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The dechanneling of MeV protons from the planar channels of silicon and germanium is investigated. The

backscattering technique and transmission technique for measuring the dechanneling rate are compared and

show good agreement. The data are treated in the framework of a diffusion model which describes the

observed energy dependence of the dechanneling length. Various physical mechanisms which contribute to

the diffusion are discussed and estimated. Direct measurements of the multiple scattering in the channels are

compared to estimates of the diffusion constants.

I. INTRODUCTION

When a collimated beam of charged particles is
incident parallel to a major symmetry direction in
a single crystal, the ions approach the rows or
planes of atoms at the crystal surface over a wide

range of impact parameters. As the ions are
transmitted through the crystal surface, they ac-
quire momenta transverse to the symmetry direc-
tion depending upon these initial impact param-
eters. In the simplest channeling model, when the
beam reaches an equilibrium distribution inside
the crystal, some of the ions have been deflected
through angles greater than the critical angle for
channeling, g ~, and are said to be in the nonaligned
or random beam; and the remainder of the ions
are said to be in the aligned or channeled beam.
In this approximation the motion of each channeled
ion is governed by a potential which is constant in

the longitudinal direction and whose magnitude is
derived from averaging the atomic potential. Fur-
thermore, since the potential is constant in the
longitudinal direction, the channeled fraction would

be predicted to be independent of thickness (aside
from effects due to the energy loss of the particle
as it traverses the crystal) and the ions might be
expected to maintain their particular trajectories.
In fact, however, a large experimental thickness
dependence is observed. The measured critical
angles and minimum yields are in reasonable agree-
ment with theory only for channeling in very thin
crystals' or near the surfaces of thick crystals. '

Initially well-channeled ions acquire higher trans-
verse momenta as they penetrate deeper into the
crystal until they "escape" the channel and become
part of the random beam. Conversely, initially
randomly directed ions undergo multiple scattering
and may "infuse" into channeling directions where
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scattering of channeled ions were also discussed
by Thompson and Dearnaley et cl. Since that time
various authors have considered the problem in-
cluding Abel et al. , Foti and co-morkers, "
Morita and Itoh, and Altman. '3
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FIG. 1. Schematic of experimental apparatus used in
measuring transmitted energy and intensity distribu-
tions.

they take on the characteristics of channeled ions.
It is important to understand these so-called

"thickness effects" for both fundamental and prac-
tical reasons. The physical processes that are re-
sponsible for the ultimate escape of an initially
well-channeled ion are certainly of interest, and
from the practical point of view essentially all
measurements are subject to some thickness ef-
fects. The channeling and blocking phenomena are
being used in more detailed measurements as tools
for extracting ion-impanted damage profiles, range
distributions, nuclear-lifetime parameters, etc.
The better one can interpret the relative impor-
tance of escape, the more accurate the information
extracted from such measurements will be.

In this study we shall first (i) describe a method
of extracting the characteristic thickness param-
eter by measurement of the transmitted-particle
energy spectrum, (ii) compare this method with
the more usual backscattering method, and (iii)
discuss in detail the conversion of energy to depth
necessary in both of the methods in order to obtain
the thickness parameter. Measurements of the
energy dependence of this parameter will be pre-
sented for various planes in Si and Ge. We shall
then present measurements of the multiple scatter-
ing of the channeled beam and its energy depen-
dence to try to account for the observed decay
rates. Finally, a discussion is presented which
applies a simple diffusion model to the escape and
considers the relative importance of the physical
mechanisms which cause this diffusion and hence
escape.

This work includes and is an extension of inves-
tigations presented at the International Conf erence
on Solid State Physics Research with Accelera-
tors. ' Observations of thickness effect were pre-
viously discussed by Andersen et al. , Davies
et al. , and Feldman' and predicted by Lindhard.
Experiment and theory relating to the multiple

II. EXPERIMENTAL METHOD

A. Wide-Acceptance-Angle Measurements

Total energy distributions of ions transmitted
through thin single-crystal targets were recorded
using a large-active-area solid-state charged-
particle detector placed directly behind the crys-
tals. This detector, labeled in Fig. 1 as a remov-
able large-angle detector, accepted aii ions with
emergence angles 15 to the incident beam, and
the energy spectra were recorded using a on-line
SDS-910 computer programmed as a 512-channel
pulse-height analyzer. The signal-handling elec-
tronics were standard, and the energy resolution
of the detector was 25 keV. The goniometer ac-
curacy and reproducibility along with more spe-
cific details of the experimental setup are dis-
cussed in an earlier publication. '

B. Energy and Angular Distributions of Transmitted Ions

The energies and intensities of ions transmitted
through thin single crystals were recorded at
selected angles of emergence with the aid of a
small-acceptance-angle solid-state scanning de-
tector. All obstacles were removed from the paths
of the transmitted ions, and their emergent dis-
tributions were recorded in the x-y plane as il-
lustrated in Fig. 1. The detector, which had an
acceptance angle of 0.05' and an energy resolution
of 25 keV, could be accurately positioned over a
wide range of emergence angles.

For a particular crystal orientation intensities
at various emergence angles were normalized
relative to each other with the aid of a monitor
detector placed at large angles to record Ruther-
ford-scattered ions. The electronics of the detect-
ing system and the goniometer mere the same as
discussed in Sec. II A. The angular divergence of
the incident beam was 0.015 half-angle.

C. Large-Angle Rutherford-Scattering Measurements

The yields and energy spectra of ions Rutherford
scattered to angles from 170 to 177' were re-
corded with the aid of an annular solid-state de-
tector employed in the configuration shown schemat-
ically in Fig. 2. The acceptance geometry of the
annular detector assured that the backscattered
ions were averaged over the azimuthal emergence
directions. The proton beam collimated to a half-
angle of divergence of 0.04, was backscattered
from a thick single-crystal target held in a goniom-
eter arrangement. A shield held at liquid-nitrogen
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FIG. 2. Experimental arrangement for measuring
Rutherford-backscattered yields and energy spectra.

temperatures reduced surface contamination, and
secondary-electron emission was reduced by
negatively biasing a shield relative to the target.
The energy spectra recorded with the annular de-
tector were amplified and recorded using a 512-
channel pulse-height analyzer. Various spectra
were normalized for the same total charge inte-
grated from the target.

III. RESULTS AND ANALYSIS

A. Measurements of Characteristic Escape Parameters

In a typical planar channeling experiment -70%
of the incident ions are initially channeled, and only
-30% are initially in the random component of the
beam. However, as the channeled ions penetrate
deeper into the crystal they begin to escape. Their
rate of escape can be determined by a number of
experimental methods, and some of these techniques
are detailed below. Measurements of x& +, the
characteristic crystal thickness at which one-half
of the initially channeled ions have escaped, are
obtained for a number of cases using each method.

