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Wide-angle Rutherford scattering has been used to investigate experimentally the channeling behavior
of several projectiles (*H, ‘He, 2C, 0, and #*Cl) in tungsten crystals in the energy region 2 to 30 MeV;
the study has also been extended to silicon crystals, using a 3.0-MeV 'H beam. The observed critical angles
and minimum scattering yields are compared with theoretical predictions. In general, the agreement is
excellent. In both W and Si, precise energy analysis of the scattered beam has also provided detailed in-
formation on the depth and temperature dependence of channeling; a marked difference is observed between
the planar and axial channeling processes. Some preliminary measurements in Au and UQ, crystals are

included.

1. INTRODUCTION

ANY recent experimental and theoretical studies

have established that the channeling of energetic
charged particles in crystals is #of confined only to the
lower-energy region where nuclear stopping normally
predominates. The proton transmission experiments of
Dearnaley,! and the later work of Dearnaley and
Sattler,2 and of the Brookhaven-Bell Laboratory-
Rutger’s group,® show clearly that protons and alpha
particles, even at MeV energies, undergo as much as a
threefold reduction in their rate of energy loss, if
injected along a close-packed axis or plane. Similar
reductions in energy loss have also been observed by
Datz et alt for heavy ions, such as ™Br and ¥, at
energies up to 100 MeV.

Other groups have found that those interactions
requiring the projectile to pass extremely close to the
nucleus—such as nuclear reaction yields,® Rutherford
scattering,® x-ray production,” and charged particle
emission from embedded radioactive nuclei®*—exhibit
even larger orientation effects and are therefore
especially sensitive tools for studying channeling.

Lindhard® has developed an extensive theoretical
framework for interpreting quantitatively this latter
group of close-encounter experiments. He predicts that
an energetic charged particle, moving through a
crystal lattice within a certain critical angle of a close-
packed axis or plane, will be steered by successive gentle
collisions with the aligned rows or planes of atoms, and
will not approach closer to lattice atoms than ~a,
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the Thomas-Fermi screening distance. Hence, processes
requiring smaller impact parameters than ¢ are com-
pletely prohibited by such a steering mechanism; their
yield is therefore an accurate measure of the un-
channeled fraction of the beam. For this purpose, wide-
angle Rutherford scattering is a particularly versatile
process because it enables the energy and the atomic
number of both the projectile and the target to be
varied over a very wide range.

During the past few years, at the University of
Aarhus, a detailed experimental investigation  of
channeling by means of Rutherford scattering® has
been carried out in the energy region 50-500 keV for
comparison with the theoretical predictions. An
accurate comparison between experiment and theory is,
of course, a necessary prerequisite for many of the
applications of channeling in the solid state field.10—22

The present study is an extension of the Aarhus
experiments to higher energies and to a wider choice
of projectiles. Our main objective has been to measure
accurately the critical angle for channeling along
various low-index axes and planes as a function of the
energy and atomic number of the projectile, and thereby
to test more fully the predictions of the Lindhard
theory. At the same time, since energy analysis of the
back-scattered particles enables the scattering yield
to be measured as a function of depth beneath the
crystal surface, we have also investigated the depth
dependence of the critical angle and of the number of
channeled particles. In some cases, these depth studies
have been extended to higher temperatures in order to
investigate the influence of lattice vibrations.

Tungsten was originally chosen as the target material
for the present study because our low-energy channeling
work®® had shown that it approaches most closely the
ideal crystal. This can be attributed to the existence of

0 E. Bdgh, in Interaction of Radiation with Solids, edited by A.
Bishay (Plenum Press, Inc., New York, 1967), p. 361.
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131, Eriksson, Phys. Rev. 161, 235 (1967); see also J. A.
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Fi6." 1(a). Target chamber and rotation/tilting assembly.
1(b). Details of the goniometer assembly, including the special
furnace attachment for the high-temperature runs.

(b)

a negligibly thin (<10 A) surface oxide, and to the
small value of p, the rms vibrational amplitude of the
lattice atoms, at room temperature.

