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Quantitative study of the transmission of axially channeled protons in thin silicon crystals
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W. M. Gibson' and J. A. Golovchenko
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A. N. Goland and H. E. Wegner
Brookhaven National Laboratory, Upton, New York 11973
(Received 23 March 1978)

The azimuthal distributions of protons transmitted through thin silicon single crystals near the (110) axis
were measured using a two-dimensional position-sensitive detector. The data are composed of ringlike
distributions with strong azimuthal and transverse energy dependence. The azimuthal distributions are
compared with theoretical predictions based on the random string approximation using different forms of the
interatomic potential. “Blocking” in the transverse plane is also observed. In addition, from an analysis of
the radial spreading of the distribution the effects of inelastic scattering in the transverse plane are clearly

seen.

I. INTRODUCTION

The experimental study of particle-channeling
effects in crystalline material has been vigorously
pursued for over 13 years, and the general con-
cepts required to obtain an overall comprehension
of the subject are reasonably well established.
Nevertheless, several aspects of the channeling
effect still seem worthy of study, either from the
standpoint of providing detailed quantitative re-
sults of particular use in application, or with the
idea of critically examining from different per-
spectives certain assumptions upon which the
theory is built.

One may classify channeling experiments into
two categories which, in principle, are capable
of supplying complementary information about the
"channeling process. The first category consists
of those experiments whose results are sensitive
to the transverse position distribution of penetrat-
ing particles. Characteristic of this case are
wide-angle Rutherford scattering experiments,
where the scattering yield as a function of incident
tilt angle of the beam to the crystal is measured.

In the second type of experiment with which this
paper deals in detail, the distinguishing feature
is that results are determined by the transverse-
momentum distribution. Transmission-type ex-
periments, where the incident particles traverse
a thin crystal and emerge from the back, charac-
terize this case, as we shall see. Thus, the par-
ticular distribution observed, i.e., position or
momentum, may be used to distinguish the two
cases.

A number of years ago, a series of channeling
experiments was performed to investigate the

transmission of ions through thin single crystals.!
The angular distributions of transmitted particles
were recorded using photographic film placed ap-
proximately 1 m behind the crystal. When the
angle 3, defined as the angle between a major
axial direction and the incident beam, was less
than the critical angle for channeling ¢, (Ref. 2)
ringlike patterns were observed. These rings
were found to be nonuniform. In all cases there
was a modulation in intensity as a function of azi-
muthal angle which reflected the symmetry of the
crystal. This was explained as “blocking” in the
transverse plane. Blocking is defined as the re-
striction of particle motion from low-index axial
(or planar) directions, arising from the extraordi-
nary correlated scatterings from successive tar-
get atoms. In addition, as § approached the cri-
tical angle, the intensity was increasingly peaked
in the original beam direction.

The recent development of two-dimensional
position-gensitive detectors, 3 and the fabrication
of thin uniform single crystals of silicon? have
made it possible for us to make a quantitative in-

. vestigation of these ringlike distributions. A

series of transmission experiments using the

Brookhaven, Research Van de Graaff accelerator
was performed utilizing a beam of 3.2-MeV pro-
tons, which were channeled along the (110) axis

_in various thin silicon crystals. When the angle

between the incident beam and the crystal axis
was of the order of the critical angle, the charac-
teristic ringlike intensity distribution was ob-
served. This distribution will be referred to as

a “doughnut.” It will be shown that the azimuthal
distribution of the doughnut depends on the form
of the interatomic potential.
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II. THEORY

Figurel illustrates the geometry of the doughnut
formation. As noted, for angles of incidence of
the order of §,, circular distributions are obtained
on a screen or detector placed behind the crystal.
The center of the circular region corresponds to

the projection of the axial direction on the detector.