1. Tota/-Trunsmitted-Energy Distributions

This method for measuring x& /3 values uses the
total-energy spectrum for ions transmitted through
thin single-crystal targets. Such spectra were
recorded using the large-acceptance-aagl, e solid-
state detector shown in Fig. 1 positioned directly
behind the crystal. Figure 3 shows two such en-
ergy spectra, recorded for 3.0-MeV protons trans-
mitted through a 33-p.m-thick silicon single crystal
in the {110}and {111}planar-channeling directions.
The random energy in. these two spectra labeled
E„ is just the average energy with which a proton
emerges when transmitted through a misoriented
single crystal of the same thickness. Such an
ion has an average energy-loss rate (dE/dx)„ that
is the same as that in an amorphous material.
The energies marked E~ correspond to those pro-
tons which are well-channeled through the entire
crystal and have a much lower average energy-loss

rate (dE/dx)c .The values Ec and Es were deter-
mined for this crystal from separate experimental
measurements designed specifically for this pur-
pose. This method is outlined in a previous
paper. '

The spectrum in the energy region between EJ,
and Ez results primarily from particles which were
initially channeled into the crystal to some depth
x, but then escaped and became part of the ran-
dom beam. It is clear from the spectra that the
decrease in this region is approximately exponential
so that the energy distribution of the escaped par-
ticl.es has the form

E-E dx —dx
0

(2)

where (dE/dx)c and (dE/dx)„are the stopping
powers for the channeled and "random" ions, re-
spectively. Normal, ly, both stopping power ex-
pressions are functions of the energy and change
as the protons lose energy, but in transmission
measurements through thin crystals such as these
where the protons lose less than 25% of their en-
ergy, one can replace the integrals in Etl. (2) with
average dE/dx values taken at an appropriate in-
termediate energy, i.e. ,

10
r +:—-

I I: T10~

8 10
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2.6 2.S

FIG. 3. Total energy distributions for 3.0-MeV pro-
tons transmitted parallel to the {110)planes {left-hand
spectrum) and {ill)planes (right-hand spectrum) of a
33-pm silicon single crystal.

N(E) =Ae ~s

where N(E) is the number of particles emerging
with energy E in the interval (E, E+ dE) from the
crystal, A. is an arbitrary constant, and k is the
constant of physical interest which is related to
xf /2 ~

%e can relate the measured energy of the trans-
mitted protons to the distance x into the crystal
where they escaped the channel as follows: Con-
sider a proton of incident energy E~ which is in-
itially channel. ed but that escapes the channel at a
distance x into the crystal and traverses the re-
maining crystal thickness, (t —x), as a "random
ion. " The emerging ion will have an energy E
given by



938 L. C. FELDMAN AND B. R. APPLETON

E (MeV) t (Pm) xf~2 (Pm) Crystal orientation

1.3
1.3
2.8
4.9
4.9
4.8
4.8
6.9
6.9
8.9

1.3
2.8
4.8
4.8
8.9
8.9

2.8
2.8
4.8
4.8
6.9
6.9
8.9

2.8
4.8
6.9

20
14
33
16
33
46
50
33
50
33

14
33
47
46
46
46

23
25
23
25
25
23
25

25
25
25

3.1
2.8
4.9
8.5
9.3
9.7
9.0

13.5
12.5
16.6

4.0
8.3

13.3
14.3
25.6
25.1

4, 7
4.8
8.0
8.0
9.7
9.65

14.5

8.8
11.5-13

10.8

{110)planes
silicon

Rr{110)= 0.6

{111)planes
silicon

Rr{111}=0.44

{110)planes
germanium

RT{110)=046

{111)planes

germanium
R r{111)= 0.33

TABLE I. Half-thicknesses for escape obtained using
the transmission method.

energy loss used in the data reported here are
listed in Table I. Listed in the same table are the

x«a values for escape of protons for the {110}and

{111}planes of silicon and germanium versus the
average energy of the channeled ions. Extraction
of x, &s values for the {111}-typechannels may be
complicated by the geometry of the planes of atoms
that make up the walls of this particular plane.
There are actually two types of planar channels
with 0. 78- and 2. 35-A separation in this direction
with the same planar densities. There is some
evidence in the {ill}spectrum of Fig. 3 of two
distinct slopes, but we have assumed that the most
prominent slope which gives the larger x, &2 values
is the one characteristic of escape from the {111}
channels.

A plot of the various x, &~ values obtained by the
transmission method for silicon and germanium
is shown in Fig. 4. A linear dependence of x&&z

on energy is seen for both planar channels in
silicon, and a similar dependence is observed for
germanium and tungsten. This, as well as other
observed trends for escaped particles, is explained
on the basis of the escape model discussed in Sec.
IV of this paper.

It should be mentioned that the values of R~ used
in the analysis of these transmission data are those
characteristic of the best channeled ions. We

28

E=E ——x —— t —x

(3)

where Es =Ez —(dE/dx)sf and 20—

Utilizing the observed exponential rate of escape,
Eq. (1), and the relationship between observed
energy and depth, Eq. (3), we can write for the
number of particles that are channeled at a dis-
tance x into the crystal,

N(*)=(k/k)e p —k Ee ~ —(( —((„)e)
dE
dx

(4)
Then the half-thickness of escape xf && is given
by

x, /s
——0. 693/k —(1 —Rr)

dE

The quantity A is obtained from the slope of the
escape portions of the measured energy spectra
and R~ is determined from least-energy-loss mea-
surements. ' The ratios of the channeled to normal

16—

CV

12—

/
/y

/y

0
0 10

I I I I

2 4 6 8
E (Mev)

FIG. 4. Half-thickness for escape (xf/2) of protons
from the {110)and {111)planar channels of silicon as a
function of the average energy of the transmitted ions
(E).
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FIG. 5. Energy spectra for 1.0-MeV protons Ruther-
ford backscattered to -175' from a silicon single crys-
tal oriented with the beam incident in a random direction
(A) and parallel to the (110}planar direction (0). The
two spectra were obtained for the same number of incident
protons.

know infact (Sec. III A 2) that many of the channeled
ions have other trajectories and higher-energy-
loss rates in the channel, "and so we might expect
that the average channeled energy loss would have
a, higher value of Rr. This is discussed in more
detail in Sec. IIIA3.

2. Large-A ngle Rutherford-Scattering Technique

Since the majority of channeled ions never ap-
proach closer than -10 cm to atoms on normal lat-
tice sites, the yield of close-impact-parameter
events such as Rutherford elastic scattering or nu-

clear reactions is reduced. Thus, in a channeling
configuration the reaction yield at any depth will be
largely dependent on the random fraction of the
beam at that depth and one can use this as a sensor
of the escape mechanism.