The present study has been extended to Si in order
to correlate our measurements with the extensive
transmission studies of other groups.?? A few explora-
tory measurements have also been made in Au and UOQ..

2. EXPERIMENTAL PROCEDURE

The target chamber and goniometer assembly is
illustrated in Fig. 1. There are two methods for changing
the target orientation with respect to the incident beam:
(a) tilting the entire goniometer assembly by rotating
the top flange of the target chamber, i.e., varying 6;
and (b) rotating the crystal around an axis perpen-
dicular to its mounting plate by means of the worm gear
assembly, i.e., varying ¢. 8 and ¢ could be set repro-
ducibly to 0.05 and 0.02°, respectively. The goniometer
was constructed in such a way that the axes of rotation
and the incident beam direction all intersect at the
crystal surface.

For the high-temperature experiments, a special
furnace assembly was mounted on the goniometer face
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[Fig. 1(b)]; even in the 500°C runs, the temperature
of the main goniometer assembly did not increase
significantly.

Monoenergetic beams of protons (or other low Z
projectiles) were obtained from the Chalk River EN
Tandem Van de Graaff. These beams were collimated
to reduce the angular spread to less than 0.04° and
allowed to bombard the target crystal. The back-
scattered yield was measured by means of a thin
window (0.2 p) solid-state detector placed just above
the incident beam about 5 cm from the crystal surface.
The energy resolution of the detector was 25 keV
(full width at half-maximum, FWHM) for 5-MeV «
particles. The mean scattering angle to the detector
was 150°. The actual scattering zone ‘“‘seen” by the
detector consisted of a cone at least 10° wide, so as to
minimize any anisotropy that might occur along the
outgoing trajectory (cf. Ref. 8). This also had the
advantage of providing a high counting geometry, and
so enabled the beam current to be kept quite small.
Typically, the beam current was ~10~° A; this pro-
duced a total counting rate of ~10%/sec. The bombard-
ment zone was ~0.1 cm?

To obtain information about the scattering yield as a
function of depth, these backscattered particles were
energy-analyzed in one of two ways: (i) the pulses
were fed into a bank of six single-channel analyzers,
each one being equipped with its own scaler and read-
out system; or (ii) the pulses were fed into a standard
100-channel analyzer. Method (i) could handle con-
siderably higher counting rates without appreciable
loss, and was used for the detailed angular scans, such
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Fi6. 2. Energy spectra of protons backscattered from a tung-
sten crystal. (@) along a random direction, and (Q) along (100).
Incident energy: 3.0 MeV.
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Fic. 3. Axial channeling of 3-MeV 'H along the (100) in W: @ experimental data measured near the crystal surface (channels
80-85 in Fig. 2); O theoretical yields calculated by Andersen (Ref. 14) with the effect of lattice vibrations included. The tilting plane
was carefully chosen #ot to correspond to any of the close-packed lattice planes.
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F16. 4. Axial channeling of 30-MeV 0 along the (100) in W: @ experimental data measured near the crystal surface (i.e.,
0-8000 A); O theoretical yields calculated by Andersen (Ref. 14).
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F1c. 5. Axial and planar channeling of 10-MeV ‘He in the {100} plane of W. @ tilting along the {100} plane; O tilting in a plane
that does not correspond to any close-packed lattice plane. The measured yields are from a scattering zone about 3 u beneath the surface.

as those in Figs. 3-8. Method (ii), on the other hand,
although more time consuming, gave more detailed
information on the depth dependence (Figs. 11 and 12).
Typical Rutherford scattering spectra for aligned and
random directions are illustrated in Fig. 2.

Each crystal had a major axis almost perpendicular
to its surface. If this axis and the goniometer’s axis of
rotation can be made to coincide, then all subsequent
orientation studies are considerably simplified. Conse-
quently, at the start of each run, a beam of 3.0-MeV
protons was used to find the exact orientation of the
crystal, and a suitable correction to the crystal mount-
ing plate was then made [(Fig. 1(b)]. Details of this
pre-orientation procedure have been given previously.?

