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Axial and planar channeling of 1.0- to 2.8-MeV protons in silicon was studied both by transmission in
some pm-thick crystals and by Rutherford backscattering. Transmission experiments were simulated by
a Monte Carlo program. A sharp transition between axial and planar channeling is observed by
measuring both the effective stopping number B of channeled particles and the dechanneled fraction.
Computer simulations exhibit the same features and show that at the transition, the transverse energy
component is such as to produce a maximum probability of hitting the atoms. These experiments also
give some criteria for the interpretation of backscattering measurements.

I. INTRODUCTION

Various authors have argued about the “logical”
priority either of axial or planar channeling."? On
the other hand, some experiments and calculations
show a sharp separation between axial- and planar-
channeling effects.’=® In particular Dearnaley et
al.” examined in detail the relationship between
axial and planar channeling, studying the inclined
axial patterns of protons in thin crystals of silicon.
A model has been developed which shows qualita-
tively how axial channeling may be regarded as dis-
tinct from planar channeling; the two kinds of
channeling being separated by a saddle-shaped po-
tential barrier.”

The present study was undertaken in order to
clarify the relationship between axial and planar
channeling by observing new parameters.

The energy loss of protons transmitted through
thin single crystals of silicon was studied with the
proton beam incident at a small angle 6 to a low~
index direction but still lying within one of the low-
index planes of the crystal. Moreover the wide-
angle Rutherford scattering was analyzed as a func-
tion of 6, in order to obtain the dependence of the
dechanneled-beam fraction y on the misalignment
angle.

The experimental results are compared with the

7

theoretical expectations obtained with a Monte
Carlo program,

II. EXPERIMENTAL PROCEDURE

A detailed account of the experimental technique
has been reported elsewhere.® Only a short de-
scription will be presented here.

The silicon crystals for the energy-loss mea-
surements were thinned according to Meek’s tech-
nique,® the target thickness ranging from 1.5 to
6.0 um. The thickness was checked by measuring
the energy loss of transmitted particles in a ran-
dom orientation, using the tabulated stopping power
of Williamson et al.'® , ,

The crystals were mounted on a three-axes go-
niometer, and the energy of the transmitted beam
was analyzed by means of a large silicon-surface-
barrier detector placed just behind the sample.
The acceptance angle of the detector was about
100°.

The incident beam from the 5.5-MeV Van de
Graaff accelerator of Laboratori Nazionali di
Legnaro was collimated to better than 0.05°. The
beam current was kept to the order of 10716 A,

The energy distribution of the backscattered par-
ticles was measured by means of a silicon-surface-
barrier detector at about 160° to the incident beam.
The beam current was of the order of 10~° A to
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avoid too high counting rates and the distortion in
pulse-amplitude spectra associated with pulse
pile up.

III. COMPUTER MODEL

The computer model is an extension of a previ-
ous one devised for the study of the penetration of
heavy ions of some tens of keV and is described in
detail elsewhere.!! Therefore, in the following we
outline only the main modifications introduced for
the present calculations.

The most important one concerns the impact~
parameter dependence of the energy loss. We use
the following expression due to Lindhard! and em-
ployed for calculations by other authors'

dE _( dE (1 - a)o(d)
) o
dx dx R NZZ
where N and Z, have the usual meaning and the in-
dex R refers to the stopping power in the random
case., We use ¢ in place of 1 — ¢ in the original
formula in order to maintain the same notation of
our previous experimental works.®

The electron density was obtained from the usual
expression

A a/2
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with p,; given by
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[see Eq. (2.6°) of Ref, 1 for the meaning of sym-
bols]. A is a normalization constant, whose value
is not very different from one, chosen in such a
way that the total number of electrons is Z, in a
cylinder of height d and volume N-1,

We chose o =0.5, which is the value that best
fits the experimental results for best channeled
particles in the most open channels in Si in our en-
ergy range.® Of course o can be considered as an
adjustable parameter to improve the fit to the ex-
perimental results: In any case it must be remem-
bered that ¢ varies with energy.®!® In other words
the use of Eq. (1) does not imply for us any as-
sumption on the validity of equipartition rule.