%e have used the Rutherford large-angle-scat-
tering technique to detect the random fraction of
initially channeled ions as a function of depth for
protons in silicon. Two representative energy
spectra for 1.0-MeV protons scattered to -180

from a silicon single crystal are shown in Fig. 5.
These spectra were recorded for the same number

of protons incident in a random direction and

parallel to a (110}-type planar-channeling direc-
tion. These plots represent the scattering yield
per unit energy (ordinate) as a function of energy
(abscissa) where decreasing energy corresponds
to particles which have scattered from increasing
depths into the crystal. The threshold in the
scattering yield that appears at energies -0.87 MeV
corresponds to 1.0-MeV protons that have back-
scattered from the surface atoms of the silicon
crystal and their energy is given by

Ep=EI 1 — a sin ' =EI 1 —k,
4m'~ . 28,

(m, + ma) 2
(6)

where EI is the incident proton energy, m, is the
proton mass, m2 is the silicon mass, and 8, is
the center-of-mass scattering angle.

The scattering yield in the (110}spectrum near
this threshold is a minimum and is X = 0.30 of the
random yield. This minimum yield is in satisfac-
tory agreement with the usual channeling theories
which do not include thickness effects. However,
such descriptions of the channeling phenomenon
would predict that the scattering yield would re-
main constant at the fraction g for all thicknesses,
while it is clear from Fig. 5 that the yield for
(110}incidence increases rather rapidly with in-
creasing thickness. This increase in yield is pri-
marily a result of the increase in the random
fraction of the beam with increasing penetration
into the crystal as a result of proton escape from
the channels, and it is this information we wish to
extract. There is, however, an additional varia-
tion in the scattering yield with energy which re-
sults from the energy dependence of the Ruther-
ford-scattering cross section and the stopping-
power function for the ions. Such variations can
be important, particularly near elastic scattering
resonances.

The effect of this energy dependence on extract-
ing escape parameters from the measured chan-
neling spectra can be reduced by obtaining the
fraction of the ions in the random component of the
beam at each energy, X(E); in this way variations
in the random and channeled yields due to energy
tend to compensate. To be rigorously correct one
should take the ratios of the yields at the same
thickness instead of the same energy. It is pos-
sible to show, however, that the difference between
the energy in the channeled spectrum correspond-
ing to scattering from a particlular thickness x
and the corresponding energy in the random spec-
trum is negligible compared to the energy resolu-
tion of our system for thicknesses near the crystal
surface. Thus, since our analysis is always con-
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We are interested in obtaining x& ~~ values from
data such as those in Fig. 6, where x»~ is that
characteristic depth into the crystal at which one-
half of the initially channeled particles have es-
caped, that is, where

[1 —X(Eg (2)]= 2 (I —X ) (9)

To do this we need to relate the observed energy
of the backscattered protons, E, to the depth x into
the crystal at which they escaped the channel and
became part of the random beam.

An analysis similar to that used in the transmis-
sion work shows that

x~(2
——0. 693/K —[Rs(l —k, )+ I]dE

(10)

0.2

0.1
0 0.1 0.2 0.3

nE (MeV)
0.4

o ago

0.5

FIG. 6. Fraction of channeled ions, 1-X(E), relative
to the fraction initially channeled, 1-X, as a function
of observed energy difference ~.

This semilog plot indicates that the decrease in
the channeled fraction of the incident proton beam
with energy is approximately exponential, i. e. ,

(1 —X(E))= (1 —X~)e (6)

At large nE (corresponding to large x) the data
points begin to drop below the straight line which
fits the data well at small &ATE. This may be a re-
sult of the difference between the energy corre-
sponding to a given thickness for the random and

channeled cases mentioned earlier. The expo-
nential dependence seen here for planar channel-
ing has been observed by a number of experiment-
ers.

fined to thicknesses ~ x, + it is essentially correct
to take the ratios of the yields at a particular en-

ergy, X(E), as being representative of the ratios
at a particular thickness, X(x). The results of
such an .analysis are shown in Fig. 6 for the case
of 1.0-MeV protons incident parallel to the {110j-
type channels of a silicon single crystal. This
figure shows the fraction of the proton beam that
is channeled at each energy, 1 —X(E), relative to
the fraction initially channeled, 1-p, as a func-
tion of 4E, where

QE —E E

where Re = (dE/dx)o/(dE/dx)s for the backscatter-
ing results. Equation (10) makes use of the fact
that the change in the height on the normalized
channeling spectrum, 4N, over a small energy
interval hE, corresponds to the change in the num-

ber of channeled particles in traversing hE. Thus
for an exponential decay the half-thickness is
given by Eq. (10). Note that it is not necessary to
make any assumption concerning the depth of de-
channeling or the depth of scattering.

The quantity K was determined from the slope
of plots of the data like that in Fig. 6, and

(dE/dx)s was chosen for each measurement using
published energy-loss data. Determination of a
value for R~ implies that one knows the average
energy-loss-rate distribution for ions which escape
and then backscatter. The values obtained for the
ratio of channeled to random energy loss from
least-energy-loss measurements Rr (those used
in Sec. III A1) represent a lower limit to the actual
value. It is possible to obtain an estimate for what

is probably an upper limit by utilizing the elastic
scattering resonance that occurs for protons in
silicon at a resonance energy of E~=1.65 MeV.
By using an incident energy of 2.0 MeV this reso-
nance samples protons which have escaped at
depths several times the half-thickness. Such

protons probably diffuse into trajectories with

large transverse momenta in the channel before
they escape and may experience larger average
energy-loss rates.

Two spectra are shown in Fig. 7 for scattering
to -180' of 2. 0-MeV protons incident in a random
and {110)direction of a silicon single crystal
These spectra appear as standard Rutherford-
backscattering spectra except for the characteristic
resonance shape which is a result of the 1.65-MeV
elastic scattering resonance. First consider the
random spectrum. Protons enter the crystal in a
random direction at energies EI =2.0 MeV, lose
energy at a rate (dE/dx)„, , over a distance 4x„
until they reach the resonance energy E, =1.65
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since

~x, =(z, - E)/E, —„dE
dx

Using the value for

ds dE
1 4

2.0 MeV "H ~ Si
evaluated from the random spectrum, me find from
the equation above that

gp dx Rf +p1 ~s Ec
—0. 87

FIG. 7. Normalized energy spectra for 2.0-MeV pro-
tons scattered -175' from a randomly oriented (4) and
(110)oriented (0) silicon single crystal. The structure
at -0.85.MeV arises from the proton-elastic-scattering
resonance in silicon at 8~=1.65 MeV.