3. RESULTS AND DISCUSSION

3.1. Axial Effects

Figure 3 illustrates the orientation dependence of the
scattering yield from just beneath the crystal surface.
An extremely strong attenuation (about a factor of 80)
is observed whenever the beam enters the crystal within
a small angle of a close-packed row. Andersen has
recently developed a computer program for pre-

47, U. Andersen, Kgl. Danske Videnskab Selskab, Mat. Fys.
Medd. (to be published).

dicting the orientation dependence of close-encounter
processes, such as backscattering. His program is based
on Lindhard’s theory,? with the effect of lattice vibra-
tions included. As can be seen in Fig. 3, the theory
predicts rather well the angular width and also the
attenuation factor. A more detailed comparison with
theory will be given in Sec. 4.

The shoulders occurring at larger angles confirm the
existence of a significant compensation effect, but their
magnitude is somewhat greater than that predicted.
In fact, assuming rotational symmetry, the observed
compensation in Fig. 3 is considerably greater than
100%. It should be emphasized, however, that these
shoulders are sensitive to the choice of tilting plane;
any slight asymmetry with respect to the various
lattice planes produces an appreciable distortion in
the shoulder region, although not in the dip itself. Con-
sequently, we have not attempted to obtain quanti-
tative information about compensation effects in the
present study.

Figure 4 shows the axial effect observed with 30-
MeV ¥0 ions. Qualitatively the features are similar to
those with protons (Fig. 3), and again the agreement
with the theoretical yield curve is reasonable.

In Fig. 5, a different method has been used to scan
through a (100) axis in tungsten: viz, the tilting plane
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Fic. 6. Planar channeling of
3-MeV 'H in W, measured by
rotating around a (100) axis at a
tilting angle §=5.0°. Experimental
data are the yields measured just
beneath the crystal surface.

Fic. 7. Planar channeling of
3 MeV 'H in Si, measured by rotat-
ing around a (110) axis at a tilting
angle #=>5.0°. Experimental data
are the yields measured just be-
neath the crystal surface.
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Fic. 8. Orientation scans of the scattering yield of 3-MeV protons through a (100) axis in tungsten at various depths beneath the
surface: (a) at 25°C; (b) at 450°C. The depth in microns has been estimated from the observed AE values, assuming that dE/dx for

the channeled beam is § the “random” value.
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F16. 9. Depth dependence of the
critical angle ¢y, for the channel-
ing of 3-MeV protons: (a) along
a (100) axis in W; (b) along a
(110) axis in Si.
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has been deliberately chosen to coincide with one of the
close-packed lattice planes. Comparison with a similar
tilt in a random plane (i.e., one that does not correspond
to any low-index lattice plane) illustrates the relative
magnitude of both axial and planar channeling. It can
be seen that, within the {110} plane, the scattering
yield remains constant at ~0.42 of the random value,
except when the incident direction approaches one of
the minor axes in the plane. It is interesting to note that
even relatively high-index directions (e.g., (10,1,0)
and (7,3,0)) produce a measurable decrease in yield
from the planar value, thereby indicating a significant
increase in the channeled component. Lindhard® has
estimated that the minimum fractional yield (Xmin)
along an axis should be proportional to the atomic
spacing d along the row, and the relative magnitude of
the dips observed in Fig. 5 agrees at least qualitatively
with this prediction. However, the observed values of
Xmin for the higher-index directions (Table IV) increase
somewhat more rapidly than the predicted d de-
pendence.

It can also be seen that the angular dependence near
the (100) is indistinguishable in the two cases until the
fractional yield has risen to ~0.6 (i.e., well above the
planar yield), confirming that a sharp separation
exists between axial and planar channeling effects.

3.2. Planar Effects

By selecting a value of 8 that does not correspond to
any of the detectable minor axes, and then varying the
azimuthal angle ¢, a detailed scan through various
close-packed lattice planes can be obtained (Figs. 6 and
7). Whenever the beam enters along a close-packed
plane, appreciable attenuations (up to a factor of ~5)
are observed; again, as in the axial case, there is
evidence of compensating shoulders at somewhat larger
angles. The angular widths in Figs. 6 and 7 are ex-
pressed in terms of the azimuthal angle ¢ around a 5°
cone, and hence the values appear rather large. To
obtain the true angular width of the planar dips, it is
of course necessary to project the observed angles in
Figs. 6 and 7 on to an axis perpendicular to the plane.
One then obtains values of 0.1-0.3° (Table III) for
the width at half minimum.

