Channeling and related effects in the motion
of charged particles through crystals*
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The motion of energetic charged particles inside a monocrystalline solid can be strongly influenced
by channeling and blocking effects. The present article reviews the theory, the experimental studies,
and some of the applications of these effects. The coverage of the published literature extends

through June 1973.
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GLOSSARY OF SYMBOLS

The following list contains the symbols most frequent-
ly used in this article. An effort has been made to employ
a consistent set of symbols throughout.
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Thomas—Fermi screening radius; Eq. (2.3)
Bohr radius, #?/(m.e*) = 0.529 A

Impact parameter in an atomic collision
Velocity of light

Distance between atoms in a row
Interplanar d1stance

Electronic charge; e> = 14.4 eV - A
Channeled fraction at depth x

See Egs. (2.17), (2.24)

Distribution in transverse energy at depth x
Planck’s constant

Relativistic correction; Eq. (2.45)

Electron rest mass

Number of atoms per unit area in a plane
Number of electrons per unit volume

Position measured in the plane normal to an axis
Target thickness parallel to beam direction

Rms thermal vibration amplitude in one direc-
tion; Eq. (2.44)

Rms thermal vibration amplitude in two direc-
tions; Eq. (2.51)

Incident particle velocity

Bohr velocity, e*/h = 2.2 X 10® cm/sec

Fermi velocity for an electron gas (37°n. ) h/m,
(—)3 .6nY? x 10® cm/sec, where n. is in units of
Ay

Depth in target measured parallel to beam direc-
tion

Half-thickness for dechanneling; Eq. (2.111)
Distance measured normal to planes; see Fig. 21
Area accessible to particles with transverse ener-
gy E.; Egs. (2.91), (2.117)

Lindhard’s constant; C =~ /3

Diffusion constant; Eq. (2.108)

Diffusion function; Eq. (2.98)

Incident particle energy

Energy” associated with transverse motion, i.e.,
“transverse energy”’

Detected particle energy

See Egs. (2.36) and (2.43)

Mean electronic excitation energy; Eq. (2.121)
Bloch constant; Eq. (2.122)

Ratio of energies in elastic scattering; Eq. (2.113)
Number of atomic layers contributing to surface
peak; Eq. (2.70)
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L, Contribution of surface amorphous layers to L;
Eq. (2.73)
L., L, Electronic and nuclear stopping numbers; Eqgs.

(2.83) and (2.87)

M, M, Rest masses of incident ion and target atom,
respectively

N Number of atoms/unit volume

P(x) Gaussian distribution of thermal dlsplacements
Eq. (2.44)

Pys Nuclear encounter probability; Eq. (2.65)

B.(p) Multiple-scattering distribution; Eq. (2.89)

Pr(p) Gaussian distribution of radial thermal displace-
ments; Eq. (2.51)

Ry Classical collision diameter; Eq. (2.9)

S Subscript denoting “static”

T Temperature

URS9 URV;

UPS, UPV
Lattice continuum potentials; Egs. (2.30) and
(2.31)

V Subscript denoting “vibrating” (thermally)

V(r)  lon-atom potential; Eq (2.1)

Vas, Vav,

Vrs, Vor Continuum potentials for isolated rows and
planes; Egs. (2.14), (2.20), and (2.75)

X iAa for planar channeling; Fig. 21

Y(e*) Normalized backscattering energy spectrum;
Fig. 31

Zi, Z, Atomic numbers of incident ion and target atom,
respectively

Zte, Z5e

Effective charges of incident ion and target
atom, respectively

R Factor relating iy, to Y, for axial channeling; Eq.
(2.38)

B B=ye

Y y=(-p)"

€ Ratio of channeled to random energy loss; Eq.
(2.136)

€L Reduced transverse energy; Eq. (2.92)

e* Reduced energy detected in backscattering; Fig.
31

K Bohr’s Coulomb scattering parameter; Eq. (2.10)

Ach Classical wavelength of oscillation for channeled
trajectory

27X De Broglie wavelength of a particle

v(b) Distribution of impact parameters

v(aw) Double alignment factor; Eq. (4.1)

P Distance of a particle from a row or plane

e Critical distance of closest approach to a row or
plane

Prmin Distance of closest approach to a row or plane

¢(r/a) Atomic screening function; Eq. (2.1)

x(x) Normalized yield for close-encounter process,
Fig. 3
X3 Contribution to xm, from surface impurity

layers; Eq. (2.47)
Xmax(X) Maximum value of x(x); Fig. 3
Xmin(x) Minimum value of x(x); Fig. 3
Xmin (@) Minimum yield in double alignment; Eq. (4.1)

Yo Angle of beam incidence relative to a channeling
direction

Yy2(x) Half-angular width of channeling dip or peak;
Fig. 3
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Yy - Characteristic angle for axial channeling; Eq.
(2.12)

2 Characteristic angle for axial channeling; Eq.

. (2.28)

Ya Characteristic angle for planar channeling; Eq.
(2.23)

Ye Critical angle for channeling

Ye Exit angle relative to a channeling direction

Yn Critical angle for hyperchanneling; Eq. (4.21)

w/27  Electronic orbital frequency

Wy Plasma frequency of an electron gas; Eq. (2.132)

A Beam divergence (A’ is variance of Gaussian
distribution)

P Debye function; Fig. 116

Op Debye temperature; Appendices A, B

TI(E,) Probability distribution for transverse energy;
Eq. (2.52)

Q Rms multiple scattering angle; Eq. (2.89)

1. INTRODUCTION

A great variety of physical phenomena can occur when
an energetic beam of charged particles is incident upon a
solid target, e.g., Rutherford scattering, energy-loss pro-
cesses, secondary-electron emission, nuclear reactions, x-
ray production. All of these processes have cross sections
which depend on the impact parameters b involved in
collisions with individual target atoms. If the target
material is homogeneous and isotropic, the impact-pa-
rameter distribution »(b) & 27b is independent of the
relative orientations of the beam direction and the target.
Therefore, if surface effects can be ignored, the observed
yields of interaction processes between beam and target
are also orientation-independent.