MeV, undergo resonant scattering, and emerge
from the crystal losing energy at the rate
(dz/dx)s. .. The protons in the spectrum at en-
ergi.es E„=0.86 MeV can be identified a,s those
which have undergone such a history, Thus, we
can v rite

E — E~

(11)
and since

dE~x =(E -E)
ore can evaluate

dE dE E, 1-k E~

We can do a similar analysis of the (IIOj chan-
neling spectrum in Fig. 7 and specify that the pro-
tons of interest remained in the channel for a dis-
tance hxo losing energy at the rate (dz/dx)
= Bs(dz/dx)s „escaped the channel with the reso-
nance energy E,=1.65 MeV, underwent resonant
scattering, emerged losing energy at the rate
(dz/dx)s, o, and were observed at the energy

for the (IIOj-type planar channel. A similar
analysis for the (IIIj planes yielded a value
R~ =0.81. These results indicate that those pro-
tons which remain in the channel to a depth -4m~
—14 p, m have an average energy-loss rate in the
channel vrhich is -0.8-Q. 9 of the average ra,ndom
energy-loss rate. These values, which are con-
siderably larger than the R~=0.44 and R~= Q. 6
values measured for best-channeled protons in the
(l11j and (I IOj planar channels, respectively,
might be expected on the basis of the past history
of the ions before escape. Protons which escape
at such large depths in the crystal must have had
channeled trajectories which approached very close
to the atoms vrhich made up the channel walls and
should thus have higher-energy-loss rates than
best-channeled ions. One could, in fact, use this
resonance method to measure R~ as a function of
depth for channeled ions. By varying the incident
proton energy one could vary the depth 4g~ at
vrhich the ions escaped the channel with the reso-
nance energy E,.

Measurements were made using the large-angle
Rutherford-scattering technique and the analysis
method just outlined for Q. 5-2. 0-MeV protons in
silicon, and the half-thickness values obtained are
shown in Table D. In extracting these parameters
ere have used bvo R~ values for each channeling
orientation; the values in pa, rentheses assume that
the energy-loss rate in the channel is the same as
obtained in transmission-type measurements of
the least energy loss (see Sec. III A1) and probably
represent a lovrer limit to the actual value of R,
vrhile the values for R~ =0.81 and R~ =0. 8'7 are
close to an upper bound. These g& &3 data are
plotted in Fig. 8 as a function of EI. The best
straight-line fits to the data do not appear to ex-
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El(Me V)

0.5

1.0

1.5

2.0

0.5

1.0

1.5

2.0

~f /2 (pm)

1.2
(1.4)
2.1
(2.4)
3.0
(3.5)
3.9
(4.5)
1.6
(2.0)
2.7
(3.3)
3.9
(4.8)
4.8
(6.0)

Crystal orientation

Si {110}
Rg=0. 87
(R~ = 0.60)

Si {111}
Rg= 0.81
(R =0.44)

TABLE II. Half-thicknesses for escape obtained using
the Rutherford-backscattering method.

trapolate through the origin. A possible explana-
tion for this is offered in Sec. IV. Also, the spread
in the data for the two values of R~ indicates the
degree of sensitivity of the Rutherford-backscatter-
ing method to different choices of R~.

3. Comparison of Transmission and Rutherford-Backscattering
Method

Two different methods, the transmission method
of Sec. III A1 and the Rutherford-backscattering
method of Sec. IIIA2, have been used to obtain
x, /~ parameters for the escape of protons from
silicon planar channels. An initial comparison of
the results of these two methods is shown in Fig.
9. This figure is the same as Fig. 8 (the results
of the Rutherford-backscattering method) with the
addition of the two dark solid lines which are the
best fits to the half-thickness values obtained by
the transmission method shown in Fig. 4. Before
commenting on the comparison of these results,
several points need to be reiterated concerning the
two methods.

First of all the two methods have a different sen-
sitivity to the loss rates in the channel (e.g. , dif-
ferent R's). The backscattering results are rela-
tively insensitive to the choice of R~, as Fig. 9

4

N

e*o

+e 0.8$

+8 ~ 0.60

0)
$0.87

$044

/
+y 110

$0.60
i'm $0.8$

~0.60

4
fP $0.44

.8?

3

Fz ( INep)

FIG. 8. Half-thickness for escape (z~/2) of protons
from the {110}and {111}planar cha»els of silicon as a
function of the incident proton energy Ez. These data
were obtained using the Rutherford-backscattering tech-
nique and analyzed assuming both maximum (Re{110}
= 0.87, Ra{111}= 0.81) and minimum (Re{110}= 0.60,
Ra{111}= 0.44) estimates of Rs.

0
0 2

Ez( Mev)

FIG. 9. Comparison of xf/2 values obtained by the
transmission method (heavy solid lines) and the Ruther-
ford-backscattering method.
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FIG. 10. Comparison bebveen the xqg2 values obtained
by the transmission method (heavy solid lines) and the
Rutherford-backscattering method (data points Oand 6)
where the same best-fit values of R are assumed in the
analysis, e.g. ~ R(110}=0.63 and R(111}=0.45.

methods is illustrated in Fig. 11. Values of x, &~

were measured by these two methods on the same
sample by using a thin (14-pm) silicon sample and
looking at the transmitted energy distributions in
a large-solid-state detector (right-hand spectrum)
and the Rutherford-backscattering spectra in an
annular detector (left-hand spectrum). The x&&a

thicknesses obtained by these methods on the same
sample agreed with the previous results obtained
by the corresponding techniques on a variety of
samples.

8. Multiple-Scattering Measurements

%e have seen ample evidence in the measure-
ments so far presented that the trajectories of in-
itially mell-channeled ions become perturbed with
increasing crystal thickness to the point where
they eventually escape the channel. As discussed
in Sec. IV, the most probable source of this per-
turbation is multiple scattering of the ions with the
electrons in the channels and the atoms that form
the channel walls. These multiple scatterings
tend to increase the transverse momenta of the
iona. This broadening perpendicular to the plane
terminates in particle escape once the crossing
angle of a particular ion trajectory at the center
of a planar channel exceeds the critical. angle for
channeling. However, trajectories which are per-
turbed parallel to the planar direction are uncon-
fined, and the resultant mean-square multiple-
scattering angle measured in that direction will be
characteristic of the multiple-scattering process
responsible for the perturbation. This section
reports measurements of the multiple-scattering
angles which are compared to the escape model in
Sec. IV.

shows, while the transmission results are very
sensitive to the choice of Rr, so the problem is one
of finding the correct value of R~. One way of con-
fronting this problem is to require that the two
methods yield the same x, &2 values, treat 8 as an
adjustable parameter, and seek those values of
8= B~ = R~ which give best agreement between the
transmission and backscattering data. The results
of such an approach are shown in Fig. 10 where
the solid lines represent the adjusted transmission
data. and the points the Rutherford-backscattering
results. The values of A~= B~ which give the best
agreement are R(110}=0. 63 and R(ill}=0. 45.
These results are quite reasonable since, as men-
tioned earlier, the values originally used in in-
terpreting the transmission data, Rr j110}=0. 60
and Rrf ill}=0. 44, are probably too low because
they were measured for least-energy-loss protons
in silicon. 4

A final point to be made in comparing these
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! I ! !