Similar rotations around each major axis have been
made for 9 values varying from 3 to 20°; the resulting
angular widths for each plane, when projected onto an
axis perpendicular to it, are independent of 4.

Andersen’s computer calculations are currently
being extended to the planar channeling case, but are
not yet available. However, a comparison with simple
theoretical estimates for a nonvibrating lattice is given
in the next section (Table III).

It will be seen that xmia for a {100} plane in tungsten
is considerably larger in Fig. § than in Fig. 6. The
reason for this difference is that the yield in the former
case is being measured at a somewhat larger depth

CHANNELING OF MeV PROJECTILES
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Fi1c. 10. Schematic diagram to illustrate the various angles
iﬁlvol(v&;d in converting energy scales to depth scales by means of
q. (1).

beneath the crystal surface (cf. the depth dependence
studies in Fig. 8); hence, there is no discrepancy in-
volved.

3.3. Depth and Temperature Dependence

By using the bank of single-channel analyzers de-
scribed in Sec. 2, a series of orientation scans at six
different depths beneath the crystal surface are ob-
tained simultaneously. Two such scans through the
(100) axis in tungsten at different temperatures are
illustrated in Fig. 8. It is seen that the minimum scatter-
ing yield (xmin) gradually increases with increasing
depth, and that the angular width (¢y2) at half-
minimum decreases. The depth dependence of ¥y» is
better illustrated in Fig. 9; it is significant that, al-
though the depth dependence is more pronounced at
elevated temperatures (as one might expect), yet the
extrapolated values at zero depth are almost inde-
pendent of temperature.

In these experiments, the depths have been calculated
by converting the energy scale of the Rutherford
scattering spectrum (Fig. 2) into an equivalent depth
scale («). This is accomplished by means of the follow-
ing relationship between the energy E; of the back-
scattered particle and the incident beam energy FEy:

2/ cosf 0

Ei= [Eo— f ' S*(E)dll] ko / S(B)d, (1)
0 z/cosls

and

b [Al cosﬂ,+Ag]’
) A4, |’

where £, is the fractional energy loss on scattering, and
the first and second integrals are the energy losses
along the incoming and outgoing trajectories, /, and /.
6, is the laboratory scattering angle (150° in our case),
A4, and 4, are the masses of the projectile and target
atoms, and S*(E) and S(E) are the stopping powers
for the aligned and random beam, respectively. The
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F1c. 11. Depth dependence of xmin in tungsten along a (100) axis.

geometrical relationships between 6, 8,, and 6, are
illustrated in Fig. 10.

Values of S(E) for both W and Si were obtained from
Whaling’s compilation®s of the available experimental
data.

Values of S*(E) in the case of Si were available from
the transmission experiments of Erginsoy ef al. who
reported that S*(E)/S(E)~0.45. In tungsten, how-
ever, the only experimental stopping power data for
aligned beams are for heavier projectiles at somewhat
lower velocities'® (e.g., 1.0-MeV 2¢Na and #K), where
roughly a threefold reduction was observed. In the
present W studies, we therefore assume that S*(E)/
S(E)~3. Since the major part of the energy loss occurs
along the random outward trajectory, where the
stopping power is accurately known, the conversion
from keV to microns is not very sensitive to the above
uncertainty in S*(E) for tungsten. Even if we had
used a twofold or fourfold attenuation in estimating
S*(E), the depth scale would only have been altered by
about 129,

In order to obtain more detailed information about
the depth dependence in the perfectly aligned case, a
series of spectra were obtained with a 100-channel
analyzer. Figures 11 and 12 show how, at various
temperatures, the channeled fraction (1—xmin) along
an axis and along a plane decreases with increasing

18'W. Whaling, in Handbuch der Physik, edited by S. Fliigge

(Springer-Verlag, Berlin, 1957), Vol. 34, p. 193
18 T, Eriksson, J. A. Davxes, and P. Jespersgﬁrd Phys. Rev. 161,