When the target material is monocrystalline, the situa-
tion becomes quite different. The distribution of impact
parameters and the yields of physical processes are found
to be very strongly dependent onthe relative orientations
of beam and target. This effect is commonly called the
“channeling” effect. It obviously is related to other
orientation-dependent effects, such as particle diffraction,
and these relationships will be discussed in detail later.
From a simple classical standpoint, one may qualitatively

0O O o O O O
(a) O O 0 O O O
o O O O O O
6o O O O O O
O o O O
o O 0 O O O

FiG. 1. Schematic illustration of (a) channeling and (b) blocking
effects. The drawings are highly exaggerated. In reality, the oscillations
of channeled trajectories occur with wavelengths typically several
hundreds or thousands of lattice spacings.
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understand the channeling effect as follows: If the direc-
tion of a charged particle incident upon the surface of a
crystal lies close to a major crystal direction (i.e., close to
a high-symmetry axis), the particle will with high proba-
bility suffer a small-angle scattering as it passes through
the first plane of atoms in the crystal. The probability is
also high (usually > 90% for axial channeling) that this
first deflection will be small enough so that the particle
will suffer a similar small-angle scattering at the next
atomic plane. Because of the ordered structure of the
target, such a particle will undergo a correlated series of
gentle small-angle collisions. Similar behavior can be
expected for incidence parallel to atomic planes. This
results in a steering effect which causes such particles to
follow trajectories which (for positively charged particles)
oscillate to and fro in the open “channels” between
atomic rows or planes as shown schematically in Fig. la.
Under these conditions, the yields of close-encounter
processes are sharply reduced. (Strictly speaking, the
incident beam particles need not be charged. The essen-
tial point is that the distance between relevant scattering
events must be of the same order as lattice distances.
Thus, neutrons interact too weakly, but interactions of
atoms are strong enough.)

The possibility that such effects might exist was point-
ed out over 60 years ago by Stark [Stl2a, b]. His
suggestions were not pursued at that time; possibly they
were overshadowed by the prevailing interest in the new
and powerful techniques then becoming available with x-
ray diffraction. In any event, 50 years passed before
channeling was actually discovered. In 1960, Rol et al.
[Rol 60] published results showing that the sputtering
ratio for ions bombarding a single crystal depends mark-
edly on the crystal orientation. In the same year, Davies
and co-workers [Dav60a, b] reported anomalously long
ranges for heavy ions stopping in polycrystalline alumi-
num and tungsten. The measurements of Almén and
Bruce [Alm 61] on the orientation dependence of the
saturation value of collected ions and also of the sputter-
ing yield for a Cu crystal bombarded with 45-keV Kr*
ions, prompted Robinson [Ro 62] to comment on the
likelihood and significance of the orientation dependence
of ion penetration in crystals. In 1963 Robinson and Oen
[Ro63a, b], performing computer calculations on the
slowing down of 1-10-keV Cu atoms in various crystals,
found abnormally large penetrations for those ions with
initial velocities lying close to principal axial directions.
These computations indicated that the long ranges ob-
served by Davies and co-workers were attributable to ion
channeling in the polycrystalline targets. This was soon
confirmed by further experimental work with monocrys-
talline targets [Pie63, 64; Lu63].

These discoveries marked the beginning of a period in
which interest in the channeling effect grew rapidly.
Lehmann and Leibfried [Le63] made an analytic calcula-
tion of the trajectories of low-energy Cu ions channeled
in a Cu crystal. Nelson and Thompson [Ne63] found that
the penetration of 75-keV protons through thin crystals
of Au was greatly enhanced along major crystal direc-
tions. They also observed sharp minima in the scattering
of 50-keV H*, He*, Ne*, and Xe* ions from a Cu crystal
whenever the incident-beam direction coincided with
low-index axes or planes of the target crystal. Dearnaley
[De64] reported the observation of channeling effects at
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much higher velocities. He observed reduced energy
losses for 2.1-MeV protons penetrating a 37-um-thick Si
crystal along low-index directions. Further channeling
experiments with 3-MeV protons and 30-MeV *He ions
were soon reported [Er64]. In 1964, the strong depend-
ence of nuclear reaction yields on target-crystal orienta-
tion was observed for (p,y) reactions in a Si crystal
[Be64] and for ( p, n) reactions in a Cu crystal [Thé64].

That the trajectories of particles with energies of
several MeV can be so strongly influenced by potentials
of the order of a few eV is a consequence of the collective
nature of the channeling process. Nelson and Thompson
[Ne63] showed that channeling could result from a series
of glancing collisions with lattice atoms, and they derived
an effective transverse potential governing the oscillatory
trajectories of the particles. Lehmann and Leibfried
[Le63], Lindhard [Li64a] and Erginsoy [Er65] developed
the theory further, introducing the concept of an average
or continuum potential and obtaining expressions for the
intensities and angular widths of channeling anomalies.
Much of the basic theory of the channeling process can
be found in the treatment published by Lindhard in 1965
[Li65].

Channeled trajectories are those that lie close to a
major crystal direction and which (for positive particles)
originate in the open spaces between atomic rows or
planes. In 1965, strongly anisotropic effects were disco-
vered for positive-particle trajectories originating at lat-
tice sites within a crystal. These effects were seen for «
particles emitted from radioactive > Rn atoms substitu-
tionally located in a W crystal [Do65a,b]. They were also
seen in the wide-angle scattering or protons, deuterons,
and «a particles by Si and Ge crystals [Ge65], of protons
by W crystals [Tu65a,b], and of protons originating in
(d, p) reactions inside a Si crystal [Ge65]. These “block-
ing” effects, shown schematically in Fig. 1(b), are closely
related to channeling effects. The relationship between
the two, first delineated by Lindhard [Li65], will be
discussed in more detail in Sec. 2.2.

During the comparatively short time that has elapsed
since the first measurements on channeling, the experi-
mental and theoretical work in this field proceeded at a
rapidly increasing rate. Channeling and related effects
have been studied with particle beams ranging from
electrons and positrons to heavy ions and with energies
ranging from a few keV to hundreds of MeV. In addition
to the intrinsic interest apparent in the physics of the
channeling process itself, several important applications
have been found in such diverse areas as, for example, in
the location of dopant atoms in semiconductors and in
the measurement of short nuclear lifetimes.

The objective of this article is to survey and review the
existing channeling theory, experiments, and applica-
tions, to acquaint the reader with the present status of the
field, and to enable him to locate the published papers
needed for further study. (The survey covers the litera-
ture through June 1973.) The attention of the reader is
drawn to the existence of previous review articles (e.g.,
[Li65; Tu65c; Da67; Th68a]) and to the existence of the
published proceedings of several conferences on channel-
ing and related effects, especially Solid-State Physics
Research with Accelerators, Brookhaven National Labo-
ratory Report BNL-50083 (1968); “Atomic Collision and
Penetration Studies,” Can. J. Phys 46, 449-782 (1968);
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Atomic Collision Phenomena in Solids (North-Holland,
Amsterdam, 1970); Atomic Collision Phenoma in Solids
[(Gordon and Breach, London, 1972), also published in
Radiation Effects 12 and 13 (1972, 1973)]; Interaction of
Energetic Charged Particles with Solids, Brookhaven
National Laboratory Report BNL-50336 (1973); Fifth
International Conference on Atomic Collisions in Solids,
Gatlinburg, Tennessee, September 24-28, 1973 (to be
published).