The radius of the circular distribution is basically
determined by the angle between the incident beam
direction and crystal axis direction. For the pur-
pose of interpreting these patterns within the
framework of more standard channeling notions,
we note that the distance from the axis projection
at which a particle falls on the detector is deter-
mined by the projection of the emergent particle
momentum perpendicular to the string direction.
(The angles being dealt with in these experiments
are so small, and the crystals so thin, that the
momentum along the axis direction may be con-
sidered to be that of the incident beam and the ef-
fect of crystal tilt on this quantity may be neglec-
ted.)

Thus if we take the projection of the axis as the
origin of our coordinate system located a distance
D from the crystal, a particle incident a distance
d from the origin has a transverse momentum of
magnitude (d/D) V2ME, where E and M are the
projectile energy and mass, respectively. The
azimuthal direction 6 may be conveniently mea-
sured relative to the direction of the transverse
momentum vector of the incident beam (Fig. 1).
The resulting angular distribution of trans-
mitted particles yields directly the transverse
momentum distribution at the back surface of the
crystal.

The basic shape of the azimuthal distribution
has been theoretically treated using a random-
string approximation (RSA).° This model assumes’
that the crystal is composed of strings of charge
all aligned in the same direction, but distributed
randomly in the transverse plane. The pair corre-
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FIG. 1. Geometry of doughnut formation. Incident
beam enters crystal at an angle ¥ with respect to the
axis. As a result of collisions within the crystal, the
direction of p, randomizes, yet remains almost con-
stant in magnitude. The result is a ringlike distribu-
tion (a doughnut) when viewed on a phosphor screen or
two-dimensional (2D) position-sensitive detector.

lation function £(7), which is defined as the pro-
bability of a pair of strings being separated by a
distance 7, is taken to be equal unity, and the
correlation between successive string collisions
is neglected. The initial azimuthal distribution is
taken to be 6(6). As the particles pass through the
crystal, elastic collisions with the strings change
the direction of the particle transverse momentum
p.. The time evolution of the direction of p, is
then described by using the Boltzmann transport
equation for the probability of finding a particle
with transverse momentum in the direction 6,

m
BA(;;;”= [,, ae’ P(o') A6 -0 ,t)-A(6,t)], (1)
where P(6) is the transition rate obtained from the
scattering potential and A(6, ¢) is the probability
of finding a particle at angle 0 at time {. For po-
tentials governing the collisions of the form U(1/7)
= ¢,/r or U(1/r?) =c¢,/7r?, exact analytic solutions
to the transport equation have been found.® The

TABLE I. Theoretical azimuthal distributions.

Potential P(6)*? T® A0, T)°
oL Ty 11 08N ViarpZ Zymit 1 sinh(Ty)
r ¢t 4m sin?(56) " 2E,d 2m cosh(Ty) —cos (6)
1 Ty Ul ZIZZe2 1 ik Kk T cos(km) J1(kT) Tg
U(w) T M= (- 6)p/e NsVCarert —5o7 o ; ee

2P(9) is the transition rate where ¢ is the time.

®T is dimensionless parameter to measure the time evolution of the system, where Ng is
the number of atoms/(unit area), V, is the transverse velocity, apy is the Thomas-Fermi.
screening length, E, is the transverse energy, d is the distance between atoms along string,

and C is Lindhard’s constant ~v3.

€A(p,T) is the azimuthal distribution where Jj is the first-order Bessel function.
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fornis of the azimuthal distributions 4, ,, (6, T) and
A,;,2(6,T) are summarized in TableI. T is a
dimensionless measure of the time which depends
on the scattering potential and the crystal thick-
ness penetrated.

The constants ¢, and ¢, are chosen to be 0.8
X Z,Z,e*1ayy/2d and Z,Z,e*C%ig/d, respectively.
The potential U(1/7) is the potential used by Lind-
hard to estimate the approach to statistical equi-
librium in the transverse motion,® and U(1/7?)
is an expansion of the Lindhard standard string
potential®

U(r)=(Z Z ,£*/d) In[ 1 +(Cay:/7)?] - (2)

Justification for the choice of the constants c,
and c, can be seen in Fig. 2. Here the model po-
tentials are compared with the Moliére approxi-
mation to the Thomas-Fermi potential.” One can
see that for < 2arr, the U(1/7) potential is in
good agreement with the Thomas-Fermi potential.
The factor 0.8 was introduced to give a best fit in
the region y, <7<2a,; where y, is the thermal
vibration amplitude and a; is the Thomas-Fermi
screening length. For 7 >2arp, the U(1/72) poten-
tial gives the best agreement with the Thomas-
Fermi potential. For this case, no normalization
adjustment is necessary.