219 (1967).

depth. Except for a short initial region, the observed
decrease is approximately exponential. Half-thickness
values (#12) for this exponential region are given in
Table I. It will be noted that the rate of “dechanneling”
along the axes is much smaller than along the equiva-
lent planes: e.g., in W at 25°C, ~50%, of the beam
remains channeled to a depth of 20 u along the (100)
axis, whereas at the same depth along the {100} plane
the channeled component has become negligible. On
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Fi16. 12. Depth dependence of xmin in tungsten in a {110} plane.
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Taste I. Half-thickness values 2y, in microns, for the exponential region of the depth dependence of xmin.
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Lattice
L. Energy temp. s for axial channelin x5 for planar channeling
Target Projectile (MeV) (°c§ (100) (110)  (111)  {210) { 160} {110} {111}
w H 2.0 25 20 1.3 2.7
3.0 25 23 44 8.0 2.8 4.1
250 17 2.7 3.7
450 12 2.3 3.5
6.0 25 20 40 4.0 8.8
‘He 10.0 25 14 4.0 2.5
12C 10.0 25 >10= 4
30.0 25 16 2.4 3
180 10.0 25 >10e 4
30.0 25 13 1.3 3
Cl 30.0 25 16 3.3 1.3 1.6
Si H 3.0 25 11 2.3 4.5 5.0
250 8.6 2.1 see 4.7
350 8.0 3.7 4.0
500 7.3 4.0 4.8
UO0: ‘He 5.0 25 1 4.0
Al H 1.4 25 ~6b ~1.5b  ~3b
Au Cl1 20.0 25 0.7

8 In these cases, the range of the projectile is too short to observe a measurable attenuation in Xmin; hence only a lower limit to x12 can be

obtained.
b See Ref. 5.

the other hand, the temperature dependence is much
stronger in the axial case. In fact, within the estimated
experimental error, our #,/, values for planar channeling
are practically independent of temperature.

The major differences in the observed depth de-
pendence indicate that axial channeling has a sig-
nificantly different steering behavior than planar
channeling, and that it cannot be represented as a
simple combination of the planar effects.

The lack of any measurable temperature effect in the
planar depth dependence has a fairly simple qualitative
explanation. Because of the “random” distribution of
lattice atoms within each aligned plane (i.e., in re-
lation to individual particle trajectories), a channeled
* particle already encounters rather large force fluctu-
ations during the steering process—even without
thermal vibrations. Consequently, the extra force
fluctuations introduced by lattice vibrations make a
relatively smaller contribution to the rate of dechannel-
ing than in the axial case.

Erginsoy'+18 has recently estimated the magnitude of
the temperature effect in Si by calculating the influence
of lattice vibrations on the average planar potential,
using Moliére’s approximation to the Thomas-Fermi
potential. He predicts that, below the Debye tem-
perature, planar channeling will be rather insensitive
to temperature.

Our 245 values at room temperature in tungsten and
silicon are summarized in Table I, together with a few
preliminary values for other crystals. In tungsten, a

17 C, Erginsoy, Phys. Rev. Letters 15, 360 (1965).

18 C, Erginsoy, in Interaction of Radiation with Solids, edited by
A. Bishay (Plenum Press, Inc., New York, 1967), p. 341.

wide range of projectiles and energies were used; the
observed values for a given axis generally agreed to
within 4209, and showed no significant dependence
on either the atomic number or the energy.

4. COMPARISON WITH THEORY

In this section, the observed angular widths (Yy)s)
at half minimum and the minimum yields (Xmin) in the
perfectly aligned direction are compared with the
values derived from Lindhard’s theory of directional
effects.? As the theoretical treatment does not yet
permit a quantitative treatment of the depth de-
pendence, we use only the experimental values measured
just beneath the crystal surface for this comparison.