I I

2 -'RANDOM—

103—
E

E' %ESSrt

5 I/
I7' Cy

N

111

8
2

&o'
5

I

'O O.25
E (MeV)

1.25

// 7'~
I

I \ I %AY a! . L 1 ! l
I I I l I

f lid}I
F

I V I

1
I l

4+
I

i =RANDDMi
I

I

I

I

I

I

I

I l
1

I

1.2 1.5 1.4
E (MeV)

FIG. 11. Comparison of data obtained by Rutherford
backscattering (left-hand spectra) and transmission
(right-hand spectra) of 1.5-MeV protons on the same thin
(14-pm) silicon single crystal.
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FIG. 12. Intensity contours as a function of emergence
angles for 5.0-MeV protons incident parallel to the (110)
planar direction of a 33-pm silicon single crystal. Only

those protons transmitted with the least energy loss were
used.

The results of one such measurement are illus-
trated in the transmitted proton intensity contour
of Fig. 12. A beam of 5. 0-MeV protons collimated
to a half-angle of divergence 0. 015 was trans-
mitted through a 33- p, m-thick silicon single crystal
parallel to the (110}plane. Using a solid-state
charged-particle detector which had an angular
resolution of 0.05' and an energy resolution of 25
keV, the entire emergent distribution of the trans-
mitted protons was determined in the manner out-
l.ined in Sec. II. To obtain the intensity contour
distribution shown in Fig. 12 only those protons
which were well channeled (i. e. , had the least en-

ergy loss} were recorded. This ensured that the
distribution is characteristic of only those protons
which initially started in the center of the (110j
planar channel and remained channeled throughout
the crystal thickness. The elongated axis of the
contour in Fig. 12 is parallel to the (110jplane.
The defining angle perpendicular to the (110jplanar
direction in the intensity contour is due to the
channeling critical angle; any ions whose crossing
angle exceed |F c will escape the channel and have
too high a rate of energy loss to be recorded. A

plot of the intensity distribution along the (110j
plane can be used to extract an .angle characteristic
of the multiple-scattering process. Two such in-
tensity plots are shown in Fig. 13 for 9.0- and

3.0-MeV protons transmitted parallel to the (110j
planes of a 25- p, m-thick germanium crystal. The
shapes of the. distributions are Gaussian-like, and
the mean-square multipl. e-scattering angles at e '
of the maximum intensity are indicated on the plots.
The results of a number of such measurements in
various planes of silicon and germanium are dis-
played in Fig. 14 as a plot of (8s)' ~s as a function

90-0
80-
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60-
50-
40-
30-
20-
10-

I

0.4

INTENSITY

I I I I I

0.2 0 0.2 0.4 0.6 0.8
DETECTOR ANGLE (de9)

DISTRIBUTION ALONG THE (IIO )
PLANE OF GERMANILIM

CI4

0.2
V

O. l

O. I 0.2
I/E (Mev)

'
0.3

FIG. 14. Measured root-mean-square multiple-scat-
tering angles (St)~ 2 for scattering along the (110jplanes
of Si and Ge as a function of energy.

FIG. 13. Two typical emergent intensity distributions
taken along the (110)planes of a 25-IIm germanium single
crystal.
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of E '. This energy dependence as well as the
multiple-scattering mechanism is discussed below.

1 —(8,'+ 8~)
n(e„, e, t) =

~ z) exp (ao)

IV. DISCUSSION

A. Diffusion Model

Lindhard has suggested that the observed thick-
ness effects are a result of a multiple-scattering
mechanism; a scattering mechanism which gradual-
ly increases the crossing angle (e. g. , the angles at
the midpoint between planes) of the channeled par-
ticles and their corresponding transverse energy
until the transverse energy is too great for chan-
neling to take place.

We can write down a formalism corresponding
to this diffusion by multiple scattering as a guide
in treating the data presented in Sec. III. Diffu-
sion theory can be applied to any random-walk
process, the physical scattering mechanism being
incorporated in the diffusion constant D. Lindhard
has previously discussed the problem of escape and
the diffusion in crossing angle and has suggested
the treatment of the problem in a somewhat dif-
ferent manner.

A general form of the diffusion equation appli-
cable to the multiple-scattering problem may be
written

an (e„e. , () a
(

en (e„e„, ())

+ D(8„,8~)
*' "', (15)

8 Bn(e„e„,t)

Bn, (8„,t) DB n„(8„t)
Bt Be,

n,(, t) =n, (-, t) = o,
~(e„o)= B(e,),

and similarly for e„where n(8„8„,t) will now be
the product solution n(8„8„,t) = n, (8„,t)n, (8„t) and
B(8,) is the Dirac B function.

The well-known solution is the Gaussian

1 e (4~n, (8„t)=
( ), I~ e * (19)

and represents the solution to the multiple-Cou-
lomb-scattering problem. By assigning 4Dt = (8 ),
where (8 ) is the mean-square multiple-Coulomb-
scattering angle, the solutions are put in the more
familiar form

where n(8„, 8„, t) is the distribution function for the
particle intensity at the angles (8„, 8„) at thickness
t, and D is the diffusion constant, in general, a
function of angle.

In the case of normal multiple Coulomb scatter-
ing in an amorphous isotropic solid this diffusion
equation and its boundary conditions may be written

1. Planar Channeling

It is possible to consider multiple scattering for
channeled particles in a plane in a similar man-
ner. In general the following differences from the
problem described above should be incorporated
into the formalism: (i) The diffusion constant may
be a function of 8, and 8„(ii) the problem is no
longer isotropic, the particles trajectory being
confined by the planar walls in the 8„direction but
not confined in the B„direction; and (iii) the initial
distribution may not be well represented by a &

function.
Unfortunately all of these factors are not easily

included in the sophisticated treatment required.
Since these diffusion arguments are merely pre-
sented as a guide to treating the previously de-
scribed data, we shall incorporate some of the
simpler modifications to the problem. The impor-
tance of each of these points will be thoroughly
discussed in a later section.

Thus we assume that the diffusion constant is in-
dependent of 8„and 8, and the initial distribution is
given by a ~ function. The appropriate diffusion
equation and boundary conditions then reduce to

Bn„(8„t) D[B n (8„t)]
Bt 8

n„(8 t)=n„(-e„t)=O,
n, (e„O)= &(8, —8, ,),

while the equations for n (8, t) are given by Eqs.
(16)-(18). In these equations n=n„n, is the distri-
bution function for channeled particles, 8~ is the
maximum angle for channeling, 8„,. is the incident
beam direction, and D is the diffusion constant in
the channel and not necessarily the same as in the
normal multiple scattering problem. [In this paper
three symbols are used to represent quantities
which are the order of magnitude of the critical
angle for channeling. The difference in their use
is as follows: (a) ()(o represents the critical angle
for channeling i.e. , as measured in a backscatter-
ing experiment; (b) g, represents the combination
of constants given by

2Zg Z2

(c) ec represents the cutoff angle in the diffusion
problem. A symbol different than gc is employed
since 8~ might easily be used as a fitting parameter
in an extension of the work presented here. For
quantitative estimates 8~ and g~ are interchange-
able. ] The solutions to this problem are
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e, ~ e,
)

(-a»' e)

(22)
where p„ is given by

a„=—
~

n(8„, 0) sin * d8,
1 ( . nv(8, + 8c)
c „ c" 'c

Integrating, we obtain

n, (8„t)= —5~ sin
1

" . nv(8, , +8c)
C n=1 C

(23)

nv(8, +8c) -Dn n t
(24)x sin -- exp z . 4

c c

—D(2n+1) 0 t (27)(x exp
c

Associating D with the mean-square multiple-
scattering angle (8 ),t and treating the case for
8„„=0,we obtain

4 ~ exp( —(2n+ 1) w (8 ), t/168c] ( —1)"
V e(=0 2n+ 1

(28)
where 4D = (80),.