Throughout the text, the reader may assume that,
unless otherwise specified, the beam particles referred to
are positively charged and have masses greater than or
equal to that of the proton. This convention is adopted to
avoid the necessity for repeatedly specifying the type of
particle being considered. The channeling of negative
and of light particles is, however, treated in several places
(especially in Sec. 5). For the most part, monatomic cubic
lattice structures are assumed, and a simplified notation
for crystallographic axes and planes is employed. (More
complex crystal structures are discussed in Sec. 4.4.)
Furthermore, center-of-mass and relativistic effects are,
for the most part, ignored; this leads to a simplification
and a lack of clutter in many expressions. The manner in
which such effects may be included is usually obvious.

2. GENERAL CONCEPTS
2.1. The channeling effect

Figure 2, a schematic diagram of a typical experimen-
tal arrangement for measurements on the channeling
effect, serves to introduce some of the terms to be used
throughout this review. A well-collimated beam of par-
ticles is incident upon a monocrystalline target mounted
in a goniometer. The target is oriented so that there is a
small angle i between some axial or planar direction in
the crystal and the beam direction. Channeling measure-
ments usually consist of determining either the ¢ depend-
ence of either the yield of close-encounter processes (e.g.,
with detector No. 1 in Fig. 2) or the distributions in space
and/or momentum of the transmitted beam (in experi-
ments with thin target crystals). In such measurements,
the angle ¢ is usually varied over a small range centered
ony = 0.

In measurements on the yield of close-encounter pro-
cesses, care must be taken to distinguish possible orienta-
tion-dependent effects on the outgoing detected radiation
(e.g., blocking effects for emerging charged particles and
diffraction effects for emerging x-rays). These effects,

TARGET
CRYSTAL
ICOLUMATED 4
| BEAM ]
PHOTOGRAPHIC PLATE
OR SCREEN
OR DETECTOR #2
DETECTOR #1|

F1G. 2. Schematic arrangement for a typical channeling experiment. A
tightly collimated beam is incident upon a monocrystalline target
mounted in a goniometer with orients it so that a major crystal direction
lies close to the beam direction. The angle y between these two
directions is varied over a small range centered on ¥ = 0 and the yield
of close-encounter processes is measured (e.g., by detector #1) as a
function of y. For thin targets, the transmitted beam can be examined
with a photographic plate, a fluorescent screen or detector #2.
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FiG. 3. The normalized depth-dependent yield of a close-encounter
process, measured in a channeling experiment such as that depicted in
Fig. 2.

which may be very strong, are usually avoided either by
carefully placing the detector at a “random” direction
(ie., in an angular range containing no major crystal
directions), by making the solid angle for the detector
large enough that such effects will be averaged out, or by
moving the detector with the target crystal so that the
relative orientation of detector and target does not
change.

The typical orientation dependence of the yield of a
close-encounter process measured in a channeling exper-
iment is illustrated in Fig. 3. The yield x is normalized to
random, i.e., the yield x = 1 is the yield that would be
measured from a hypothetical amorphous target having
otherwise the same characteristics- as the one under
investigation. (The nontrivial problem of determining the
random yield experimentally is discussed in Sec. 3.)
When ¢ = 0, the channeled fraction of the incident
beam is a maximum, and thus the yield of close-encoun-
ter processes is at its minimum value xn,. As the crystal
is tilted away from the beam, the channeled fraction
decreases, and x rises to a maximum value Xpn.., Which
can be somewhat greater than unity. At still larger
angular deviations, the yield approaches the random
value. The quantities {4, and ¢, shown in Fig. 3 are
defined to be the half-width at half-minimum and at the
angle at which x = Xma respectively. The measured
yield x is dependent upon the depth x at which the close-
encounter process occurs inside the target crystal. It
follows that the angular width and the shape of the dip
are also depth-dependent, as emphasized in Fig. 3 by
writing the various yields and angles as functions of x.
The depth dependence of x is primarily a consequence of
multiple scattering of the beam as it progresses through
the crystal. In what follows, it may be assumed that if no
depth is specifiad, then the values of the yields and of
angular quantities such as those shown in Fig. 3 are
surface values, i.e., values determined by extrapolation to
zero depth.

Experimentally, one may measure the depth depend-
ence of channeling parameters by varying the thickness
of the target and in a variety of other ways. In Ruther-
ford scattering measurements, for example, the energy
loss of the emerging particle indicates the depth at which
the close-encounter process (scattering) occurred; for x-
ray production, the absorption in the target can give
some depth information; for nuclear reactions, sharp
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Fi1G. 4. Star pattern re-
corded in transmission (see
Fig. 2) for 2.43-MeV pro-
tons incident along the
{111} direction of a 60-ym-
thick Ge crystal. The dark
regions in the figure corre-
spond to regions of high
particle intensity. The range
of 2.43-MeV protons in
amorphous Ge is approxi-
mately 43 um [Gor69].

resonances can be used to localize the depth from which
the yield is observed.

Typically, values of iy, lie in the range from a few
hundredths of a degree to a few degrees. Values of i
typically range down to about 0.1 for planar channeling
and to about 0.01 for axial channeling.

The trajectories of planar-channeled particles usually
remain between two adjacent planes of atoms. In the
axial case, however, the channeled trajectories can (and
usually do) mount the small potential barrier between
neighboring channels and wander from one axial channel
to another. If special experimental precautions are taken,
it is possible to establish trajectories that remain in one
axial channel during passage through a crystal, in which
case one refers to proper channeling or hyperchanneling
(Sec. 4.3e).

If the target crystal is thin enough, the incident beam
will be transmitted. For the transmitted particles, the
energy and angle distributions are strongly dependent on
several factors (to be discussed in detail in Secs. 4 and 5)
but notably on the target thickness. For targets thin
enough to transmit the beam but thick enough to cause
significant multiple-scattering effects, the transmitted
beam becomes concentrated along the major crystal
planes and axes near the beam direction. Under these
conditions, characteristic star patterns can be observed
on a fluorescent screen or on a photographic plate
located downstream from the target [Sc65]. An example
is shown in Fig. 4. These patterns are useful aids in
determining crystal orientations in channeling experi-
ments. For very thin crystals, the patterns of transmitted
particles are somewhat more complex; measurements on
them give detailed information on channeled trajectories.

Since their paths do not closely approach the centers of
atoms forming the channel walls, channeled ions sample
only the regions of low electron density in the open
channels. Thus, in the velocity range in which electronic
stopping dominates the energy-loss process, the rate of
energy loss for channeled ions is lower than that for
nonchanneled ones (typically about half). For low-veloc-
ity ions, nuclear stopping also is strongly reduced by
channeling.