According to Lindhard, ¢y, in the axial case should
be proportional to a characteristic angle Y1 given by

1= (2Z,Z,¢%/ Ed)*2, provided Y1<a/d. (2)

Zy, and Z, are the atomic numbers of the energetic

~ particle and lattice atom, respectively; @ is the screening

distance, E the particle energy and d the lattice spacing
along the chosen axis. The proportionality constant C’
relating Yy2 and ¢y (i.e., Y12=C’ ¢1) should be around
1.5-2.0 for a perfect nonvibrating crystal.

The theoretical treatment has been extended re-
cently by Andersen" to include vibrational effects, as
noted earlier (Figs. 3 and 4). He finds that C’ for a
real lattice is always significantly less than the value
predicted for a perfect nonvibrating crystal, and that it
decreases as the rms amplitude (5) increases. In the
case of Si, a more extensive theoretical treatment of
vibrational effects has recently been given by Feldman
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TasLe II. Critical angles for axial channeling at 25°C. The experimental error in yy, is estimated to be £0.07°.

Crystal Energy Predicted values Experimental
direction Projectile (Mev) U C's Yra® values of Y1/

W (100) H 2.0 1.05° 1.03 1.08° 1.00°
3.0 0.86° 1.03 0.88° 0.79°
6.0 0.61° 1.04 0.63° 0.55°
‘He 2.0 1.48° 1.00 1.48° 1.39°
10.0 0.66° 1.00 0.66° 0.67°
2C 10.0 1.15° 0.99 1.14° 1.10°
30.0 0.66° 1.01 0.65° 0.64°
10 10.0 1.33° 0.99 1.32° 1.23°
30.0 0.77° 1.01 0.78° 0.70°
Cl 10.0 1.94° 0.95 1.84° 1.82°
30.0 1.12° 0.97 1.09° 1.00°

(111) 1q 3.0 0.92° 1.03 0.95° 0.85

6.0 0.65° 1.04 0.68° 0.52
(210) H 3.0 0.57° 1.04 0.59° 0.51°
‘He 10.0 0.44° 1.04 0.46° 0.42°
LC 30.0 0.44° 1.01 0.44° 0.36°
#Cl 30.0 0.75° 0.96 0.72° 0.70°
Si (110) H 3.0 0.34° 1.11 0.38° 0.26°

0.36°b
Au (110) #C] 20.0 1.48° 0.72 1.07° 1.10°
U0, (100) ‘He 5.0 0.80° 1.13 0.90° 0.55°
0.34° 1.4¢ 0.50° ¢
3 Andersen’s values (Ref. 14), unless indicated. b Reference 19. ¢ Predicted values for the oxygen sublattice.

Tasie ITI. Critical angles for planar channeling at 25°C.

E
Crystal Projectile (Mev) Y172 (predicted)® Y2 (experimental)
{100} {110} {111} {100} {110} {111}
w 1H 2.0 0.25° 0.28° 0.22° 0.26°
3.0 0.21° 0.23° 0.17° 0.22°
6.0 0.15° 0.16° 0.12° 0.18°
‘He 2.0 0.36° 0.39° 0.27° 0.38°
10.0 0.16° 0.175° 0.145° 0.15°
2C 10.0 0.28° 0.31° 0.205° 0.28°
30.0 0.16° 0.175° 0.12° 0.16°
150 10.0 0.32° 0.35° 0.25° 0.33°
30.0 0.18° 0.20° 0.15° 0.17°
3C1 10.0 0.47° 0.52° 0.30° 0.42°
30.0 0.27° 0.30° 0.22° 0.25°
Si " 3.0 0.11° 0.12° 0.12° 0.070° 0.087° 0.092°
0.15°¢ 0.13°%¢
Au ®Cl 20.0 0.36° 0.33° 0.37° 0.31° 0.24° 0.32°
UO0g ‘He 5.0 0.26° 0.165° 0.135°
0.14°b

® Values given by \lq/zEl/a*/ZZzl/G unless indicated. b Predicted value for the oxygen sublattice. ¢ Reference 19.



165

CHANNELING OF MeV PROJECTILES

355

TasLe IV. Minimum aligned yield, (xmm) axial.