To evaluate the random stopping power we pre-
ferred to use, in place of the values tabulated by
Williamson et al.,® the simpler analytical expres-
sion due to Lindhard and Scharff¥ which gives the
same results in our energy range:

dE IV IACH
B (Zi;)_g = %lz_ NZZL ’ (3)

where the symbols have the usual meaning and
3

_1.36%_ v ,
L=1.36"--0. 016<v022) (3")

(vy= €?/7 is the Bohr velocity).

The choice of Eq. (1) requires some comments.
First of all we computed transmitted energy spec-
tra assuming an impact-parameter dependence as
given by Appleton et al.? and used in our previous
papers.® According to this procedure the contribu-
tion to the stopping power is split in two parts: one
due to valence electrons, independent of position,
and the other one due to core electrons. The con-
tribution of the latter ones is assumed to be zero
for impact parameters greater than the adiabatic
limit b,,,,=%v/AE, where AE is the binding energy
of the electron shell. For lower impact param-
eters b the core contribution to the energy loss
scales in the ratio In(b,,, /b)/In(2mv*/AE). Fig-
ure 1 compares the impact parameter dependence
in the two cases. As it is clearly seen this model
gives too mild a dependence on the impact param-
eter, and the computed energy spectra are not all
comparable with the experimental ones. In partic-
ular this model gives a value much lower than the
random stopping power when averaged over all
impact parameters, because the spatial region in
which the stopping power is larger than the random
one is too small. We notice that the use of Eq. (1)
allows us to understand the discrepancy between
the results for (110) and (111) axes which re-
mained unexplained in our previous work.® In fact
from Fig. 4 of the second paper of Ref. 8 we ob-
tain a ratio between the stopping powers along
(111) and (110) axes equal to 1.2, which is the
value given by Eq. (1), using the two channel radii,
respectively.

Using the proper modification of Eq. (1) for the

Eq.(1) (Lindhard with <-0.5)
‘ 20+ = OMsuki et al. B
—— = — Appieton et al
------ Random value
= 15 -
s
C)
5] 10
3 -
w
z
i
5- .
1 N . 1
0 05 10 15 20
x (R)

FIG. 1. The local stopping power as a function of the
distance from the atomic row for 2.8-MeV protons in
the (110) channel of silicon.
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FIG. 2. Experimental
(continuous curve) and
computed (hystograms)
energy spectra of 2. 8-
MeV protons transmitted
through a 5.6-pm-thick
Si crystal. Eg and Eg
are the energies of the
E. Gaussian peak fitted to
the high-energy side of
the spectrum and the
energy of the random peak
(not shown in figure).
The tilting is along the
{110} plane and the angu-
lar distance from the
{110) axis is (a) 0°, (b)
0.4°, (c) 0.8°.
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planar case and a slightly higher value of « (0. 60—
0. 65), appropriate for lower energies, we obtain
an impact parameter dependence not very different
from the one obtained phenomenologically by Robin-
son for 0.4-MeV protons channeled along the {110}
and {111} planes in Si'®: The maximum discrepan-
cies amount to 15 and 30%, respectively.

As a consequence the use of Eq. (1), even though
it lacks of sound theoretical foundations, seems to
be a reasonable approach from a semiempirical
point of view.

No computation was on the contrary made using
the more recent theoretical expression found by
Ohtsuki ef al.!® In fact in its more tractable ana-
lytical form (i.e., the classical one using Lind-
hard’s electron density) it gives too low values at
the midchannel axis (cf. Fig. 1 of this paper and
Fig. 3 of Ohtsuki et al., Ref. 16).

