUG
/Au STANDARD
/ U GRAPHITE
STANDARD i
/ HOLDER gold film.

GRAPHITE

/ COLLECTOR

/ | — D+ gold reaches the collector.
PR ——
/ 0 RECESS 1.03¢m ¢
/ v cible.
. / ¢ just before use.
000 0.846 cm
‘ |_CRUCBLE Au DEPOSIT
SUBSTRATE
0
T~ 4]
~
~ :
N o to be <5X10~° mm Hg.

]<— 1L.27cme —

FIG. 1. Apparatus used for range measurements. On
the left is shown the silica tube containing the assembled
contents. On the right is an exploded view, on a larger
scale, of the contents of the graphite crucible.

will be less, determined by the energies of the

y rays in a particular cascade and by the (essen-
tially random) directions in which the y rays happen
to be emitted with respect to each other. There
will tend to be one high~energy y ray in each cas-
cade, and, because the recoil energy varies as

the square of the y-ray energy, the recoil motion
will be governed by that y ray. Random-walk cal-
culations on some representative situations sug-
gest that the probability distribution of recoil mo-
menta imparted in neutron-capture y-ray cascades
is approximately symmetric about a mean of 60—-80%
of the maximum observed (see Figs. 3 and 7 of
Ref. 21). The average recoil energy obtained from
such a momentum distribution is approximately
half the maximum. In the present case, this av-
erage is about 50 eV. There are, however, recoil
atoms with energies up to 115 eV and as low as
perhaps 5 eV.

Range Measurements

The apparatus for the range experimerits is de-
picted in Fig. 1. The source is a gold film some

After pumpdown, the gas in which the range is
to be determined—He, D,, Ne, Ar, or Xe—is ad-
mitted to a pressure of 2.5-760 mm Hg. The silica
tube is then sealed off and irradiated with neutrons.
From the known capture cross section of gold and
the irradiation conditions it can be estimated that
only about one *?Au nucleus in 10" will capture a
neutron during such an irradiation; accordingly, the
alteration of the gold surface by departing recoils
is inconsequential.

The role of fast neutrons is probably negligible,
since the cadmium ratio (loosely speaking, the ratio
of neutron abundances below and above 1 eV) is
about 8 or 9 in the pile locations employed. Exper-
imentally, varying the cadmium ratio (by changing
irradiation locations in the pile) had no discernible
effect on the results—an indication that the role of
fast neutrons is not significant, It is necessary that
this be so if the experiment is to be successful, be-
cause a relatively large recoil energy (tens of keV)
would be imparted by the impact of a fast neutron.

There could be a significant perturbation of the
experiment if electric fields happen to be present,
since some (perhaps one-half'*) of the recoiling
%Ay species are ions. We have done experiments
with the source electrically connected and uncon-
nected to the collector and have observed no sig-
nificantdifference in the results; these experiments
were with the gap evacuated, however, and the con-
conclusion might not apply at higher pressure.
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FIG. 2, Sample used for the angular-distribution mea-
surements. This sample is loaded into the graphite
crucible with standards above and below, as in the range
measurements (Fig. 1).

Several hours after irradiation, the pieces are
counted for ®Au content by measuring the intensity
of the 411-keV y ray that accompanies the decay
of %¥Au, This is done with a 7. 6-cm-diam X 7. 6~
cm-thick Nal (T1) crystal connected to a 400-chan-
nel pulse-height analyzer. The y-ray spectrum
is analyzed by stripping out the background together
with any energetic ¥ ray. The uncertainty in the
measurement is a few percent.

From the counts on standards and collectors and '
from the area of the gold film and the lattice pa-:
rameters for gold, we determine what fraction of
the '*®Au produced in the top layer of the gold film
is found on the collector. It is necessary to make
a correction for the gold in the collector that did
not arrive there by recoil (that is, gold already
present as an impurity in the graphite or gold that
might have been transferred by accidental contact
of the collector with the film, and so forth). This
correction is evaluated by reirradiating the col-
lectors together with some standards after the
originally induced °®Au has decayed. This bulk-
gold correction in a properly done experiment is
approximately % of the original activity.

Several experiments of the kind just described
were performed with each gas, one experiment
for each of a number of different pressures to ob-
tain a curve of activity collected vs pressure.