Equation (28) represents the total number of
particles channeled as a function of depth into the
crystal. The quantity N(t) may be calculated ex-
plicitly with a knowledge of (80), . An experimental
value for this quantity can be determined from the
measured distribution along the plane (in the 8„
direction) if the distribution in H„can be described
by Eq. (26) and if one assumes that the diffusion
constant along the plane is the same as across the
plane. As will be shown later, the terms with
n &0 in the sum are negligible in the valid region
of Eq. (28) and thus N(t) may be approximately
given by

N(t) = (4/v) exp( —w (8 ), t/168 ), 8, ,
= 0

(»)
The half-thickness x1&~ is thus

The distribution in the angle 8„ is subject to the
same boundary equations as the multiple-Coul. omb-
scattering problem [Eqs. (17) and (18)]. Thus

1 -8 (4Dg
ne((8e( t) =

( P y0 8

The total number N(t) channeled at thickness t is

N(t)= f ' n, (8„t)d8„f " 'n„(8„t)d8, (26)
ey- oo X C

or

4 (ee ~ ()ee, ,
)

( —(j"
Nt = —L( cos

0 e(=0 28c 2n+ 1

Noting that 8c is proportional to 1/E and (80), is
proportional to 1/E0 (from Fig. 14), we see that

X1]~fx E

Before applying this formalism to the data a few
qualifying remarks must be made.

2. Initial Conditions

We have taken the amtial d1.stribution to be a &

function in angle space. The effect of this is to
produce a certain initial depth in which no escape
occurs since the particles have not yet acquired
angles large enqugh to bring them close to the
planar walls. This effect is actually an artificial
one produced by the calculation. Even in the case
of perfect collimation, as the beam crosses the
crystal surfaces and feels the average potential the
channeled component acquires an initial distribu-
tion in an angle which populates all angles up to the
critical angle. This distribution can easily be cal-
culated using a reasonable planar potential and is
approximately given by n(8, 0) = e t c. The dis-
tribution turns out to be almost Gaussian with a
width characteristic of the critical angle. This
is very close to the 8 distribution calculated in Eq.
(24) after the beam has transversed some depth
into the crystal, i. e. , t-0. 1x,+. Thus we expect
the N(t) calculated in Eq. (28) to be valid only at
depthS greater than -0.1&1~~.

An initial flat (nonexponential) part to the N(t)
curve is often observed experimentally as shown
in Ref. 2. We believe that this original reduction
in the dechanneling rate is due to those particles
that have a higher than normal probability of
scattering. They are groups that spend an appreci-
able part of their path in the high density near and
in the planes and as a result have a higher Ruther-
ford-scattering probability than normal as well
as a high-multiple-scattering probability. The
former property adds to the scattering intensity
making the channeled fraction appear smaller in
the region near the surface. As the beam pene-
trates, this group is rapidly multiply scattered out
of its original directions leaving only the channeled
ions with their exponential decay. This effect is
of importance' in the extraction of the number of
particles initially channeled, N(0), in a planar
direction. The simple calculation presented here
does not take this effect into account.

3. Diffusion Constant

In the most general case the diffusion constants
applicable in the H„and 8 directions may be dif-
ferent and may each be a function of 8, the cross-
ing angle. In the present calculation we have as-
sumed that

168c - 8cx, t0
-—In2 0( 0)

—-1.12
( 0 (30) D(8„8„)=D
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that is, that the diffusion constant is angle (tra-
jectory) independent and the diffusion constant along
the plane is identical to the diffusion constant across
the plane. The validity of both of these assumptions
rests very heavily on a knowledge of the physical
mechanisms.

8. Multiple-Scattering Measurements

The multiple scattering is a result of the inter-
action of the channeled ions with the electrons
and/or screened atoms of the substrate. The mul-
tiple scattering of a planar channeled ion can be
expected to display some interesting differences
from the Coulomb multipl. e scattering of an ion
traversing an amorphous material.

1. Discrete Interactions

In the simplest model of channeling the incident
ion is confined to stay within the plane by the aver-
age potential and, neglecting the electronic con-
tribution, there is no mechanism for the channeled
beam to spread either acxoss the plane or along
the plane. In actual fact the potentials are not per-
fect equipotential planes parallel to the atomic
plane but have fluctuations relative to the average
value which become less important at large dis-
tances from the planes. These fluctuations may
give rise to a multiple scattering both along and
across the plane and such a mechanism may be
important in determining the escape rate. There
are not yet any reliable calculations for the
"across-the-plane" case. Lindhard7 has discussed
this in the axial case and concludes that it can only
give rise to a small. -scattering effect.

Estimates of the "along-the-plane case" have
been performed by Schig(tt. '8 In this calculation
the rate of spreading along the plane is depen-
dent on the transverse energy of the particle,
larger transverse energies coming closer to the
plane and thus having a larger multiple scattering.
For fairly low transverse energies this calculated
spreading is a factor of 10 too small to explain the
observed spreading shown in Figs. 13 and 14.
Comparison with small transverse energies is
legitimate in this case since the experimental dis-
tributions are of well-channeled particles.

2. Thermal Vibrations

The velocity of MeV protons is much greater
than the thermal velocity of ions in a solid and
hence the proton sees a stationary lattice with ir-
regulax ity due to thermal vibrations. Such dis-
placements may be significant contributors to the
scattering of channeled particles. Some realistic
idea of the effect of the spreading due to nuclear
encounters has been calculated by Barrett'9 who
includes thermal vibrations and show that, in the
absence of electronic multiple scattering, the

mean-square angular spread of the beam (8 ), is
l. 4xl0 ' deg /pm, while the measured angular
spread is -2. 3&&10 ~ deg /iim. This suggests that
the electronic mechanism. must also contribute
importantly.

3.' Multiple Scattering from Interstitiais'

Displaced lattice atoms and nonsubstitutional
impurities may contribute to the deehanneling of
the aligned beam. These atoms may contribute to
the dechanneiing in two ways: (i) by single scatter-
ing and (ii) by atomic multiple scattering. In this
section we shall estimate the required interstitial
densities in order for these mechanisms to play
a significant role in the dechanneling process.