Another modification of our previous program
concerns the angle for electron multiple scatter-
ing which was replaced by the more common ex-
pression valid in the high-velocity limit!":

2 yisa_(_m_ AE\'?
(6%, -<2M1 E) . (4)
No allowance was made for a thin-surface oxide
layer, although according to recent calculations
it seems to be important.!® On the contrary the
divergence of the incident beam was taken into ac-
count: The incidence angle was varied by a certain
amount picked at random and weighted, as usual,
over a triangular distribution equivalent to a
Gaussian of full width at half-maximum (FWHM)
equal to the experimental beam divergence (0.05°).
Finally we simulated the finite-energy resolu-
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tion of our detecting equipment (29-keV FWHM) by
using a procedure similar to the one outlined
above,

IV. RESULTS
A. Transmission Measurements

Figure 2(a) shows the energy spectrum of 2, 8-
MeV protons transmitted parallel to the (110)
axis of a Si crystal 5.6 um thick., The most prob-
able energy loss of the channeled particles was
taken as the peak of a Gaussian curve fitted to the
high-energy side of the spectrum.?® E, is the
energy of the channeled Gaussian peak and E the
energy of the random peak obtained when the beam
is incident in a random orientation. Figures 2(b)
and 2(c) show the energy spectrum of protons
emergent from the same crystal when the beam
is misaligned from the (110) axis, but within the
{110} plane. The misalignment angle is (b) 0.4°
and (c) 0.8°. The histograms show the results of
our Monte Carlo program simulating the same ex-
perimental conditions.

Figure 3 shows the transmission energy spectra
of 1-MeV protons incident on a Si crystal 2.45 ym
thick. The histograms give the results of the
Monte Carlo calculations. The beam misalignment
angles from the (110) axis, within the {110} plane,
are (a) 0°, (b) 0.8° and (c) 1.6°.

Figure 4 shows the transmitted energy spectra
of 2.0-MeV protons transmitted through a 6.2-pum
silicon crystal. We note that the scanning is
through (110) axis within {111} plane. The beam
misalignment angles are (a) 0°, (b) 0.2°, and
(c) 0.6°.
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In all these figures the angles correspond to
(a) axial channeling, (b) a “transition condition”
(maximum value of effective stopping number B,
to be defined below) and (c) planar channeling.

The agreement between computed and experi-
mental energy spectra is not very satisfactory,
especially at low energies. However, both show
the same general variation of the shape of the
spectrum with tilt angle and position of the chan-
neled peak. About the latter point we must point
out that we did not try a Gaussian fit for the chan-
neled particles in the computed spectra because of
the low statistics (only 200 total incident particles,

in order not to make the computing time prohibi-
tively large). The major disagreement lies in the
fact that computations underestimate dechanneling,
in particular at 0° incidence. This can be due to
the following reasons,

(i) The experimental incident beam may have a
“tail” of particles scattered by the slit system with
a lower energy and a higher angular divergence,
Of course no simulation was tried for this compo-
nent,

(ii) The impact-parameter-dependent stopping
function may be steeper, so that intermediate
paths should correspond to higher energy losses.

a) b)
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FIG. 4. Experimental
and computed energy
spectra for 2.0-MeV pro-
tons transmitted through
a 6.2-um-thick Si crys~-
tal. The meaning of sym-
bols is the same as in
Fig. 2. The tilting is
along the {111} plane and
the angular distance from
the (110) axis is (a) 0°,
(b) 0.2°, (c) 0.6°,
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FIG. 5. Effective stopping number B(E) vs tilt angle
from the (110) axis within the {110} plane. The energy
(in MeV) of the incident beam is (a) 1.0, () 2.0, ()
2.8; the crystal thickness (in pm) is (a) 2.45, b) 6.1,
(c) 5.6; the random B values are 410, 528, and 586
MeV?/ cm, respectively. The estimated error amounts
to ~+ 2%.
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It must be noticed that for a completely random
incidence we obtain a spectrum in excellent agree-
ment with experiments.