Angular-Distribution Measurements

The assembly for the angular-distribution exper-
iments is shown in Fig. 2. The diameter of the
target (gold film) is nominally 0.038 or 0.076 cm,
and is measured to within + 2% with a toolmaker’s
microscope. To make the four-piece collector,
four 1. 27-cm-diam graphite disks—three of them
0.1283 +£0. 0025 cm thick and the fourth one
thicker—are clamped together. A hemisphere of
radius 0. 513 +0. 0025 cm (i.e., 4X0.1283) is hol-
lowed out of the stack in such a way that the hemi-
spherical surface of radius R is divided into four
parallel slices by equidistant planes spaced iR
apart. The four curved graphite surfaces com-
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prising the hemisphere thus have equal areas.
Hence if, for example, the emission of recoil at-
oms is isotropic, equal activities should be found
on the four segments.

The rest of the procedure resembles that for the
range measurements, except that no gases are ad-
mitted after pumpdown. The assembly is pumped"
down to the 10® mm Hg range as read at the pump,
or an estimated 5%x10® mm or better in the space
between the film and collectors.

RESULTS

Range Measurements

The results for the recoil activity reaching the
collector as a function of the amount of material
penetrated22 are shown in Fig. 3 and in the middle
column of Table I. The ordinate in Fig. 3 is the
activity collected relative to that which would have -
been collected if every surface gold atom under-
going neutron capture had recoiled into the collec-
tor. In calculating this we take the packing of gold
atoms in the surface layer to be that calculated for
the (111) face of gold, 1.4 X10'® atoms per cm?,
[X-ray scans of several of our films have shown
that these films are consistently, and essentially
wholly, oriented(111).] Some other basis would
merely change the scale and is of no great impor-
tance for the present purpose. The value at 0 ug/
cm? is actually from a great number of determina-
tions and of course is the same for each plot. (This
value is considerably higher than that obtained by
other investigators, 15! who were using foils; we
have observed, with evaporated films and with
sputtered films subjected to annealing, that recoil
yields are somewhat dependent on the nature of the
surface.)

We find the following:

(i) The projected ranges do not exhibit any
pronounced trend with atomic or molecular weight
of the gas penetrated (judging by the amount of ma-

TABLE I. Estimated ranges of 1*Au recoiling from

197A“(7lo, v) 198A“‘
‘Range (1g/cm?
Gas penetrated Raw? Corrected®
D, 0.5 0.3
He 0.72 0.54
Ne 1.1 1.1
Ar 0.8 0.8
Xe 1.2 1.2

2This is the amount of material needed to halve the
recoil activity reaching the catcher (see arrows in Fig.
3).

PThese values are obtained by applying corrections for
angular distribution, diffusion, etc., as described in the
Analysis section of the paper.
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FIG. 3. Recoil 1*®Au activity collected vs mass of
material penetrated, for various stopping materials as
indicated. Activity collected is expressed as a percent-
age of that which would have been collected if every !%Au
produced in the surface were to recoil into the collector
and if the surface were entirely oriented (111). The point
where the yield has dropped to one-half its value in
vacuum is indicated on each plot. For explanation of
abscissa see Ref, 22.

terial needed to cut the collected activity in half—
arrows in Fig. 3 or the middle column of Table I).
(ii) There is a difference between the range in
He and the range in a gas of diatomic molecules of
the same mass (deuterium).
(iii) The shape of the plot in the case of He is
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what would be expected for a monoenergetic col-
limated beam of gold atoms or ions. If the emis-
sion of recoil atoms from the gold surface were
isotropic, such a plot could not be obtained. %
Further, even if the emission were unidirectional,
with a large spread in energy, such a plot could
still not be obtained unless the range was somewhat
independent of energy. We might say that the pro-
file in He is suggestive of a monorange collimated
beam of gold.

Angular-Distribution Measurements

The results of the angular-distribution measure-
ments are shown in Fig. 4, along with the resuilts
that might have been expected if the emission were
isotropic into the full 27 sr in the forward direc~
tion or, alternatively, distributed. about the surface
normal in the cosine distribution characteristic
of particles evaporating at thermal energies, 2~28
The experimentally observed distribution seems to
favor the direction perpendicular to the emitting
surface; with annealed films (not shown) this for-
ward peaking is quite pronounced, the distribution
departing strongly from the “cosine law.”