Xmin (predicted) Xmin (Observed)

Non-vibrating Lattice vibrations

Crystal Axis Projectile lattice (25°C) included
w 100 H 0.0075 0.012 0.0124-0.003
‘He 0.007 0.011 0.02540.005
C,0,Cl1 0.006 0.010 0.028+0.005
111 H 0.0065 0.010 0.017-+0.003
110 ‘He 0.011 0.018 0.0254-0.005
210 ‘He 0.016 0.026 0.08+0.02
310 ‘He 0.024 0.039 0.15+0.03
Si 110 H 0.021 0.032 0.028-£0.003
111 H 0.025 0.039 0.030+0.003
U0, 100 ‘He 0.012= 0.014» 0.022-£0.005
Au 100 H 0.006 0.026 0.07+0.02
3C] 0.005 0.024 0.09+0.02

8 Values for the uranium sublattice only.

and Erginsoy.” The two estimates of ¥y, for 3.0-MeV
H in (110) Si (Table II) agree extremely well.
Comparison of the predicted and observed values of
Y12 (Table II) shows fairly reasonable agreement in
all the monatomic crystals, but not in UQ,. In the
polyatomic UQ; crystal, we have measured the scatter-
ing yield from only the wranium sublattice, since
back-scattering of #He from the oxygen atoms is far too
weak (both in intensity and in energy) to contribute to
the observed Rutherford scattering spectrum. Never-
theless, our observed yy2 value agrees with that pre-
dicted for the oxygen sublattice and not with the much
larger uranium lattice value. This would suggest that
multiple scattering by the oxygen is able to suppress
completely the steering effect of the uranium sublattice.

TaABLE V. Minimum aligned yield, (xmin) planar.

Xmin Xmin
Projectile  (predicted)® (observed)

Crystal Plane

w 110 H 0.10 0.184-0.02
110 C,0,Cl 0.09 0.204:0.02

100 H 0.14 0.30+0.03

Si 100 H 0.26 0.424-0.03
110 0.18 0.31+0.03

111 0.22 0.36-0.03

U0, 100 ‘He 0.07> 0.234-0.03
110 0.10v 0.30+0.03

Au 100 H 0.10 0.34+0.04
%Cl1 0.09 0.2540.04

110 H 0.14 0.43+0.04

#C] 0.13 0.450.04

111 #Cl 0.08 0.27+0.04

8 For a nonvibrating lattice.
b yalues for the U sublattice only.

197,. Feldman and C. Erginsoy, Bull. Am. Phys. Soc. 12, 391
(1967); also, L. Feldman, Ph.D. thesis, Rutgers University (un-
published).

2 Tn the (100)-directions, the UQ. crystal consists of two
different types of atomic rows — one containing only uranium
atoms, the other only oxygen; hence, the lattice can be considered
as two separate monatomic sub-lattices.

For planar channeling, Lindhard estimates that
(¥1/2) planar should be roughly proportional to y¥,*/2Z,/,
where Y1 * is the characteristic angle of a row having the
same mean lattice spacing d as the plane. Hence,

d=(d,N)7",

where d, is the spacing between the chosen lattice
planes, and NV is the atomic density per cm?.

In the planar case, the influence of lattice vibrations
on the proportionality constant C’ has not yet been
fully evaluated. However, if we assume C’ to be com-
parable in magnitude to the mean axial value, namely
~1.0, then the agreement between experiment and
theory (Table III) is again fairly reasonable.

For H in Si, a detailed theoretical treatment of
planar channeling has been given by Feldman and
Erginsoy.? Their calculated values of 1, for the {110}
and {111} planes agree quite well with those given by
the ¥4 */2Z,!/% approximation (Table III).