(iii) It may be that there is more multiple scat-
tering than we simulated with our mechanisms, as
has been noticed recently also by other authors,®
In particular we recall that we neglected surface
oxide scattering.

In any case the quantitative inaccuracy on the de-
channeled side of the spectrum does not impair the
results on the channeled side. The general agree-
ment shown in the main features gives confidence
in extracting all the available informations from
the experiments.

We analyze the energy-loss data in terms of the
experimental effective stopping number B. The
effective stopping number is defined as B(E)/E

AXIAL- TO PLANAR-CHANNELING TRANSITION 4033

=~dE/dx. The experimental value B is calculated
by the formula®

_ 1 (% E2-E2

B(E)=Ef EdE=——’27§;-L , (5)

By

where E; is the energy of the incident ion, E; is
the energy of the emergent ion (which in the case
of channeled ions correspond to our E. of Figs.
2-4), and Ay the crystal thickness. We point out
that B(E) is almost independent of crystal thick-
ness.®%

Figure 5 shows the effective stopping number
B(F) as a function of the beam misalignment from
the (110) axis, but within the {110} plane. The
energy of the incident beam is (a) 1.0 MeV, (b) 2.0
MeV, and (c) 2.8 MeV. It appears that in the
transition from axial to planar channeling the stop-
ping number has a maximum above the planar val-
ue, but always lower than the random one. We
notice that a similar trend can be obtained by con-
necting the peaks of the energy loss distribution
shown very recently in Fig. 1 of second paper in
Ref. 19 for 21.6-MeV I ions in Ag, even though
the experimental technique is somewhat different.

The same behavior is shown in Figs. 6 and 7 for
the transition from an axis to the most open plane
intersecting it (see figure captions for proton ener-
gy and crystal orientation). It must be remarked
that in these cases the B values for axis and plane
are the same.*®

As is well known information on dechanneling can
be obtained from transmitted energy spectra,!%
The spectra were analyzed as follows: (a) chan-
neled spectrum, i.e., the area under the high-en-
ergy Gaussian peak described above; (b) random
spectrum, obtained by normalizing the peak value
of a spectrum observed in a random orientation at
the value of the aligned spectrum at energy E;

(c) intermediate spectrum, which includes the
particles with energy between E, and E; remain-
ing after subtracting (a) and (b)—these particles
correspond both to particles dechanneled at vari-
ous depth and to relatively low-impact-parameter
channeled paths; (d) high-energy-loss spectrum,
i.e., what remains at energies lower than E; after
subtracting (b)—this component is appreciable only
for off-axis orientation and is of the order of 5%.

This analysis is of course less detailed than the
one of Ref. 22, On the other hand it differs from
the one of Ref. 21 because we do not analyze region
(c) directly.

Figure 8 gives the channeled and random frac-
tions for 2.8-MeV protons versus incidence angle.
It shows clearly that in the axial-to-planar transi-
tion region the dechanneling is the highest.

This trend is depicted also by our computer sim-
ulations shown in Table I. Some words must be
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spent to describe the criteria used to define the
channeled fraction 1 -y in these simulations.

First of all, in order to compare with the ex-
perimentally defined channeled spectrum (a), we
also included in the channeled component ions
which covered more than 90% of the thickness along
a channeled path. In fact the energy of these ions
coincides, within the energy resolution, with that
of the ions channeled along the whole thickness.
However, this part amounts at most to ~8% of the
total channeled particles.