II. EXPERIMENT

Since nearly all particles are transmitted
through the thin (1900 - 7500 A) crystals used in
the experiment, an extremely low beam current

was necessary (~100 — 200 counts/sec) to prevent
electronic pulse pileup in the counting system.
This was accomplished by detuning the accelerator
and electrostatically deflecting the beam before
two 0.5-mm collimators spaced 2 m apart so that
only a very tiny fraction of the beam was incident
on the crystal.

The thin silicon crystals, prepared at Bell Lab-
oratories,* were produced by selective chemical
etching of boron-diffused silicon wafers. The
pyrocatechol etchant used does not attack the bo-
ron-doped silicon so that a thin, extremely flat
window results with the thickness (1500 ~ 7500 f\)
determined by the depth of the boron diffusion.

The crystal was mounted in a goniometer which
has two orthogonal angular degrees of freedom in
addition to vertical motion. The angles could be
varied with 0.010° accuracy. Pressure in the
chamber was maintained at 107" Torr to reduce
carbon buildup on the crystal.

The two-dimensional position-sensitive detector,
which was produced at Aarhus University,? is a
solid-state silicon detector with ion-implanted re-
sistive strips on the front and back surfaces
mounted at right angles to each other. The energy
and spatial resolutions are 100.0 keV and 0.1 mm,
respectively, with nonlinearity less than 5%. The
detector was placed 84.8 cm behind the crystal.
The resulting angular resolution of the system in-
cluding beam divergence was 0.02°. A retractable
screen was placed in front of the detector to allow
visual observation of the transmission patterns
for initial alignment of the crystal. The experi-
mental setup is shown in Fig. 3.

L5k Atomic Row Potentiadls

—— Moliere Potential -

—— U(I/r) EY® 0.81/4 arp/r
———- U= EY? /2 (age/r)

0.5

FIG. 2. Comparison of
phenomenological U(a/7)
and U (b /7% potentials with
the Moliére approximation
to the Thomas-Fermi po-
tential. The Moliére ap-
proximation is E¢ 1%[0.1K,
x (6ape/7)+ 0.55Ky(1.2ars/
7)+0.35K o(3ar/7)].
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Goniometer
Assembly

Beam from i m
Van de Graaff 0O.5mm Collimators . +

Accelerator Crystal

Removable
l Phosphor 2-D

Screen PSD

FIG. 3. Experimental setup. Beam is tightly colli-
mated before striking the crystal, which is mounted in
a precision goniometer. All transmitted particles are
collected in the 2D position-sensitive detector. x- and
y-position pulses are analyzed and collected in a two-
parameter multichannel analyzer. )

The pulse height H, at a detector contact is de-
termined by the following relation:

H,=E[(x = x,)*+(y - 9,)%] V/?/L,

where E is the ion energy, (x,y) is the ion’ s point
of contact with the detector, {xo, yo} are the con--
tact coordinates (0,0), (0, L), (L,0), and (L, L),
with L the distance of the resistive layer between
contacts. The total energy deposited was deter-
mined by summing the charge signal from both
contacts, and one impact position determination
could be made by dividing this energy-propor-
tional pulse into the signal from either contact.
Since the resistive layers on the front and back of
the 0.5-mm-thick detector are orthogonal, the

x, y coordinates of the particle impact, as well
as its energy, could be determined. Position and
pulse height information for each event were
stored in a two-parameter multichannel analyzer
configured to 64 — x channels by 64 — y channels.
The spectra were stored on magnetic tape for de-
tailed computer analysis at a later time.