2.2. The relationship between channeling and
blocking

The blocking effect occurs for positively charged par-
ticles whose trajectories originate at lattice sites inside a

Rev. Mod. Phys., Vol. 46, No. 1, January 1974

133

crystal. From a practical standpoint, this implies either
the emission of particles from nuclei in the crystal atoms
or the large-angle Rutherford scattering of incident beam
particles. Since the impact parameters involved in large-
angle scattering are several orders of magnitude smaller
than the zero-point thermal-vibration amplitudes for
atoms in crystals, there usually is no practical difference
between the two types of particle emission. A typical
experimental arrangement for a blocking measurement is
shown in Fig. 5. A beam of particles is incident upon a
monocrystal in a random diréction. A tightly collimated
detector measures particles emerging at an angle ¢ with
respect to a high-symmetry crystal direction. The block-
ing measurement consists of determining the-yield of
emitted particles as a function of ¢ as ¢ is varied (usually
by moving the detector) over a small range centered
about ¢y = 0.

Here, the function of the incident beam is merely to
create particles that emerge from lattice sites. The inci-
dent beam does not need to be tightly collimated, nor
need it consist of charged particles. Collimation becomes
important when one wishes to define the recoil direction
of compound nuclei formed in nuclear reactions induced
by the incident beam, as in the nuclear lifetime measure-
ments discussed in Sec. 6.6.

When the collimated detector is located on a major
crystal direction (¢ = 0), the detected yield of emerging
particles is a minimum; as ¢ is increased, the detected
yield rises. The result is a blocking dip similar in shape to
the channeling dip shown in Fig. 3. The same considera-
tions of normalization and of depth dependence apply to
the blocking case.

Lindhard [Li65] pointed out that not only should
blocking and channeling dips be similar, but under
certain idealized conditions (e.g., when no slowing-down
processes are involved) they should be identical when
blocking and channeling measurements are compared for
the same particles, energies, crystals, crystal directions,
etc. The two processes are related by a rule of reversibil-
ity. In measuring a channeling dip, one determines the
probability that a well-collimated incident beam will hit
an- atomic nucleus in the crystal. This probability is
measured for various relative orientations of the incident -
beam and the crystal. Similarly the blocking measure-
ment determines the probability that a particle emerging
from an atomic nucleus in the crystal will hit a well-

TARGET CRYSTAL

INCIDENT
BEAM .

N
%\ COLLIMATED DETECTOR
(OR PHOTOGRAPHIC PLATE)

F1G.5. Schematic arrangement for a typical blocking measurement. A
beam of particles is incident upon a target crystal, usually in a random
direction. Particles emitted from nuclear reactions or from wide-angle
Rutherford scattering are counted in a collimated detector. The vector
from the target to the detector makes an angle ¢ with a major crystal
direction.-The detector is moved, and the yield of emerging particles is
measured as iy varies over a small range centered on ¢ = 0. A
photographic plate is also frequently used to record the blocking
pattern.
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Fic. 6. Comparison of channeling and blocking yields for 1-MeV
protons backscattered at 135° from a W crystal [Be67b]. The thickness
of the scattering zone is ~1000 A. The depth of the scattering zone
beneath the surface is ~3000 A. Solid circles denote channeling results;
open circles, blocking results. The small discrepancies in the shoulder
regions of the curves are not considered significant. They are probably
caused by very slight differences in experimental geometry for the two
measurements.

collimated detector. This probability is measured for
various relative orientations of the detector and the
crystal. Clearly, in the absence of energy-loss processes,
channeling and blocking trajectories are related to one
another by time reversal. In a statistical-mechanical
treatment [Li65], the probabilities for direct and inverse
processes such as these can be shown to be the same. This
is a special case of a general reciprocity relation based on
Liouville’s theorem. Analogous reciprocity theorems are
well known in nuclear physics (e.g., [BI52]) and in optics;
e.g., if a source of radiation and a point of observation
are interchanged, the intensity measured at the new place
of observation is the same as at the old. The reversibility
rule relating channeling and blocking has been verified
experimentally by Begh and Whitton [Be67b], whose
result is shown in Fig. 6. (See also [An68; Scher69].)

By employing a photographic plate (Fig. 5) to detect
particles emerging from the target, one can observe the
blocking equivalent of a star pattern. In this case, the
pattern is caused by an absence of detected particles
along major crystal directions. (Examples are shown in
Figs. 62, 73, and 112.)

In a double alignment geometry, the beam is incident
along a channeling direction, and the emerging particles
are detected along a blocking direction. In this arrange-
ment, the sensitivity to particles emerging as a result of
interactions between beam and crystal is minimized, and
hence the sensitivity to interstitial atoms or to crystal
defects is maximized. This geometry can therefore be
used to advantage in studies of impurity atoms and of
defects in crystals (Secs. 4.2a, 6.2, and 6.3).

2.3. Potentials

The potential describing the interaction in a collision
between an ion (atomic number Z;) and an isolated atom
(atomic number Z;) can generally be expected to be a
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rather complicated function of several parameters such
as the nuclear separation distance r, the relative velocity
v, the masses (M; and M,) and atomic numbers of the
collision partners, and the impact parameter b. In order
to reduce the complexity of theoretical treatments of ion-
atomic scattering, it is customary to make approxima-
tions that minimize the number of parameters upon
which the assumed interaction potential depends. Thus,
for example, it is usual to assume that a two-body
potential function is adequate to describe the scattering.
Furthermore, although the screening due to the electron
clouds surrounding the ion and the atom contains dy-
namic features, any velocity dependence of the ion—atom
potential is usually assumed to be negligibly small. A
related assumption is that inelastic scattering can be
neglected. The validity of these assumptions is frequently
difficult to assess. Even at low ion velocities, where the
electrons might be expected to adjust adiabatically to the
motion of the nuclei to which they are bound, nonadia-
batic effects, e.g., those brought about by level-crossing
mechanisms, are known to result in significant internal
electronic rearrangements in the collision partners (see,
e.g., [Bar72]). It is generally assumed that the influence of
such complex processes on channeled trajectories is small
since channeling involves only relatively gentle small-
angle collisions.

If the velocity dependence of the ion-atom field may be
neglected, the interaction can be described with a static
potential similar to that applying to the case of diatomic
molecules. This, of course, is still a complex problem to
treat theoretically because it requires a precise calcula-
tion of the electronic wave functions as functions of the
nuclear separation distance. Such calculations (like static
Hartree calculations of the ground state energy of a
diatomic molecule) are complicated, require extensive
machine computation and, in any case, only provide an
interaction potential for one specific pair of collision
partners. (The potential derived in this manner does,
however, embody features such as electronic shell ef-
fects.) In order to further simplify the static ion-atom
potential, a statistical (Thomas-Fermi) model can be
employed. One can then write the interaction potential as

V(r) = (Zi Z.&/r)(r/a), @1

where @(r/a) is a screening function of Thomas—Fermi
type and a is a screening length characteristic of any two
given collision partners. For a discussion of the approxi-
mations involved in writing the potential in the form
given in Eq. (2.1), the reader is referred to an article by
Lindhard, Nielsen, and Scharff [Li68] and to references
contained therein. Two very significant features of Eq.
(2.1) are, firstly, that for a given ion-atom pair the
potential is a function only of the nuclear separation
distance and, secondly, that the simplified form of the
screening function implies similarity properties for all
combinations of ion—atom pairs.