It is not difficult to show that for a single scat-
tering process the expected x, + value is given by

ln2 2. 8 83

80+ e S p gC4 14

where n is the interstitial volume density and o, is
the total Rutherford cross section for scattering
to an angle greater than 8~. For multiple scatter-
ing, in the model presented above (i. e. , with those
boundary conditions),

82c 2. 2 8c
+i /8 I multiyle ~

2& L,i,4d2Lscat .
where I,„=ln(1. 29&), and g, and & are defined by
Lindhard.

Since L,„ is the order of 2-10 in the experiments
described here, the dechanneling from interstitials
in the planar ease wil. l be dominanted by multiple
scattering.

Fox this effect to account for the total observed
dechanneling rate would require an interstitial.
density of -4&&10 defects/cm . It is interesting
to note that this is the order of density of inter-
stitials that can be determined from conventional
channeling experiments; it might possibly be the
case that the dechannel. ing is more sensitive a
tool for observing self-interstitials than channel-
ing.

The most abundant known impurity in these crys-
tal.s has concentrations too low to give the required
scattering even if it is assumed that all impurities
are at interstitial sites; so one can conclude that
interstitial impurities caused insignificant de-
channeling in our case.

4. Electronic Interactions

Lindhard has estimated the contribution to mul-
tiple scattering from el.ectronic encountexs. Using
an average electron density of the solid, his es-
timate fox electronic multiple scattering is -7 of
the value of the normal multiple-Coulomb-scatter-
ing angle for silicon. There is significant evidence
that a weB-channeled particle sees an electron
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density -$ of the average electron density in sil-
icon. Thus one may expect a scattering angle of
0.04 of the normal multiple-Coulomb-scattering
angle. This contribution, though a factor of -4
too small, approaches the angular deflection re-
quired to explain the experimental results.

As a proton passes through a solid it loses en-
ergy by single electron encounters and plasmon
generation. The cross section for the plasmon
type of energy-loss process is different than the
single-electron encounters and hence leads to a
different contribution to the multiple scattering of
the incident ions. The plasmon contribution to the
scattering is expected to be very small.

In order to obtain a better picture of the sig-
nificance of the electron contribution to the multiple
scattering and its importance relative to the nuclear
contribution some simpl. e estimates have been
made, directed towards getting the applicabl. e dif-
fusion constants to complete the diffusion calcula-
tion. These estimates simply involve calculating
the multiple scattering due to electronic or nuclear
collisions while averaging over the ions planar
channeling trajectory. In the electronic case this
is carried out by forming the product of the electron
density across the plane, calculated from the
Lindhard average potential, and the probability dis-
tribution for continuum planar channeling given in
Ref. 7 and integrating over the planar space.
Thus,

(8 }y„= s,
lj

P(8, )p( ))Jv)
1

"min

where p(y) is the electron-density distribution as
a function of distance y from the planar wall and
is taken as

and the results for both electronic and nuclear
cases for the case of 5. 0-MeV protons in the (110)
plane of silicon are shown in Fig. 15. Clearly the
most striking feature of these curves is the domi-
nance of the electronic contribution at small an-
gles. A serious shortcoming of the nuclear con-
tribution is the lack of inclusion of thermal vibra-
tions. Thus a better indication of the nuclear
multiple scattering may be from Barrett's'9 cal-
culation which includes thermal vibrations and
yields 1.4 X 10 4 deg /pm for the angular extent of
the transmitted pattern, i.e. , including all trans-
verse energies. Even in this case, however, the
electronic contribution dominates by a factor of
1.5 at the lowest transverse energies.

This calculation may be compared with the an-
gular dispersion of the least-energy-loss particles
discussed in Sec. III B. The measurement yielded
a value of 2. 3&10 deg /pm. If we estimate that
a well-channeled particle stays at least 0.6 A

from the planar wall, such a particle has a cross-
ing angle of 0. 04V and the corresponding electronic
contribution is given by Fig. 15 as 6x10 ' deg~/pm,
a factor of 4 lower than experiment.

Recent measurements by Altman in a thin
(- 6. 5-pm) Si crystal show the experimental
angular spread reduced to 6. 6xl0 ' deg /pm, in
better agreement with the calculation suggesting
that there is some contribution from large trans-
verse energies to the measured angular spread in

MEAN-SQUARE MULTIPI E-
SCATTERING ANGLE, &8 &t,
VS 8 (TRANSVERSE ENERGY)

«p(y) =
s-F(y),8

where F(y) is the Lindhard planar potential. The
probability of a particle with crossing angle 8 being
in the position y is given by

where d~ is the planar spacing. In these equations
m/h1, is the ratio of electron to proton mass, E
is the energy of the particle, and 8, is given by

E

CV

OP

—Io-~
A

V

IO-4

CLEAR
NTRI BUTION

RON IC
IBUTION

S, = (4vZ', e'/mv')r„,
where L, ~ ln(2mv /I) and I is the average excita-
tion potential.

The nuclear multiple scattering along the plane
may be carried out in the same fashion although
the mathematics is a good deal more difficult.
Schist' has carried out this nuclear calculation

-5 l I

0 O.OM 0.064 0.096 O.I28 O.I60 0.!92
8(deg)

FIG. 15. Calculated multiple-scattering angle as a
function of crossing angle.



MULTIPLE SCATTERING AND PLANAR DECHANNELING IN. . . 949

IO .

IO-I

IO 2

E

4
A

m IO~
V

44

14

between the normal peak and entirely channeled
peak. Using the following measured parameters:
dispersion of the detector system, normal energy
loss, channeling energy loss, straggling in the
normal and channeling energy loss, and the half-
thickness, together with the theoretical percentage
of particles initially normal from the Lindhard
model and Eq. (16), we have simulated the mea-
sured energy spectrum. The simulation (closed
dots) is compared to experiment (open dots) in Fig.
7 and indicates good agreement with most of the
characteristics of the measured spectrum.

V CONCLUSIONS

A. Exponential Escape

IO-4

0.20 0.40 0.60 0.80 I.O
8/ec

FIG. 16. Calculated multiple-scattering angle as a
function of crossing angle for crystals of various atomic
numbers.

As discussed in Sec. IIIA1, the transmitted par-
ticle energy spectrum is a very direct reflection
of the escape rate when assuming the simple two-
energy-loss model. Within this model the constant
decay rate, characteristic of an exponential decay,
is clearly the best fit to the data. In some cases
the exponential decay is observed over 3-5 half-
thicknesses, a range much greater than may be
observed practically in most backscattering ex-
periments.

However, one must recognize that the two-en-
ergy-loss model is an over simplified picture. It

the thick crystals.
It should be emphasized that we are not suggest-

ing that only the electronic component is impor-
tant, but that it is an important part of the total
dechanneling mechanism.