The other experimental parameter that can most
readily be compared with theoretical predictions is the
scattering yield xmin Of the perfectly aligned beam. At
sufficiently small depths below the crystal surface,
where multiple scattering effects can be disregarded,
the following simple estimates have been derived:

(i) for a perfect nonvibrating lattice

(Xmin) axial’:Ndﬂ'az, (3)
(Xmin) planar=22a/ dy, (4)

where d is the atomic spacing along the axis, and d, the
spacing between the planes;
(ii) for a vibrating lattice, if (5,,2)"2>¢a

(Xmin) axial =N dr <ﬁ:cy2 ): (5)

where (5,,%) is the mean-square amplitude of the lattice
vibrations in the plane perpendicular to the aligned
direction (i.e., (Fn?)=%(p?*)). In the intermediate
region, where (5,%)"? and a are comparable in magni-
tude, a rough estimate of xmin is obtained by adding
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TasLe VI. Comparison with proton scattering data from other laboratories: (i) Tulinov et al.# (ii) Feldman and Erginsoy.b
Vi Xmin %12 (in microns)
Chalk Chalk Chalk
E River Other River Other River Other
Direction (MeV) data data data data data data
)
(1) W 3.0 0.85° 0.9° 0.017 ~0.4 44 ~10
6.0 0.52° 0.6° 0.020 ~0.4 40

(ii)

{110) Si 3.0 0.26° 0.22° 0.028 0.073 11 11
0.25%¢

{111} Si 3.0 0.092° 0.092° ¢ 0.36 5.0 6.4

{100} Si 3.0 0.070° 0.050° ° 0.42

{110} Si 3.0 0.087° 0.082° 0.31 0.53
0.084° ¢

 Reference 22. b Reference 19.

the contributions from Eq. (4) and (5), namely
(Xmin) axialsz"r(az-i_ <l—)ﬂl2 )) . (6)

In the planar case, the increase in xmin due to lattice
vibrations is much more difficult to estimate. Moreover,
since Fig. 12 had indicated that temperature effects on
(Xmin) planar aT€ relatively unimportant, they have been
completely omitted in the present intercomparison.

Theoretical and experimental values of xmin are
given in Tables IV and V for the axial and planar
cases, respectively. For axial channeling, the experi-
mental data in most cases are larger than predicted. It
should be noted, however, that the discrepancy usually
involves only about 0.01 of the total beam, and might
therefore be caused by the imperfect nature of the
crystal surface. In fact, recent experiments by Bggh
and Whitton? have shown that even 50 & of oxide on a
crystal surface can increase (Xmin)axia1 by 0.01. Further-
more, even in a perfect crystal, the scattering yield
from the first (surface) plane of lattice atoms is
independent of the incident beam direction, and thus
contributes to the measured value of xmin. With the
depth resolution available in the present work, namely
a few hundred atomic planes, this surface yield would
add ~0.003 to xmin. Hence, the agreement between
experiment and theory in Table IV is quite satisfactory.

In the planar case (Table V), the experimental Xmin
values are all significantly larger than those predicted.

In both the axial and planar cases, the energy de-
pendence of the observed xmin values was negligible.

5. COMPARISON WITH OTHER EXPERIMENTS

Tulinov ef al?? also have studied the scattering be-
havior of MeV protons in tungsten; however, they

21 £, Bggh, in Proceedings of the Solid State Physics Research
with Accelerators Conference (Brookhaven, N.Y.) (to be pub-
lished).

2 A, F. Tulinov, V. S, Kulikauskas, and M. M. Malov, Phys.
Letters 18, 304 (1965).

¢ 11,0-MeV value multiplied by (11/3)1/2,

aligned their crystal axes with the detector instead of
with the incident beam, and hence have studied the
so-called “blocking effect” of the scattered trajectory
rather than the channeling of the incoming one. Except
for the depth dependence, the “‘blocking” and channel-
ing processes should be completely equivalent,®? and
therefore the measured ¥y/2 and xmin values should be
comparable—provided they are measured close to the
surface of the crystal. As can be seen from Table VI,
the two sets of /. values do in fact agree quite well, but
Tulinov ef al.’s xmin data are at least a factor of 10
larger than ours; this may be attributed to the much
poorer depth resolution in their work. They also observe
a much more pronounced depth dependence.

Recently, the Bell Laboratories-Brookhaven-Rut-
ger’s group® have extended their !H transmission
experiments in Si to include Rutherford-scattering
measurements. Their values of s and %, agree
extremely well with our 3-MeV data (Table VI). The
small discrepancy in the xmin values is probably due to a
small difference in the depth resolution between the
two sets of measurements.
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