Three crystals, 1900, 2500, and 7500 A thick
were studied. Scans of i from0° (alignment with
(110) axis) to p= 3, were performed with each
crystal. In addition, some variations in the azi-
muthal (¢) direction were investigated using the
1900 A crystal.

IV. RESULTS

In these transmission experiments, the data
fell naturally into one of two regimes. The first
is when 0< y<<y,. In this case, particles can be
properly or hyperchanneled.® We can view this
as particles trapped within a single potential mini-
mum (Fig. 4). Analysis of this special case is out-
side the scope of the present report and will be
presented in a future paper.

The second regime, and the one with which this
paper is concerned, occurs when the particles

40
35
_30f
25
20
1.5
10
05
0+
05
L.or
I5F -
20+
25
30

35
40 PR B |

(10) DIRECTION (R)

1 1 1

]
30 20 10 [¢] 10 20 30

It

(100) DIRECTION (R)

FIG. 4. Average potential contours for protons along
the (110) axial direction of silicon,

acquire enough transverse energy so that they are
no longer confined to one particular axial channel,
but may wander from channel to channel. This
region, which is associated with most of the phase
space for channeling, starts at approximately

$¥,. In this regime of large transverse energy,
the data have the following characteristics:

(i) A ringlike distribution (a doughnut) with di-
ameter 2Dy, where D is the distance from the
crystal to the detector. s

(ii) The distribution around the doughnut is non-
uniform with the highest intensity of transmitted
particles generally being observed in the incident
beam direction. The intensity in the azimuthal

-direction is also modulated by a series of minima

in directions correlated with low-index-planar
directions in the crystal.

(iii) The spreading of the radial distribution is
found to depend on the azimuthal direction.

A typical distribution is shown in Fig. 5(a).
These data were analyzed by “unfolding” the
doughnuts to yield an azimuthal distribution. The
procedure is described below. In addition, the
radial distributions of the doughnuts in the beam
direction, and at an azimuthal angle of 180° to the
beam direction, were also investigated.

Azimuthal distributions

The first step in the analysis of the data was to
calibrate the goniometer, that is, to determine
which goniometer setting corresponded to p=0°
The diameter W of the doughnut on the detector is
W =2D(y - ), where D is the crystal-detector dis-
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1900 A Crystal
v =.327°

(a)

Crystal ¥ =0.327° (b)
- data

08f
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O 40 80 120 180 200 240 280 320 360
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02

FIG. 5. (a) Doughnut formed with ¥ =0.327° from
(110) axis. Crystal thickness, 1900 A. (b) Azimuthal
distribution of same.

tance, ¢ is the tilt angle measured on the gonio-
meter, and i, is the initial tilt angle. The linear
relationship illustrated in Fig. 6 between W and ¥
was established by measurements at different
values of ¢; extrapolation to W=0 then gives the
goniometer setting corresponding to = i,.

Unfolding of the doughnuts was accomplished by
dividing them into 120 3° wedges centered on the
axis projection and integrating the counts between
dmin and dmax (Fig. 7). The resultwasa curve of parti-
cle density versus azimuthal angle 6. The curves
were normalized to unit area and corrected for de-
tector nonlinearity.

The results for the typical distributions in the
two angular regions discussed above are shown
in Figs. 5 and 8. Figure 8 cdrresponds to the
special case of very small transverse energy

ROSNER, GIBSON, GOLOVCHENKO, GOLAND, AND WEGNER 18

]
a0~ Goniometer Calibration 4
W= 2D(yr-y ) e
| ol e

% D= 087Tm /'
© -
e Detector — Crystal . /
5 ool Distance = 0.848m
S
; { ]

10 o/

0 1 | 1 1

399 39.8 39.7 396 395 394

Goniometer Setting (deg)

FIG. 6. Goniometer calibration W=2D(— () linear
relation is apparent. Extrapolation to W=0 gives gonio-
meter setting corresponding to ¥=1 .