Another problem arose in the case of axial chan-

neling, owing to the wandering of ions. One pos-
sible criterion to define dechanneling in this case
could be the introduction of a critical approach dis-
tance to the atomic row. However, the appropriate
value for this distance is somewhat arbitrary® and
our results turned out to be sensitive to the choice
made. Therefore we used a statistical criterion,
by which we compare the fraction of encounters
below a certain impact parameter {taken equal to
arr [Where ary is the Thomas-Fermi screening
length, equal to arp=a,- 08853 (Z,2/3+ z2/3)1/2]}
with the random value given by the ratio of
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°
~ 260 -
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£ /
= Y,
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FIG. 7. Effective stopping number B(E) as a function of tilt angle from the (111) axis within the {110} plane. The energy
of the incident beam is 1.0 MeV, the crystal thickness 5.25 um, and the random B value 410 MeV?%/cm.
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TABLE I. Computed values of the channeled fraction
1 -y for various axial-planar transitions. 6 is the tilt
angle.

{110y —~{110} 6 0° 0.8° 1.5°  2.9°
1.0 MeV 2.45 pm 1-x 91% 16% 40% 53%

(110) —{110} 0 0° 0.4° 0.8° 1.65°
2.8 MeV 5.6 pm 1-x 92% 2% 33%  46%

(110) —~{111} 0 0° 0.2°  0.6° e
2.0 MeV 6.2um  1-x 82% 2% 15% vee

the areas ma%z/7r%, (where 7, the channel radi-
us, is given by 7% =(Nd)-!, in Lindhard’s nota-
tion.!) This comparison is made at each axial
channel change. This statistical criterion turns
out to be satisfied also when the ion leaves a planar
channel; insuring therefore the self-consistency of
the data shown in Table I.

By comparing with experimental results, we see
that the qualitative trend is reproduced; in partic-
ular, dechanneling is the highest in the transition
region, However, dechanneling is greater under-
estimated in the axial case, as already mentioned
in the analysis of transmitted energy spectra, and
is overestimated in the transition region. It must
be pointed out that in the latter region the analysis
of experimental data is more liable to errors, ow-
ing to the strong overlapping of the different parts
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of the energy spectrum. In any case Monte Carlo
simulations rather emphasize the transition region
compared to experiments, ensuring that such a
transition exists quite independently on the particu-
lar dechanneling mechanisms taken into account.

B. Backscattering Measurements

The increase in the dechanneled fraction in the
transition region has been checked measuring the
yield of 1. 0-MeV protons backscattered as a func-
tion of tilt angle for the transition (110)~{110}.

The dechanneled fraction y as a function of the
depth was calculated from the backscattered spec-
tra following the procedure described in the Appen-
dix and using the value of the energy loss obtained
from the transmission measurements for each tilt
angle,

In Fig. 9 we report the dechanneled fraction y
versus the angle of incidence to (110) direction
within {110} plane at the depths of 0.5, 2.5, and
4,5 um, Here again we observe that the transi-
tion from axial to planar channeling is marked by
an increase in dechanneled fraction as expected.
This increase is similar to the well known “shoul-
ders” in the channeling to randomtransition. How-
ever it is important to point out that the maximum
scattering yield is always lower than the random
one,

As the beam becomes more and more dechan-

°‘. v l T T T T ' T T T T l T T T T ] T T T T l T T T T [ L 1]
2.8 Mev 110> — {110}
- Q@
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FIG. 8. Random and channeled fractions as a function of tilt angle from the (110) axis within the {110} plane. The beam
energy is 2.8 MeV and the crystal thickness 5.6 um. The meaning of these components is explained in the text.
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neled with increasing depth in the crystal this
maximum tends to level off, as already observed

by Howe and Schmid.?

V. DISCUSSION

The interpretation of the experiments requires
some care, because calculations indicate that usu-
al concepts in terms of continuum theory can be
misleading.

Our computer results as well as those of other
authors® show that axially channeled particles
wander from channel to channel: Only avery small
fraction remains confined in the original channel
(~1% of the total according to our calculations).
The presence of these “hyperchanneled” particles
has been recently observed by Appleton e# al.'®
Since the ions overcome the interaxial barrier very
easily already at zero degrees incidence, it seems
very difficult to interpret the axial-planar transi-

EA et al. Ki
tion in terms of a simple spatial potential barrier
separating the two kinds of channeling.