The Thomas—Fermi screening function cannot, of
course, exhibit such detailed features as shell structure,
but otherwise it does approximate the results of Hartree
calculations reasonably well (although tending to be
somewhat too large at large distances, as seen in the
comparisons presented by Gombas [Go56], for example).
An explicit analytical form does not exist for the Tho-
mas—Fermi screening function; it can be expressed only
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in the form of a differential equation (numerically calcu-
lated values are tabulated by Gombas [G056]). However,
there exists a good analytical approximation due to
Moliére [Mol47]:

§r/a) = 3 aiexp(~pir/a), (22)

where {&:} = {0.1,0.55,0.35} and {8;} = {6.0,1.2,0.3}. In
addition to its simple analytical form, Moliére’s approxi-
mation has the merit that at large distances it tends to fall
below the Thomas—Fermi result and to come closer to the
Hartree value.

In the Thomas—Fermi theory, the screening length a in
Eq. (2.1) depends on Z, according to the relation

a = (97°/128 Z,)"*(W*/m.e*) = 0.8853a0Z; ">, (2.3a)

where a, is the Bohr radius. Strictly speaking, Eq. (2.3a)
gives the screening length appropriate to the potential
distribution in an isolated Thomas-Fermi atom. Howev-
er, if Z, = 1 and Z, > 1, one would expect approximat-
ely the same potential distribution. Similarly, one might
expect the screening distance to be given approximately
by Eq. (2.3a) if the ion (in the ion-atom pair) were a fully
ionized atom with nuclear charge Z, e. If the ion Z, is not
fully ionized, then the question arises as to whether the
Thomas—Fermi screening function can be written as a
function of a single argument. Firsov [Fi57] showed that
a relation such as Eq. (2.1) does, in fact, continue to be a
good approximation if, in considering the interaction
between two neutral Thomas—Fermi atoms, one uses the
screening distance

a = 0.8853a,(Z)* + Z)*)™". (2.3b)

Equation (2.3b) is also commonly used in cases in which
the ion Z, is partially ionized. Although the screening
lengths thus calculated are then expected to be somewhat
too small, they should be more accurate than those
calculated from Eq. (2.3a).

Throughout the remainder of this article, the parame-
ter a will be assumed to be the Thomas—Fermi screening
length given by Eq. (2.3a) if the ion has either Z, = 1 or
is fully ionized and by Eq. (2.3b) otherwise. The reader is
cautioned that other functional forms for Eq. (2.3b) are
also frequently encountered in the literature. For exam-
ple, the formula a = 0.8853a,{Z>* + Z}*}™V* is often
used (e.g., [Li68]). For practical purposes the difference
between this and Eq. (2.3b) can usually be ignored.

A screening function which does not differ markedly in
value from the Thomas-Fermi screening function but
which is mathematically simple and thus lends itself
readily to computational purposes has been defined by
Lindhard [Li65], who writes

®(r/a) = 1 —[1 + Ca/r)']™2, (2.4

where C is a standard constant which Lindhard sets equal
to /3. Equation (2.4) expresses the nuclear and electron-
ic contributions to the potential separately. The second
term in Eq. (2.4) implies that the radial density distribu-
tion for the atomic electrons has the simple form

n.(r) = (3/4n)Z,{(Ca)’/[r* + (Ca)’]*}. (2.5)

The Moliére expression (2.2) and the Lindhard expres-
sion (2.4) for the screening function are the ones most
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widely used to describe ion—atom interactions in channel-
ing.

Other screening functions are sometimes used in chan-
neling calculations. For example, the exponential screen-
ing function due to Bohr [Boh48] is given by

o(r/as) = exp(—r/as), as = a(Z7” + Z77)*. (2.6)

Although this simple screening function has. been fairly
widely used, it has the disadvantage (a significant one for
channeling applications) that at large distances (» > as)
it provides excessive screening and the potential decreas-
es much too rapidly to fit actual ion—atom interactions.

The Born-Mayer screening function [Bor32] can be
written

o(r/agu) = ABM(r/aBM)eXp(—r/aBM)) (2.7)

where Apy and apy are usually determined phenomenol-
ogically, e.g., by fitting elastic moduli. This results in a
purely exponential interaction potential which, since it
does not have a hard Coulomb “core”, is not very
suitable for describing close ion-atom encounters. For
this reason, the Born—-Mayer potential is of most value in
providing a simple functional form for ion-atom and
atom-atom interactions at large distances. Its application
to descriptions of interactions between particles and
solids is therefore usually restricted to cases where the
“particles” are heavy ions with energies in the keV range.

A further form for the screening function is that due to
Nielsen [Ni56]:

o(r/as) = as/2r, (2.8)

where ap is defined in Eq. (2.6). This results in a very
simple functional form for the potential, but, like the
Born-Mayer potential, it is only applicable at large
distances (r > 2as).

For further details concerning the approximations dis-
cussed in this section and for treatments of the classical
scattering of ions by screened Coulomb fields, see, for
example, the articles by Bohr [Boh48], Everhart, Stone,
and Carbone [Ev55], Lindhard, Nielsen, and Scharff
[Li68], and Robinson [Ro70].

2.4. Classical theory of channeling

Most of the channeling effects seen for particles with
masses equal to or greater than the proton mass can be
well described within the framework of classical mechan-
ics. In this section, the applicability of the classical theory
is discussed and some of its more general features and
results are given.

2.4a. Applicability of classical mechanics

Consider, for the moment, a pure (unscreened) Cou-
lomb scattering between two particles with charges Z, e
and Z,e. We assume particle Z, to be incident upon
particle Z, with velocity v and impact parameter b. (We
neglect here center-of-mass motion and relativistic ef-
fects.) Bohr [Boh48] has discussed the conditions under
which a classical orbital picture.may be used to describe
such a collision. He points out that for a wave packet of
width 8b there are two contributions to the uncertainty in
the scattering angle 6. Firstly, the contribution from
diffraction is 804¢ =~ X/(6b), where X = A/Mv is the
DeBroglie wavelength of the incident particle, and, sec-
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ondly, the uncertainty in scattering angle caused by the
uncertainty in position is ~ 8b - §'(b), where the prime
notation implies differentiation with respect to impact
parameter. For a well-defined classical orbit having a
definite impact parameter, we require both 88,q < 8.
and 8b < b, where 0, is the classical scattering angle.
For a pure (unscreened) Coulomb potential and for small
scattering angles, one can write 8,,, =~ Ro/b, where the
classical collision diameter R, is given by

Ry = 27, Zzez/M v2. (29)

Thus the requirement for a well-defined classical orbit is
that simultaneously X/8b < R,/b and 8b < b. This can
be satisfied if Ro/X > b/8b > 1. That is, if Ro/A > 1,
then for any impact parameter b it is possible to make
8b < b and, at the same time, to limit diffraction to
angles small compared to ... Under these conditions,
one may visualize a classical orbit and Bohr’s condition
may be written

k = Ro/X = (22 Z,e*/ ) ~ (22, Z,/1378) > 1, (2.10)

where B = v/c. The parameter k is a measure of the
strength of the Coulomb interaction in a scattering
process. As k decreases to k < 1, classical orbital pictures
completely lose their validity. Since k is a decreasing
function of velocity, Eq. (2.10) indicates that for most
Rutherford scattering processes, there is an upper energy
limit beyond which classical mechanics loses its signifi-
cance.