noted previously. This special case is character-
ized by an absence of an intensity maxima in the
initial beam direction (6=0) and will be discussed
in detail in a subsequent paper. The more general
behavior is typified by the distribution seen in Fig.
5. The theoretical distributions A,,, and A4, /2
previously discussed are tabulated and compared

dmin

dmox

X — position of incident beam

FIG. 7. Data analysis: Method for obtaining azi-
muthal distribution. Doughnut is divided into curvi-
linear boxes with angular width 3° and length dy, z—dp,.
Counts are integrated within each box and then the
distribution is normalized to unity. The radial distri-
bution is calculated by dividing a wedge of angular width
A6 with equally spaced arcs. The spacing between arcs
is 0.5 channels. The counts within each curvilinear
box is integrated, and the distribution is normalized by
dividing by the maximum numbers of counts. Therefore
the highest point in any given radial distribution is 1.
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2500 A Crystal-
Y= 155° (a)

(b)

2500R Crystal V¥ =0.155°

I
008+ .., . o y
e’ *~areners®’

0] 1 1 1 I L 1 1 1
0] 40 80 120 18O 200 240 280 320 360

Angle (deg)

FIG. 8. (a) Doughnut formed with $=0.155° from
(110) axis. Crystal thickness, 2900 A. (b) Unfolded
doughnut (azimuthal distribution) =0.155.

with the measurements for two values of the trans-
verse energy in Figs. 9 —14. In interpreting the
results, the following correspondence should be
noted. Small changes in 6 (the angle between the
incident and emergent transverse momentum di-
rections) tend to result from small deflections of
the projectile while passing through the crystal.
This is the case of large impact parameter and

in this limit it is expected that the U(1/7?) poten-
tial will be most valid. Large changes in 6 are
the result of close collisions with the strings. In
this regime the U(1/7) potential becomes more ap-
plicable.

1900-A crystal

Figure 9 shows the unfolded doughnut for i
=0.207°=0.58 y,. We can see that at small values

1900 A Crystal  {§ =0.207°

048}

O4OL‘ * data K

e —Uu(i/r) ,
> sz -—=U(1/r3) . L/
»
S 024
o

0.16

008

.
40 80 120 160 200 240 280 320 360
Angle (deg.)

FIG. 9. Comparison of theoretical distributions with
data using U(1/7) and U(1/r% potentials. Thickness is
1900 A and =0.207° from {110) axis. '

of § the A,,,» distribution rises faster and gives
better agreement. At large 6 both predictions are
similar and for the overall envelope of the distri-
bution give reasonable results. However, as ¢
approaches the critical angle, the flux in the beam
direction rises rapidly. The distribution for ¥
=0.327°=0.99y, is shown in Fig. 10. In this case,
neither potential predicts the behavior in the re-
gion of #=0° thatis, in the beam direction. For
large 0, A,;, agrees quite well, while A,,,» is too
high. The A/, distribution is a rapidly varying
function of the dimensionless parameter T, which
is related to the path length or traversal time of
a particle through a crystal and to the strength of
the potential. One can see that a change of Lind-
hard’ s constant C from v3 to 0.91 causes a steep
rise in the region of the incident beam (i.e., §~0°)
and depresses the distribution for large 6, result-
ing in a reasonably good fit to the data.

A quantitative measure of the accuracy of the

I900 A Crystal § =0.327°
12
Lot data 4
r — Ui/ |
| .
> osf - U (1/r2) =3 I
. | ——U(1/r2) c=09I |
v . .
c 06|
%
o i
04
02
e e
o} 1 1 "'""r’“""'ﬁ"'“""‘T'-"‘"T'"""'i 1

O 40 80 120 180 200 240 280 320 360
Angle (deg)

FIG.DIO. Azimuthal distributions for =0.327° in
1900-A crystal. Note ¢=0.91 yields good fit.
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25004 Crystal §=0.215° .