On the other hand both calculations and experi-
ments show that the transition from axial to planar
regime is not a smooth one, but goes through a re-
gion of maximum stopping power and dechanneling,
This is apparent also in the case of the transition
from (110) axis to {111} plane and from (111) axis
to {110} plane, which shows the difference between
the axis and the most open plane passing through
it (see Figs. 4, 6, and 7).

In order to explain these results, we report in
Fig. 10 some typical ion paths, plotted by the com-
puter and reduced to the initial channel, as done in
Ref. 24, Fig. 10. All these paths refer to 2. 8-
MeV protons and a [011]- (011) transition,

Figure 10(a) shows an axial channeled path. The
number of crosced channels is nine, but it is
clearly seen that it avoids the strings; moreover
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FIG. 9.

Dechanneled fraction x obtained by backscattering measurements vs tilt angle from the {110) axis with-

in the {1,10} plane. The dechanneled fraction is measured at different depths into the crystal, as indicated. The beam
energy is 1.0 MeV. The estimated error is not larger than the point size.
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it can be seen that the particle goes out from the
channel through the saddle points towards {111}
planes. It appears that the channeled ion acquires
a transverse energy of the order of 10 eV (as
evaluated by the minimum distance of approach to
the strings) corresponding to an angle of the order

of 0.1°, This energy component is almost random-
ly distributed in the transverse plane: Therefore,
we shall call it “radial” component.

When we tilt from the axis within a crystal plane,
the ion acquires an additional transverse energy
E6? parallel to the plane (“planar” component).

X X
pa
X X X
F
X X X
oin __
ain
a) X X b)
(100)
X X
X oL X X X
I
X . X X X
c) X X d)

FIG. 10. Computed 2.8-MeV protons paths in a 5.6-pm-thick Si crystal for [011] — (011) transition. The proton

position is plotted every 20 A

and reduced to the initial channel. “I” and “F” indicate initial and final positions of the

incident particle (when unspecified F lies at the end of the crystal) while “X” denotes the atomic rows. Crystal orienta-

tion is shown in the center. (a) [011] axial channeling. The number of channels crossed is nine. (b) 0.2° from the [011]
axis within the (011) plane. The part of the trajectory almost perpendicular to the (011) plane and ending at F corre-
sponds to the dechanneling of the particle. F lies at 0,62 um. (c) 0.4° from the [011] axis within the (011) plane. The
final point F, at which the particle is just dechanneled, lies at 1.29 um. (d) (011) planar channeling (0.8° from the [011]
axis). Notice that the appearance of a double strip is simply due to the reduction to the initial channel.
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TABLE II. Measured values of the angle 0, at which the stopping number B is maximum for various transitions and

energies.
E
(MeV) (110) —~{110} (110)—{111} (111) —{110} 112y —{111} (112) —{110}
1.0 0.80° 0.40°
2.0 0.75° 0.20° 0.30° 0.15° 0.60°
2.8 0.40°

When the incidence angle is high enough so that
the radial component is negligible compared to the
planar one, we have the planar channeling shown
in Fig. 10(d). In this case the radial component
produces only oscillations between the planes and
is not sufficient to bring the ion close to atoms.
Incidentally it can be noted that in the case in
which the ion starts in the central strip of the chan-
nel, i.e., inside an atomic plane, it is rapidly de-
channeled, which is consistent with the well-known
fact that surface dechanneling is higher for plane
than for axis (see, e.g., p. 49 of Ref. 1).