For a screened Coulomb potential, Lindhard [Li65] has
shown that a somewhat stronger condition than Eq.
(2.10) is necessary for a classical trajectory. With the
screened potential defined by Eq. (2.4), the requirement is

k> 1+ (b/a). (2.11)

Thus, at sufficiently high energies or at sufficiently small
angles of deflection, a quantal treatment is necessary. For
5-MeV protons bombarding Si, for example, the two
sides of Eq. (2.11) are equal when b =~ a.

Since, in channeling, one is concerned with small-angle
scatterings (b =~ a) of energetic particles, Eq. (2.11)
would suggest that classical mechanics is not applicable.
Lindhard [Li65] demonstrated that classical mechanics
can, in fact, be applied to the channeling case (involving
a series of collisions) even though individual scatterings
may not be amenable to classical treatment. For axial
channeling, he treated two approximations, the contin-
uum string and the perfect string, both of which are
discussed further in Sec. 2.4b. In the continuum-string
approximation, the potential due to a row of atoms is
considered to be uniformly smeared out along the row. In
Lindhard’s theory, the continuum approximation is valid
if the angle of incidence of the particle upon a row is less
than

W = (22,2,¢*/dE)", (2.12)

where E is the energy of the incident particle and d is the
spacing between atoms in the row. For incidence at the
angle ¢, the distance of closest approach to the center of
the string is ~a. If the Bohr condition is now applied to
the motion transverse to the string, i.e., if we require that
a > X/, c.f., Eq. (2.10), then it follows that we require

2[(M/m.)Z, 23 (a(,/ar)]"/2 > 1, (2.13)
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where m. is the electron mass. This condition is certainly
fulfilled for particles with masses large compared to that
of the electron. Quantal tunneling to the center of the
string does not occur if Eq. (2.13) is satisfied. A similar
argument can be extended to the planar case.

In the perfect string approximation, Lindhard treats
the atoms as static and located at fixed intervals d along
rows. He demonstrates that if a channeled trajectory is
determined by a whole series of correlated collisions with
many atoms, then the angular uncertainties 66,4 and the
uncertainties 8b in position do not continue to grow by
random addition of the contributions from individual
atoms in a string. The width of the wave packet for a
channeled particle remains essentially constant during a
set of collisions with a string. Consequently, as Lindhard
shows, quantal corrections to the classical description
actually decrease as the energy of the incident particle is
increased.

The remainder of Sec. 2.4 will be confined to purely
classical theories of channeling; the discussion of quan-
tum mechanical considerations will be resumed in Secs.
2.5 and 5.

2.4b. The continuum model

From a classical viewpoint, a positively charged par-
ticle can be considered to be channeled with respect to a
row of atoms if it is incident upon the row at some angle
Y small enough that it is reflected away again from the
row by a correlated series of many consecutive glancing
collisions with atoms in the row. As the incidence angle
becomes greater than some critical angle ., the particle
begins to approach the row so closely that the trajectory
no longer can remain channeled. Instead, the particle
begins to feel individual atoms and will rapidly be
scattered away from the row by single (or at most a few)
collisions. For ¢ > 4., the particle can be considered to
be traveling randomly with respect to to the row. Similar
considerations apply to a plane of atoms.

Thus, it is central to the classical ideal of channeling
that the encounters of channeled particles with rows or
planes of atoms be determined by many small-angle
scatterings and that the particles do not feel individual
atoms. Under these conditions, the continuum model
[Le63; Li6da,65; Er65] asserts that to a good approxima-
tion the motion of channeled particles is determined by a
continuum potential, i.e., a potential obtained by replac-
ing the actual periodic potential of the row or plane by a
potential averaged over a direction parallel to the row or
plane. This is illustrated in Fig. 7 in which the crystal is
pictured, for the moment, as an idealized simple static
array of identical atoms. For the case of an isolated
atomic row, the continuum potential at a distance p from
the row is

holo) = 3 [ V1@ +2)ax, @19)

where the potential V' is given by an expression of the
type in Eq. (2.1) and the subscripts R and S denote row
and static. This may be written

Vas(p) = (221 Z,€*/d) frs(p/a)
E 4/12 f RS(P/ a),

(2.15)
(2.16)

I



Donald S. Gemmell: Channeling

Fig. 7. Collisions of channeled particles with idealized static linear
and planar arrays of atoms. The diagrams are distorted for illustrative
purposes. In fact, many hundreds of atoms would typically be involved
in the reflections of the projectiles.

where i is defined in Eq (2.12) and

frs®) = [ & + ) Vgl + )2 dn. (217)
0
For Moliére’s screening function, this becomes

fRS(g) = g aiKO(IBig),

where Kj is the zero-order modified Bessel function of the
second kind (see, e.g., [Wa58]). For Lindhard’s screening
function

(2.18)

frs(§) = In(1 + CY/E)V2, (2.19)

The corresponding expressions for the continuum pla-
nar potentials are

Vis(p) = n fw 2#RAR V[(p* + R*)’]  (2.20)

= 2mnZ, Z,e*afrs(p/a) (2.21)
E fes (p/a), (2.22)

where 7 is the areal density of atoms in the plane, . is a
characteristic planar channeling angle defined by

Yo = (2mnZ, Z,e*a/E)"?, (2.23)

and

o

frs(€) = [ o€ + n)"*]an.

[

(2.29)
The subscripts P and S denote planar and static, respec-
tively.

For Moliére’s potential, one obtains

fes(€) = g (a/Bi)exp(=Bi¢), (2.25)
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and for Lindhard’s potential,

fes(§) = 2+ CH"? — &

For the corresponding expressions for fzs and frs appro-
priate to the Bohr and Born-Mayer potentials [Egs. (2.6)
and (2.7)], see [Er65; Da67].

The conditions for the validity of the continuum
approximation in axial channeling have been discussed
by Lindhard [Li65]. He finds the high-energy condition

(2.26)

‘ v <y = (22 Z,€*/dE)"? (2.27)
when | < d/d, and the low-energy condition
| Y <t = [Cap/(@y/2))" (2.28)

when y > a/d. The energy at which {4 = a/d is given by’

E’ = 221 Zzezd/az. (229)

For the {110y axis in Si, for example, this energy is
E’ =~ 40 keV. Most of the experiments performed to date
have been in the high-energy range, and this is the region
that will be discussed almost exclusively here.