There seems to be excess emission sideways
(collector 1 of Fig. 4). Possibly this “side lobe”
is spurious; if, in making the film, gold deposited
on the substrate were to extend sufficiently beyond
the boundaries of the intended film area, it might
later be rubbed off onto the bottom collector. An
alternative hypothesis is that the sticking probabil-
ity in a gold impact onto graphite is less than unity
and that some of the recoils find their way to col-
lector 1 by scattering. We rule out the latter hy-
pothesis—scattering—because of evidence that the
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been obtained if the emission followed a cosine law.
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sticking probability of these recoils in the graphite
is close to 1.0. The nature of this evidence is a
series of experiments in which the geometry of the
collector surface was arranged in such a way that
it would catch all recoils, whether there was scat-
tering or not (conceptually, the arrangement is one
in which the collecting surface is a cavity, with a
tiny opening where the gold film sits). The recoil
fraction from these experiments was found to be
the same as the recoil fraction from experiments
using the usual collector geometry like that shown
in Fig. 1, demonstrating that scattering is not im-
portant.

On the other hand, the side lobe in Fig. 4 cannot
be explained by gold on the substrate outside the
intended boundary, because that would yield an in-
crease in the total recoil activity, which was not
found.

ANALYSIS

Corrections to Raw Range Data

The range results given in the previous section
should be corrected for such factors as diffusion
and angular distribution in order to arrive at a
better estimate of the range. In this section we
will attempt to correct for these factors. The
ranges thus obtained are given in the last column
of Table I.

Assume, as a reasonable approximation to
Fig. 4, that the angular distribution of emitted re~
coil atoms (i.e., the relative probabilities of emis-
sion in various directions) follows Knudsen’s?s
cosine law, i.e., that, as measured with reference
to an axis perpendicular to the surface, the prob-
ability of emission at angle ¢ into unit solid angle
is proportional to cosf. As the recoiling atoms
approach thermal equilibrium with the gas that
comprises the stopping material, they find their
way either to the collector or to the source or its
substrate, where presumably they stick. During
the travel, diffusion is constantly operative and
becomes the predominant mode of motion in the
later stages. In principle, the end of the range is
reached when the recoil component of the motion
has been reduced to zero and random thermal mo-
tion has been established. Strictly speaking, this
requires an infinite number of collisions. In prac-
tice, a limit to the range of a given atom is reached
when the recoil momentum perpendicular to the
collector plane falls to zero or passes through zero,
which occurs when the scattering angle reaches
90°; subsequent steps have components toward
source and collector with equal likelihood (see the
Appendix). Concurrently, the recoil motion will
be spread out and eventually truncated by diffusion
to the absorbing surfaces.

When the recoil atom reaches the effective end
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of its range within the gas, the subsequent path of
the atom can be treated as a random walk with ab-
sorbing barriers and variable-length steps (“gam-
bler’s ruin” problem), ?” provided that the longest
step (distance between collisions) is short compared
to the distance between boundaries (the gap). Con-
sider the experiments in helium, where scattering
angles and energy transfers per collision are small-
estand therefore straggling shouldbe at a minimum.
Assume that the particles have a single range »
and an angular distribution proportional to cos®.
Let x denote the projection of the range onto an
axis normal to the emitting surface., Then the den-
sity distribution of x is proportional to x for x <7,
and zero for x>7. If now the diffusion problem is
weighted by this range-projection distribution, the
profile of recoil fraction vs amount of gas pene-
trated comes out as shown in the line of Fig. 5.

We have ignored the fact that the effective angular
distribution must be different from the distribution
in vacuum; that is, the distribution defined by the
initial recoil directions will not be maintained to
the range end points if the latter are defined as

the point at which the recoil has been deflected by
90°.

We see that the calculated curve passes through
A;/Ap=0.5 at d/r=1.33. Our experimental helium
data give A,/A,=0.5 at d=0.72 ug/cm? (Fig. 3),
which thus implies #=0. 54 pg/cm? in helium. If
the helium experimental points (Fig. 3) are scaled
by this 7, they appear on Fig. 5 as shown. (In-
cluded in Fig. 5 are a pair of points at d/r=14.3
omitted from Fig. 3.) The fit seems to deteriorate
at large d but, even apart from any attempt to allow
for diffusion or the angular distribution, the ef-
fective range in He is undoubtedly close to the num-
ber cited.

The range in deuterium, estimated in the same
manner as above, is 30% less than the range in
helium. Possibly this reflects simply a difference
in collision cross section.