In the intermediate angular region, the radial
component is no longer negligible. This gives rise
to a spreading out of the “planar” channeled paths
in a direction perpendicular to crystal planes until
the particle hits one atom. In the language of con-
tinuum theory it may be said that the angle with the
strings is not high enough to smear out the atomic
rows in the continuum plane. Therefore the par-
ticle can penetrate into the atomic planes because
of the random transverse motion in the two-dimen-
sional lattice of strings and is finally scattered
away (see p. 25 of Ref. 1). Figures 10(b) and
10(c) clearly show this effect and explain both the
great dechanneling and the maximum in the dis-
tribution of the stopping number B versus the tilt
angle, In fact for the reason explained above also
the few particles that remain channeled spend a
part of their time in regions nearer to atoms than
in purely axial or planar cases. Of course even
these will be dechanneled with increasing crystal
thickness.

Table II summarizes the angles 6, at which B
is maximum for various energies and transitions.
Results are reported also for transitions not shown
in the previous figures. For comparison Tables III
shows Lindhard’s critical angle zpl,l corrected for
thermal vibrations according to Eq. (14) of Ref. 5.

In backscattering, the angular value of maximum
yield when we move from axis to random is of the
order of ;V2 (see p. 16 of Ref. 1). Our observed
values for the maximum B are of this order for the
narrower planes {110} and much lower for the most
open planes {111}, This result is consistent with
the computed values of nuclear encounter probabil-
ity reported by Barrett.?®

In any case we would like to emphasize that care

must be taken in comparing backscattering and
transmission results, because in the former only
particles with low impact parameters are recorded
as dechanneled, while in the latter we include as
dechanneled also particles sampling higher elec-
tron density without coming too close to atoms, so

that these experiments can give different answers
to the same question. Another possible reason of

discrepancy between transmission and backscatter-
ing data, which goes in the opposite sense to the
previous one, has been put forward by Altman e#
al.?% Nonchanneled particles also contribute to
backscattering with trajectories which yield prob-
abilities for scattering higher than particles with
random paths.

Our computer results show on the other hand
that (110) axial channeling contains also a planar
channeled component along the most open planes
{111} (ranging from 12. 5% at 1-MeV proton energy
and 2.45-um crystal thickness to 8.5% at 2.8 MeV
and 5.6 um): Therefore, the interpretation of
backscattering yields requires some care. In fact,
both particles dechanneled from the axis and the
most open planes at the same depth can contribute
to the backscattering yield at a given energy.

Since the experimental axial and planar dechannel-
ing rates are different,* the ignorance of the
amount of planar components makes ambiguous the
interpretation of backscattered axial spectra in
terms of purely axial channeling and misleading a
comparison with theory. A systematic analysis by
using both transmission technique with a collimated
detector and backscattering technique can give in-
formation on the latter point.

Figure 11 compares the results of backscatter-
ing, transmission experiments and computations.
Backscattering experiments and transmission com-
putations give the dechanneled fraction as a function

TABLE III. Critical angle ¢y, for axial channeling
calculated by Eq. (14) of Ref. 5.

E 1/, (deg)

(MeV) {110) {111) (112)
1.0 0.54 0.49
2.0 0.38 0.35 0.29
2.8 0.32
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FIG. 11. Dechanneled fraction vs depth for 1.0-MeV protons in silicon.

Tilt angles from the (110) axis within the

{110} plane are reported in the figure for the planar case and is equal to 0.8° for the transition. Errors are reported
only for some points. Open circles, backscattering experiments; filled triangles, transmission experiments; filled

circles, transmission computations.

of depth, while transmission experiments give only
the dechanneled fraction over the total thickness.
With regard to the previously reported classifica-
tion of the transmitted energy spectra components
(see Sec. IV A) it must be pointed out that in this
case the intermediate spectrum (c), probably be-
cause of energy resolution, turns out to be negligi-
ble.

Figure 11(a) shows that the dechanneled fraction
obtained from backscattering is lower than the one
obtained from transmission measurements in the
axial case. This can be attributed to the above-
mentioned fact that in the two types of experiments
different ranges of impact parameters are involved
to determine the dechanneled fraction,

From Fig. 11(c) we see on the contrary that in
the planar case transmission and backscattering
experiments are in agreement. On the other hand
both figures show the already discussed underesti-
mate of dechanneling in our calculations.