The static continuum potentials may be regarded as
the first (constant) term of a Fourier expansion of the
periodic lattice potential. The coefficients of the succeed-
ing (periodic) terms in the expansion decrease rapidly
with distance from a row or plane as shown, for example,
by Lehmann and Leibfried [Le63]. Even at distances
small enough that these additional terms are not negligi-
ble compared to the constant term, their influence upon
a channeled trajectory averages out close to zero since a
large number of atoms participate in the steering of a
channeled particle. For an example of an axial channel-
ing calculation that takes account of the periodic lattice
potential, the reader is referred to a paper by Kurakin
and Romanyuk [Ku69].

Inside a crystal lattice, the continuum potential experi-
enced by an axially channeled particle will be the sum of
the potentials due to all of the rows of atoms in the
crystal. Thus, for the static case the total potential
measured at a position r in the plane normal to the axial
direction is given by

Urs(r) = 2 Vas(Ir — x|) — Us¥", (2.30)

where the r; are the positions of the atomic rows measured
in the normal plane and U&" is a constant subtracted in
order to make the minimum value of Urs(r) equal to zero.
Similarly, for planes, one has

Ups(z) = 3 Vis(|z — z|) — UR", (2.31)

where z and z; are measured in a line normal to the set of
planes being studied. Figures 8 and 9 show examples of
the functions Urs and Ups. The transverse motions of
channeled particles are affected by the symmetries of the
channels involved. Thus the motion in an axial channel
(or its projection onto the normal plane) is usually
complex, whereas that in a planar channel is usually a
fairly simple oscillatory motion in the transverse direc-
tion. .
For a channeled particle traveling at small angles with
respect to atomic rows or planes, the longitudinal compo-
nent of the velocity may be treated as constant (if energy-
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FiG. 8.

Continuum potential energy contours (labeled in eV) for iodine ions channeled in the {110} direction in a static lattice of Ag atoms. The

calculations are based on an empirically determined ion—-atom potential given by Robinson [Ro71b]. The positions of the rows are marked by R’s

and the positions of minimum energy by dots [Ap72a].

loss processes are neglected). Then, in the continuum
model, the trajectory of the particle can be completely
described in terms of the motion in the transverse direc-
tion. Consider a channeling collision with an isolated
static string of atoms. At large distances p from the string,
let the angle between the particle trajectory and the row
be Yo. For small o, the transverse momentum is M, v o
and the kinetic energy associated with the transverse
motion (usually and somewhat loosely called the trans-
verse energy) is Eyj. The distance of closest approach to
the row is given by the solution of

1 — (b/pmin)’ = Vas(omn)/(EY8) = 0,  (2.32)

where b is now the impact parameter of the collision
when projected onto the normal plane. In the special case
in which the particle trajectory and the atomic row are
coplanar, Eq. (2.32) reduces to

Ell/g = I/I;S(pmin)- (2.33)

The critical angle of incidence o, beyond which the
distance of closest approach becomes less than the criti-
cal distance p. for sustaining a stable channeling trajecto-
ry, is given by

(2.34)
(2.35)

Yo = [Vas(pe)/E]"
Fes(po/a)yn,

where

Fs(£) = [ fas()]7. (2.36)
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F1G.9. Continuum potential energy for protons channeled in the (110)
planes of Si. The calculations are based on Moliére’s ion—-atom potential
One of the solid curves is for the static case, with Ups given by Eq.
(2.31); the other is for a temperature of 905 °K, with Upy derived from
Vsv given in Eq. (2.75). For comparison, the dashed curve is a simple
parabolic potential set equal to the value of Ups at z = (3d, — a).
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A graph of the function Fs(¢) is given in Fig. 117,
Appendix A. From this, it can be seen that y. is on the
same order of magnitude as ys; if p,. lies between 0.1a and
2.4a, then Frs(p./a) lies between 0.5¢; and 1.6yy. The
critical angle y. depends on E and d only through its
dependence on .

As a rough estimate of p. in the ys-region (Eq. 2.27),
Lindhard [Li64, 65] suggested p. =~ a. Inserting this value
in Eq. (2.35) yields . = 0.83y4, but such an exact
evaluation was not intended in Lindhard’s treatment;
e.g., it ignores thermal vibration effects that certainly can
be expected to influence the value of p.. In an appendix
to his 1965 paper, Lindhard discussed the accuracy of the
continuum model for isolated rows of static atoms. Using
the impulse approximation to derive the scattering at
successive atoms, he showed that in order for the trans-
verse motion to be described by a continuum potential,
the requirement that must be fulfilled is

E > id*Vis(pe), (2.37)

where the prime notation implies double differentiation
with respect to p. Replacing the inequality in Eq. (2.37)
with an equality defines an energy-dependent value of p..
As the energy increases, p. decreases. (See also [M068,
70a, 71; Mar70; Var70, 72].)

Several different meanings of the term critical angle are
encountered in the published literature. In the present
article, it is defined as the maximum angle at which a
particle may be incident upon a row or plane of atoms
and be reflected away again by a correlated series of
collisions in such a manner as to conserve transverse
energy and and justify the use of the continuum model.
In actual experiments, it is not easy to determine .. Most
commonly the angle measured is the half-angle v,
defined in Fig. 3. For this, Lindhard [Li64a, 65] suggested

’4/1/2 = OlRIIJl, (2.38)

where ar has a value in the range 1 to 2.
In a static lattice (as distinct from an isolated static
row), the critical angle for axial channeling becomes

Ye = [Urs(oc) /E]", (2.39)

where the potential Uzs given by Eq. (2.30) is assumed to
be cylindrically symmetric close to a row (p =~ p.), and
the angle y. between the axis and the trajectory of a
critically channeled particle is measured at a point where
Uzs—-o. For a major (high-symmetry) axial direction, the
contributions from neighboring rows to the potential for
‘any one row are usually small. In such cases, the much
simpler expressions in Egs. (2.34) and (2.35) can be
expected to be reasonably good approximations.
Similarly, for the static planar case, the critical angle is
given by

Ve = [Urs(l3d, — oc|) /E]", (240)

where d, is the distance between planes and the potential
Urs(z) given in Eq. (2.31) is assumed to be zero at z = 0,
which by definition is at the midpoint between two
neighboring planes. (We consider here only simple lattice
structures with all planes identical and equally spaced
and with all rows the same in any given axial direction.
More complicated structures are considered in Sec. 4.4.)
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The continuum potential between major crystal planes
is frequently well approximated by including only the
contributions from the two adjacent planes, and in such
cases

Y = [UR(34, — p.])/E]"
= E’S(pc/a’ dp/a)\bas

(2.41)
(2.42)

where

Bs(§,m) = [fes(€) + fostn — £) — 2fes(n/2)]. (2.43)

Graphs of the function Fps(£,m) are given in Fig. 118,
Appendix A.