Similar calculations of the multiple-scattering
angle have been carried out for other materials
as shown in Fig. 16. As expected, the contribu-
tion from the nulcear component becomes relative-
ly more important for the higher-Z materials and,
when thermal vibrations are included, will prob-
ably dominate.

C. Transmitted Energy Spectra
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On the basis of an exponential escape law it is
possible to explain the total energy spectrum of
protons transmitted through a thick silicon target
in a channeling orientation. Figure 17 shows such
a spectrum for a 47- p, silicon crystalwiththebeam
parallel to the (lil}plane (open circles). The
large peak at 4. 34 MeV corresponds to the "nor-
mal energy" while the small peak at 4. 68 MeV is
interpreted as due to particles that have stayed in
the channel throughout the thickness of the crys-
tal. The large number of particles with energies
between these two peaks may be interpreted as
those that have escaped the channel at some thick-
ness and thus have an energy loss intermediate
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FIG. 17. Comparison of the measured energy dis-
tribution of 5.0-MeV protons transmitted through a 47-p
Si crystal in the (111)direction (open circles) to a simu-
lated spectrum (closed circles) which uses various mea-
sured parameters.
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is clear that even in the absence of particl, e escape
the emergent particle distribution would contain
a complete continuum of energies from E~ to E„
and below. Such a distribution in fact would have
a maximum intensity at E~ and decrease to a
minimum near E~, i.e. , a slope of oppostie sign
to the observed spectrum. This effect, if properly
subtracted, would tend to decrease the observed
half-thicknesses and increase the difference be-
tween the backscattering results of x, &2 and the
transmitted results of x& &z.

Qualitatively one might expect this correction
to be small. Initially all angles are populated
with the distribution peaking at O'. Those par-
ticles with small crossing angles will diffuse very
slowly as shown in Fig. 16 while those with larger
transverse energies diffuse out of the channel
rapidly, the large nuclear-multiple-scattering
dominating for larger transverse energies. Thus
it is easy to imagine that any one particle spends
a relatively short time in the high-transverse-
energy intermediate-energy-loss region during its
total transit time through the crystal. If the mea-
sured half-thickness is the order of 10 p. m for 0'
incidence, the half-thickness for the larger trans-
verse energy must be substantially smaller and in
these transmission experiments in which 30-50-
p, m crystals were used the contribution to the
emergent energy from its time in the high-trans-
verse-energy region must also be small. More
detailed calculations will be required before this
effect can be put on a more quantitative basis.

The initially flat portion of the depth profile of
the channeled beam observed in Ref. 2 by back-
scattering is probably due to the high scattering
yield of the "hard component" making the channeled
fraction appear lower, the effect diminishing in a
rather short thickness since the multiple scattering
of this component is large. As would be expected
on the basis of this explanation, this effect would
not be observed as a flattening in the escape por-
tion of the transmitted energy distributions but
wouM show up as a peak or broadening on the low-
energy side of the spectrum. Because of the large
number of "normal" energy-loss particles present
and the small number of hard component particles
expected such an effect is difficult to detect.

B. Comparison of Methods of Obtaining x»~

We have found that the characteristic thickness
parameter for dechanneling is approximately the
same when measured in the transmission mode or
the backscattering mode, When using the minimum
value of channeling energy loss in both analyses
the transmission results are about 10% lower than
the backscattering results. This may be a result
of the different observables in these two tech.-
niques. It is possible that "escape to normal en-

ergy loss" occurs faster than "escape to normal
backscattering yield. "

C. Choice of Channeled Energy Loss

As has been shown by other authors and also in
Eq. (16) the correction for the lower energy loss
of the channeled incident particle in the backscat-
tering technique represents a relatively small un-

certainty in the extracted value of x&&3. The
transmission method, on the other hand, is very
sensitive to the chosen value of R and this adds an
additional uncertainty. We have found that the two
methods agree when R is close to but slightly
larger than the observed minimum value. This
result comes about primarily because of their rela-
tive sensitivities.

The resonance experiment described in Sec.
IIIA2 allows an upper limit of R{110j=0. 87 and
R{111}=0. 81; the lower limits correspond to
R (110j=0. 6 and Rf1 II)= 0.44. These two extremes
represent a factor of 2. 3 in the extracted x& &z

value by transmission.

D. Energy Dependence of x, /z

The linear dependence of x«3 with E is borne
out for a large range of energies in both the back-
scattering results and the transmission results.
This is to be expected for almost any type of mul-
tiple-scattering process. The fact that the curves
do not go through the origin may be explained by
noting the log term in the multiple-scattering for-
mula. For example, Lindhard shows that the
multiple scattering for electrons is given by

{e').~ In(ns)/Z

in which, in the random case, @=4m/MIOZ2, where
Io is the order of 10 eV. In the random case the
log term begins to be important at -2 MeV. It is
not clear what value of k to use in the channeling
case; however, it is most probably smaller than
the random value and thus would lead to deviation
from linearity in x, &~ at energies —2 MeV. It is
worth noting that this log term may be important
in extrapolating results to other energies and
materials.

E. Multiple-Scattering Measurements

The measurements of the proton intensity dis-
tribution along the plane are approximately Gaus-
sian giving strong evidence for the multiple-
scattering argument. In magnitude they are one-
tenth of the multiple-Coulomb-scattering angles
measured in a sample of the same thickness but
of amorphous structure. The energy dependence
is the same as for normal multiple Coulomb scat-
tering and most probably indicates a Coulomb-,
scattering process. The comparison with the cal-
cul.ated values indicates that the electronic mul-
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tiple-scattering contribution is probably the limit-
ing mechanism in this diffusion effect, although

the estimates indicate that the nuclear contribu-
tion is not negligible.

The extracted values of x, + using Eq. (18) and
the experimental parameters for gc and (8 ), ~

are a factor of -3 smaller in Si and a factor of
-2 smaller in Ge than experiment. This difference
may result from assumption that the multiple
scattering along the plane is the same as across
the plane. This would appear to be a reasonable
assumption for electronic multiple scattering but
not nuclear multiple scattering.

Further, a more sophisticated treatment of the
diffusion model with a variable diffusion coeffi-
cient, and inclusion of effects due to such processes
as "rechanneling" of the random beam would tend
to increase the theoretical values of x& &3.

There is also some indication that the measure-
ment of (8 ), depends on crystal thickness, crys-
tals the order of x, &z giving values of (8 ), approx-
imately one-half of the results presented here.
This is probably due to an increase in the popula-
tion of large transverse energies.

It is interesting to note that the ratio of (8 ), for
Ge to (8 ), for Si is almost one, while normal
nuclear multiple scattering would predict a factor
of -2. If the electron density in the center of the
channel. is the same for both Ge and Si and if elec-
tronic scattering is dominant, then one would ex-
pect the observed ratio.
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