However, we believe that our statistical criterion
for dechanneling can be of value for future develop-
ments of the computer model aiming at clarifying
the differences between the two kinds of experi-
ments.

The following conclusions can be drawn.

(i) According to calculations proper axial chan-
neling is very rare and axially channeled particles
wander from channel to channel. Moreover a non-

negligible planar component along the most open
planes is present.

(ii) Notwithstanding item (i), both experiments
and calculations show a sharp distinction between
axial and planar channeling; the transition being
characterized by a maximum in stopping power of
channeled particles and in the dechanneled fraction.

(iii) Computer simulations show that the transi-
tion is associated with some kind of instability of
the planar trajectories, correlated with the rela-
tive values of transverse energy components.

(iv) Backscattering measurements confirm the
general trend observed in transmission. The two
kinds of experiments give complementary informa-
tions because they correspond to somewhat differ-
ent physical situations; therefore, a direct com-
parison of the results requires some care.
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APPENDIX

In backscattering experiments, the dechanneling
rate is obtained by measuring the energy spectrum
of backscattered particles, using both an aligned
and a random primary beam. The comparison be-
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tween aligned and random yield gives the beam de-
channeled fraction as a function of the observed
energy.

In order to convert energy to depth, the knowl-
edge of the stopping power of channeled and random
particles is needed. In several experimental
works, the yield of aligned and random spectra
were compared at the same energy, assuming the
same stopping power for random and aligned par-
ticles. The use of a lower stopping power for
channeled particles, not only gives different ener-
gy-depth scales for channeled and random parti-
cles, but also implies that channeled particles have
an energy higher than that of the random ones at
the same depth: Thus a correction factor must be
introduced to account for the energy dependence of
the cross section., Such a dependence can be di-
rectly derived from the random spectrum.

As an example we calculated the dechanneling
rate of 1.0-MeV protons channeled along (111)
axis in silicon, using for the ratio between the stopping
power in channeling and random conditions,

(i), (@),

the values =1 and @ =0. 65 and taking into account

the energy dependence of . The values o =0. 65
and the energy dependence were obtained by our
previous transmission experiments.®

The results are shown in Fig. 12, The value o
=1 involves no corrections, thus the dechanneled
fraction is the ratio between aligned and random
yield at the same energy. It appears that the use
of a lower stopping power for channeled particles
decreases the dechanneling rate: It should be
noted that this decrease is much more pronounced
the lower is a, i.e., in more open channels.

In our case it makes no difference to neglect the
dependence of o on energy, because in the energy
range of the channeled path (1.0-0.8 MeV) ¢ var-
ies only from 0. 65 to 0.67. However this correc-
tion could be important at higher depths in the
crystal and at low values of E/A, A being the
atomic mass of the projectile, because « varies
more rapidly with decreasing E/A.% 1

We observe that with the transmission technique
we measure the most probable value of the stop-
ping power for the best channeled particles. On
the other hand backscattered particles could suffer
higher energy losses, especially at the end of the
path, before the scattering, where the electron
density is higher. As a consequence the true «
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value for backscattered particles will lie somewhat
between the channeled and random value (see also
the discussion at p. 138 of Ref. 26). However an
indirect measurement of « using low-impact-pa-
rameter processes [i.e., wide-angle Rutherford
scattering and the resonant #8i (p, ) ®P reaction]

gave ¢ =0.58+0,04 for 1. 6-MeV protons channeled
along the (111) axis in silicon,?” in excellent agree-
ment with the value obtained by transmission® o
=(0.61+0.03). Therefore, in our dechanneling
calculations we always assumed the ¢ values ob-
tained by transmission experiments.

*The experimental part was performed at Laboratori
Nazionali Legnaro, Italy. Research supported in part by
G.N.S.M. and in part by La.M.El. Laboratory of C.N.R.
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