+ data

o : —— U (l/r)

———U(l/r?)

oo’
O{ 1 | L 1 1 | 1 |

0 40 80 20 160 200 240 280 320

Angle (deg)

FIG. 11. Comparison of results for 2500-A crystal.
¥=0.215°.

fit can be made by calculatiné the average pro-
jected momentum defined as

(py) = fMA(G, T) cos(6) d6. (3)

For the A,,, distribution, this is simply e™"1,
where T, is the dimensionless thickness defined

in Table I. For the A, > distribution, (p,) can
be found by numerical integrations; (p.) expt 1S an
easily tabulated quantity. The results of this anal-
ysis are presented in Table II. It is clear that
none of the theoretical (p,)’ s agree well with the
measured quantities. The calculated values using
the U(1/7) potential vary too slowly, and the
U(1/7%) potential predicts no variation at ail. Even
when one uses the modified C value, which was
chosen to minimize x2 in the regions 6 =0°
+15°and 6=180°+30°, the calculated (p,) again
varies too slowly. It is obvious that the modula-
tions in the measured distributions caused by
planar blocking effects are responsible for most
of the discrepancy. Additional contributions to
this quantitative lack of agreement are discussed

Lak 2500R Crystal y=0.295°
- data
12 —U (I/r)
ok ---U (I/r3) c=/F
o —=U (I/r2) c=112 ]
= o8| o
s d
a 067 !
i "
_\ J
0.4\ /
02

(0] 1 L 1 T T 1 1
0O 40 80 120 1O 200 240 280 320 380
Angle (deg.)

FIG. 12. Azimuthal distributions from 2500-A cry-
stal near critical angle ¥=0.295°. The envelope of the
distribution .is well represented using the U7(1/7?%) po-
tential, providing that ¢ is set equal to 1.12.

below.

2500-A crystal

The results for both the intermediate and large
values of § are quite similar for this slightly
thicker crystal. Figure 1l shows the distribution
for =0.215°=0.66 y,. One notes the reasonable
agreement with either potential. However, near
the critical angle (Fig. 12) with $=0.295°= 0.9y,
we again note that A, /,» result agrees only if we
change C from V3 to 1.12. Also, A,,, is in agree-
ment with the data in the region at large 6 where
it is expected to be most applicable.

7500-A crystal

In previous measurements, the crystal was ori-
ented so that increasing y tilted it into a random
direction. This is defined to be approximately 15°
from the {100} plane. However, in this series of
experiments, the tilt was into the {100} plane so
that when i =~ 3, channeling in the plane became

TABLE II. Average projected momenta.

Thickness Best-fit? .

(A) P C {Dudryr (B /r2® {pL)1/2® (DLexpt
1900 0.207° 1.732 0.281 0.249 0.249 0.109
1900 0.247° 1.458 0.346 0.249 0.311 0.249
1900 0.287° 1.139 0.401 0.249 0.403 0.467
1900 0.327° 0.910 0.449 0.249 0.486 0.604
2500 0.215° 1.732 0.200 0.160 0.160 0.267
2500 0.255° 1.220 0.258 0.160 0.276 0.414
2500 0.295° 1.120 0.310 0.160 0.307 0.534

2For envelope of distribution derived from U(1/7%) potential.

PUsing C=V3.

¢Using best-fit C values shown in column 3.
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. 7500 A Crystal

05} - ¥ = 0.30°

. e, e, LN ]
P ot ot
K lod K

0] 1 1 1 1 1 ] | 1
0 4 80 20 160 200 240 280 320 360
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FIG. 13. Azimuthal distributions near critical angle
in 7500-A crystal. The very large flux near §=0° is
caused by channeling in (100) plane.

important. Consequently, the large flux in the
forward direction for =0.3°=0.91y, is the result
of channeling in the (100) plane (Fig. 13). How-
ever, at $ =0.2°=0.66y,, the protons are not
planar channeled and the distribution can be com-
pared with the theoretical predictions. In passing
through this thick crystal, the protons made a
sufficient number of collisions with the strings so
that statistical equilibrium was achieved. Thus
both theoretical distributions are flat, as are the
data, with the exception of the large blocking dips
(Fig. 14).