For Ne, Ar, and Xe, progressively fewer col-
lisions occur before the end of the range is reached,
and the maximum deflection per collision (see the"
Appendix) increases. Hence straggling should be
enormous and one should not think of the range

.end points as having a cosé probability distribu-

tion about the surface normal, but rather something
more nearly isotropic. (The S shape character-
istic of He in Fig. 3 seems less obvious in the
heavier gases, as if to bear this out.) An isotropic
distribution of range end points would project onto
the surface normal as a rectangle with, as before,
a cutoff at x=7». With subsequent diffusion, the
range 7 in these cases would be equal to the value
of d at which A,/A¢=0. 5 (the places marked with
arrows in Fig. 3). This 7 is only4that calculated
on the assumption (employed in the He and D, an-
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FIG. 5. Estimation of range by
comparison of predicted and experi-
mental collected recoil activity as a
function of gas pressure (in a light
gas). The ordinate is the activity
collected, normalized to the activity
collected in vacuum (gap d=0). For
the predicted curve we assume the
recoil atoms to be emitted in a cosf
angular distribution, all with equal
range ¥, with ordinary diffusion com-
mencing after the particle reaches
the end of its range. The upper ab-
scissa is the ratio of the gap d to
the range ». The experimental points
are the helium data (from Fig. 3)
with the lower abscissa scaled to
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alyses) that there is no straggling, which suggests
that the perturbation of the initial angular distribu-
tion will not affect the results radically. Curves
calculated on the basis of isotropic distribution
reproduce the experimental points for Ne, Ar, and
Xe reasonably well.

The ranges, estimated as outlined, are sum-
marized in the last column of Table I. The trend
of corrected range with mass, like the trend of
the raw range, is slight.

Comparison of Experimental and Expected Ranges

We suggest the following rationalization for the
magnitude of the range in helium (Table I):

In the energy region with which we are dealing,
energy loss is accomplished primarily by elastic
collisions. In a series of elastic collisions be-
tween a target of mass m, at rest and a projectile
of mass m, and kinetic energy E,, the average
number of elastic collisions necessary to reduce
the kinetic energy to some value E is

= <ln£n>/ (g = )" I Za= % | 1) ()
E 2mymy my+ My

if the scattering is isotropic in the center-of-mass
system (i.e., if the potential is hard sphere) and
if the cross section is independent of the energy.
(This can be derived in a manner similar to the
derivations given in Refs. 28 and 29 for the special
case of neutron thermalization. )

~ With E;=50 eV, E=0.038 eV (thermal energy),

14 5 correspond to a range »=0.54
vg/cm?,

and the masses m, and m, of Au and He, 170 col-
lisions are necessary, on the average, to slow the
gold recoil atom to thermal energy in helium. The
mean free path A of Au in He is about 0. 0033 ug/cm?
(judging from the He atomic radius from viscosity
measurements, ¥ combined with the atomic radius
of Au). Thus, the estimated mean path length
(not displacement, although only slightly greater
than the latter in the case my > m;,) to thermal en-
ergy is M=0.6 ug/cm?, which is very close to the
experimentally estimated range. The 0. 038-eV
cutoff is arbitrary, of course, as we have already
indicated, but this is not important; setting the
cutoff at 3 X10° eV (i.e., < 10 times thermal en-
ergy) would only double the path length and less
than double the range according to Eq. (2). The
extension of Eq. (2) to such energies is somewhat
specious, as the thermal motion of the target atoms
must be considered. But this motion results in
larger scattering angles for the projectile; for ex-
ample, if the thermal motion of He in He-Au col-
lisions is neglected (as it can be, for sufficiently
high energy of the Au), the maximum deflection per
collision in room coordinates for the Au is only 1°
(see the Appendix), but the maximum deflection
will have increased to 180° by the time the Au re-
coil energy has decreased to approximately 0. 003
eV. Thus the thermal motion in the stopping me-
dium will make the range shorter than it would be
in the absence of such motions.

According to Eq. (2) the predicted average path
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lengths 7ZA down to 0.038 eV in Ne, Ar, and Xe
(using thermal-energy hard-sphere cross sections
for calculating A)*® are 0.5, 0.4, and 0.4 pg/cm?,
respectively. The ratio between range and path
length can be expected to decrease from Ne to Xe
because of the larger deflections. Hence, the pre-
dicted path lengths cited for He, Ne, Ar, and Xe
suggest that the ranges should decrease in the or-
der He>Ne >Ar>Xe. On the other hand, the rel-
ative kinetic energy 3u¢? [u is the reduced mass
myms/(my + my)] rises rapidly in order of increas-
ing mass, probably with consequent decrease in
cross section and, in turn, increase in range.

Thus, the numbers in the last column of Table I
seem reasonable. Of course, the assumption of
isotropic scattering in center of mass is a conve-
nient oversimplification; a more realistic descrip-
tion would lead to longer predicted ranges.