V. DISCUSSION

In Sec. IV, measurements of azimuthal doughnut
distributions and average projected momenta as a
function of crystal thickness and transverse energy
have been presented. It is also seen that the ran-

o -
7500A Crystal {=0.20°
028 e data
U (1/r) potential
024
~——==-U (1/r2) potential
>
= o020
i o™, T
S . s, RS ] E
o 0.l6 A . PR =Y,
012 | .... .~'. ..*.l ..d .D
OT 1 1 | 1 ] 1 Il

|
160 200 240 280 320 36(
Angle (deg)

0 40 80 120

FIG. 14. 7500-A crystal azimuthal distributions. Note
that both U(1/7) and U(1/7?) potentials result in uniform
distributions.

dom string approximation predicts envelopes for
these angular distributions that are not wildly in
conflict with the data. Nevertheless, it is clear
that detailed agreement between experiment and
this theory have not been achieved. First there
are the obvious planar features that cause devia-
tions from the smooth angular yields predicted by
the theory. It is clear that a calculation based
upon the assumption of a random distribution of
strings in the transverse plane cannot account for
these features. An ad hoc way of dealing with
these planar blocking dips is to consider the pla-
nar features predicted by a simple two-string
model. A particle emitted from the first string
will be steered away from the direction of the
second. This “shadow behind the string” effect
can be estimated from the potential.? When the
Lindhard standard interatomic potential [ Eq. (2)]
is used together with the approximation of small-
angle scattering, the angle 6,,, for blocking in the
transverse plane is found to be

4

6 =§.<E EyiCd’yy )1/3
min~2\2 ~ Eid% ’
where E, is the transverse energy and dg is the
distance bet ween strings. In Figs. 13 and 14, the
deep dips are caused by the {111} planes. The pre-
dicted values of 6,,, are 32.1° and 28.1° for §=0.2°
and 0.3° respectively. The experimental values
are 24° for =0.2° and 21° for $=0.3°. These re-
sults are quite reasonable considering the fact that
the calculation is based only on a two-string small-
angle scattering model.

The problem of explaining the deviation between
the random string approximation and the measured
average projected momenta and envelope of the
angular-distribution function is more involved.

At first glance, there are several possible explana-
tions. They are (a) neither the 1/7 nor 1/72 poten-
tial satisfactorily represents the string potential,
(b) correlation effects are not directly included in
the above two-string calculation, or (c) inhomo-
genieties in the crystal thickness. )

We discuss the effect of potential first. The
data for the large azimuthal angle behavior for
large transverse energies (Figs. 10 and 12) are in
good agreement with the RSA. This is quite rea-
sonable since for such thin crystals those particles
that scatter to large angles clearly have had a hard
string scattering with a small distance of closest
approach. The scattering angles are therefore
dominated by the potential at small distances from

the string and from Fig. 2 the 1/7 potential clearly

represents this well. Still staying with large
transverse energies but now going to small azi-
muthal angles, the data can be much better repre-
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sented by the 1/72 potential than the 1/7. However,
in order to get a good fit it is necessary to modify
the standard value of C to ~1.0. Noc analogous sim-
ple adjustment of the 1/7 potential yields good
agreement in this region.

Before interpreting this result as a significant
comment on the interatomic potential we must con-
sider smaller transverse energy data (Figs. 9 and
11). Here the smallest impact parameter events
are able to penetrate the region where the 1/7 po-
tential is a satisfactory representation (Fig. 2).
However, most of the collisions occur in the 1/72
region. Clearly from Figs. 9 and 11 the 1/72 fit
seems satisfactory at small angles but only for an
unmodified value of C (i.e., C=V3). Using the pre-
viously discussed value of C=~1.0 leads to a very
poor description at small azimuthal angles. It is
clearly unsatisfactory (and inconsistent) to repre-
sent the 1/7? potential so differently for different
transverse energies. (Table II contains values of
C which produce best fits to the envelope function
for different crystal thicknesses and tilts.)

The origin of this dilemma may well be in corre-
lation effects associated with the nonrandom dis-
tribution of strings in the transverse plane. Re-
cent experiments on multiple scattering in poly-
crystalline material have shown that eveén in the
absence of channeling, crystalline effects can
cause large deviations between predicted and mea-
sured angular distributions.!® Correlation effects
also influence the multiple scattering from poly-
atomic gases.'’ Whether or not this is the case in
the present experiments is not clear but in view
of this possibility we refrain from interpreting
our result in terms of modified potential functions.
Work is currently underway to clarify this question
both within the framework of the RSA and also by
Monte Carlo calculations.!?

Radial distributions

The radial distributions were obtained by inte-
grating the counts within some wedge of finite an-
gular width A6. The wedge was first divided with
equally-spaced arcs. The counts within each cur-
vilinear box were then summed (Fig. 7). The
curves were normalized by dividing the number of
counts in each box by the maximum number of
counts.

Although we have no quantitative theoretical pre-
dictions for these radial distributions, it is in-
structive to consider the qualitative features.
Figures 15 and 16 show the radial distributions for

different incident transverse energies E, (E, =Ey?)

in the region of the doughnut corresponding to the
incident beam direction 6=0° and for particles
that have undergone a large change in the direction

Radial  Distribution
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FIG. 15. Radial distribution in the beam direction 6
=0° for various ¥ ’s.

of the transverse momentum vector 6=180°, re-
spectively. The distance scale is proportional to
the magnitude of the final transverse momentum.
The shape of the curves is determined by three
independent events. When a particle enters the
crystal, its transverse energy increases by an
amount U(r,) over its initial value E}23, where
U(r,) is the value of the potential at the point of
entry ;. Likewise, as it leaves the crystal its
energy decreases by U(r;). Finally, if it under-
goes inelastic transverse (multiple) scattering
inside the crystal, its transverse energy changes
by an additional amount. Thus the final distribu-
tion of radial transverse momentum is determined
by the distribution of 7; and 7; values and any ef-
fects of inelastic transverse multiple scattering.
Furthermore, experimental problems such as
finite beam divergence and multiple scattering in

]
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FIG. 16. Radial distribution for particles which have

undergone a reversal of direction of the transverse mo-
mentum vector by single scattering from an atomic row

(string) 6=180°.
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oxide layers can contribute to the radial spread.

For thin crystals (i.e., far from equilibrium)
those particles which exit the crystal with p, in
the same direction as the incident beam direction
" (i.e., 6~0° have in general stayed away from
close interactions with atomic rows. They have
therefore avoided the strong inelastic effects
associated with multiple scattering in high electron
density regions and off of thermal vibrations of
the strings. We can see from Fig. 15 that the cor-
responding radial distributions are symmetric and
do not change shape for different values of 3.
(Note that in this figure the horizontal scales have
been shifted so that peak positions line up, i.e.,
the initial transverse momentum has been sub-
tracted so that Ap =0 corresponds to exiting trans-
verse momentum p3.) In this case, the magnitude
of the width of the radial distribution, as well as
the invariance of this quantity towards changes in
P, is completely consistent with this distribution
being dominated by beam divergence and oxide-
layer multiple scattering.

On the other hand, for particles exiting at

6~180°, a stronger interaction with (i.e., closer
approach to) strings will result in increased con-
tribution to this width from multiple scattering '
on thermal vibrations. Thus the radial distribu-
tion is clearly seen to be broadened for particles
in the region of §=180° (Fig. 16). This effect in-
creases for increasing y as is to be expected
since the distance of closest approach to the
strings is decreasing. These resqlts represent
the first direct measurement of the impact para-
meter dependence of inelastic transverse scatter-
ing (commonly called multiple scattering). Such
scattering is the origin of dechanneling effects and
it is hoped that additional measurements of the
type shown in Figs. 15and 16 will provide quanti-
tative understanding of such effects.
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