We suggest the following rationalization for the
shape of the A,/Aq-vs-d plot in helium (Fig. 3 or 5):

In a series of elastic collisions, even if the scat-
tering is not isotropic (provided only that the poten-
tial is not energy dependent), the average number
of collisions necessary to reduce the energy by a
given factor (say, a factor of 2) is independent of
energy as in Eq. (2), i.e., is proportional to
log(Eo/E). The average recoil undergoes an energy
reduction of several orders of magnitude before
arriving at thermal energy. Thus a doubling of E,
from 50 to 100 eV would increase by only about 10%
the number of collisions necessary to reach 0. 038
eV. Moreover, the maximum deflection per col-
lision being about 1° in helium, the path length and
the range are closely related to each other. Under
these circumstances it is clear that rvanges should
be almost independent of enevgy. This, together
with the small spread in »z about 7Z (the minimum
number of collisions capable of thermalizing 50-eV
gold atoms in helium is about half the average num-
ber), is believed to be responsible for the shape of
the range curve in helium,
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APPENDIX

Here we give expressions for the average cosine
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of the scattering angle in elastic hard-sphere col-
lisions when the motion of the struck atom before
impact can be neglected. The derivation parallels
that given by Hughes (Ref. 29, pp. 25-29) for elas-
tic scattering of neutrons.

Let the masses of projectile and struck atom be
my and my, respectively. Let the angle through
which the projectile is deflected be 6 in center-of-
mass coordinates and ¢ in room coordinates. We
can make a construction like that of Fig, 1-9 of
Ref. 29 and find, by the law of sines,

sin(8 — @) _my 3)
sin ¢ my

which gives

: 2 12
cos <p=[1+—m-a-cos 9][(313-) +22%2 cos 0+ 1] . @)
my my my

But the average value of cos ¢ is (see Fig. 1-9b
of Ref. 29)

{cos@)=3 fot cos¢ sinf do. (5)

Substituting (4) into (5) and integrating gives the
solution, the form of which depends on the ratio
between m, and my:

(62)
(6b)

(cos @)= % (my/my) if my < my

=1= 3(ma/my)? it my>ms,.

Equation (1-42) of Ref. 29 is the specialization of
(6a) for the case when m,/m, equals A, the target
mass number (neutron scattering).

From the {(cos¢) thus calculated, one can then
calculate the average number of collisions neces-
sary to deflect the projectile through 90°, using an
expression equivalent to Eq. (1-43) of Ref. 29,
that is,

N=(1-{cos @) (7)
From Eq. (4), moreover, by setting d (cos¢)/

' d(cos6) equal to zero, one finds the maximum de-

flection per collision:
(Sin@)max=mz/my when mq >ms,. ()]

It is stressed that these relations hold only if
the motion of the struck atoms before collision is
insignificant compared to the motion of the projec-
tile. For sufficiently low projectile energy, the
thermal motion of the target atoms becomes im-
portant and the situation becomes much more
complex.
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The electron-paramagnetic-resonance spectra of Gd* and Eu® in cubic sites of MgO single
crystals have been observed. Spin-Hamiltonian parameters for these ions have been deter-
mined as a function of temperature. The observed variation of the fourth-order spin-Hamil-
tonian parameter ¢ vs lattice constant for the alkaline-earth oxides implies that in MgO over-
lap and covalency must be considered in determining the ground-state splitting of these ions.

INTRODUCTION

Although numerous electron-paramagnetic-res-
onance (EPR) investigations of iron-group impuri-
ties in magnesium oxide single crystals have been
performed, until the recent observation! by EPR
of Yb* in MgO, the only rare-earth resonance
spectrum reported for this host was that of Er®,?2
Detailed studies of several rare-earth ions have
been carried out, however, using the isomorphic
(NaCl-type structure) hosts CaO, SrO, and BaO.
Of these studies, the experiments®~!® dealing with

the impurity ions Eu®* and Gd* (47 configura-
tion, 8s, s> ground state) are considered to be par-
ticularly significant, since they emphasize the in-
ability of current models to account for crystal-
field effects on the 3S;/, ground state. The cubic
spectrum of Eu?* in the oxides was especially in-
teresting in that the fourth-order spin-Hamiltonian
parameter was observed to vary from a positive
quantity for Eu® in BaO, to approximately zero in
SrO, to a negative quantity in CaO. A variation of
this nature is clearly beyond the predictions of a
simple crystal-field model. Additionally, the sign