Thus far, we have discussed only static lattices. Clear-
ly, if thermal vibrations are taken into account, both the
continuum potential and the critical distance of closest
approach p. will be affected. The velocity of channeled
particles is usually such that the interaction times with
individual atoms are much shorter than the thermal
vibration periods. Thus the particles see a lattice that is
in effect stationary. The continuum potential experienced
by the particles is that obtained by averaging over the
thermal displacements of the atoms. Expressions for the
continuum potentials for rows and for planes of thermal-
ly vibrating atoms have been given by Appleton et al.
[Ap67] and also by Barrett [Ba71] whose expression for
the planar case is given in Eq. (2.75). These derivations
assume that the individual atoms vibrate independently
and that in each of the translational degrees of freedom
the probability P(x) of a displacement x has the Gaus-
sian distribution

P(x) = (2mu?) " exp[—x*/(2u})], (2.44)

where the root-mean-square displacement is assumed to
be uy = (A2 = (PYW? = (z?)/* and its value may be
computed by use of the Debye theory of thermal vibra-
tions (see Appendix A). Temperature-dependent contin-
uum potentials for protons interacting with the {110)
rows and the (110) planes in Si are shown in Fig. 10 (and
also in Fig. 9). As might be expected, these potentials
begin to differ markedly from the static-lattice values
only when p is comparable to or smaller than the thermal
vibration amplitudes.

The continuum model predicts that both axial and
planar critical angles should vary as E~V2. Experimental-
ly, this functional dependence on the bombarding energy
is found to be obeyed very well. At higher energies, at
which relativistic effects become important, the inverse-
square-root relation continues to be valid provided that
the kinetic energy E is replaced by the quantity kE,
where

k=(E+2Mc*)/QE + 2M<?). (2.45)

This follows from the fact that the relativistic transverse
momentum is yM vy, where y = [1 — 82]7"2, and thus
the associated transverse kinetic energy is given by
yM,v*y?/2, for small values of .’

The minimum yields xmin predicted by the continuum
model are in essence the geometrically determined frac-
tional areas for which channeling trajectories are not
possible when a beam is aligned with an axis or plane.
Within these areas, the initial transverse energy is above
the critical value. Thus the value for an axis is
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F1G. 10. Continuum potentials based on the Moliére ion-atom potential evaluated by Appleton ef al [Ap67]for protons at various distances from
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Xmin = Ndmp?, (2.46)

where N is the number of atoms per unit volume in the
crystal. Lindhard [Li65] suggested the relation

Xmin = Ndn(u3 + a*) + xs (2.47)

for the axial minimum yield just below the crystal surface
Here, u, = {x* + y*)* = \/2u is the rms value of the
thermal vibration amplitude normal to the axis and x; is
a contribution from any amorphous or impurity layers on
the crystal surface. The minimum yield for the planar
case is predicted by the continuum model to be

Xmin = zpl‘/dpa (2‘48)
and the expression suggested by Lindhard is
Xmin = 2a/d,,‘ (249)

The continuum model has been treated here in some
detail because in general it fairly successfully predicts
such important features as angular widths and minimum
yields and their dependences on several fundamental
parameters (e.g., Zi, Z,, E). Furthermore, it is common to
express the results of channeling calculations and exper-
iments in terms of quantities derived from the continuum
model. Thus far we have neglected the slowing down of
particles inside a crystal and the orientation dependence
of the stopping power. Also, we have ignored multiple-
scattering, which leads to changes in the transverse
energy and to dechanneling effects. These phenomena
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that may be regarded as consequences of channeled
motion but that to a first approximation do not deter-
mine the motion are discussed in later sections.

2.4c. Rules of angular and spatial averages

Some of the features observed in channeling can be
explained in a qualitative way in terms of statistical
mechanical concepts [Li65]. In addition to the rule of
reversibility (Sec. 2.2), Lindhard has outlined a rule of
angular averages and a rule of spatial averages. These
rules lead to the concept of compensation, which can be
explained as follows: We compare the magnitude of
some definite physical effect (e.g., the frequency of nu-
clear encounters, energy loss per unit distance, or rate of
-production of K-shell vacancies) that would be observed
for a particle beam interacting in a random medium with
the magnitude of the same effect in a medium that differs
from this only in that the atoms are ordered in a crystal
lattice. For the random system, the effect occurs at a
certain rate independent of direction; for the crystal,
channeling effects may drastically alter the magnitude of
the effect within small solid angles. The rule of angular
averages states that for effects that are not affected by the
slowing down of the particles, the rate averaged in angle
is the same for the crystal as it is for the random medium.
That is, if the rate is lower than this average in some
crystal directions, then the rate in other directions must
be higher than average to compensate for this.

As an example, consider a crystal containing a-emit-
ting radioactive atoms located on some lattice sites, and
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let us suppose the dimensions of the crystal to be much
smaller than the range of the a particles. The angular
distribution of emerging « particles will show strong
blocking minima along major crystal directions. Howev-
er, the total integrated flux of a particles out of the crystal
is independent of the ordered structure of the material.
Therefore there must be directions in which the rate of
emergence of a particles is higher than the average (or
random) rate. These directions will lie fairly close to
major blocking directions since most of the blocked
particles will not have been scattered through very large
angles. Thus, there will be “compensation shoulders” on
the blocking dips. Application of the rule of reversibility
immediately shows that corresponding shoulders will be
seen for channeling dips.

On the basis of considerations similar to those for
angular averages, Lindhard also stated a rule of spatial
averages. This type of average is discussed in Sec 2.4f in
connection with flux peaking.

2.4d. Calculations on the shape of channeling dips

In this section we describe both analytical and Monte
Carlo methods of calculating the shape of a channeling
(or blocking) dip such as that shown in Fig. 3. We still
maintain, for the moment, the approximations in which
energy losses and multiple scattering are ignored; thus,
the results may be regarded as pertaining to the region
just below the crystal surface. Many of the calculations
describe blocking rather than channeling. Within the
approximations made in this section, the results apply
equally well to both processes.

2.4d1. Axial case

A detailed analytical treatment of the motion of axially
channeled particles in a lattice is difficult even if one
introduces the simplification of the static-continuum po-
tential. The motion of particles in potentials of the type
given in Eq. (2.30) is generally complex. The theoretical
description is greatly simplified if one considers chan-
neled particles as interacting only with isolated rows of
atoms. That is, in a collision with a row, the influence of
all other rows is neglected. For major axial directions this
might be expected to be a reasonable assumption because
the continuum potential falls off rapidly with distance.
Then, in the static-continuum approximation, the trans-
verse energy of a channeled particle,

(2.50)

will be conserved, where ¢ is the instantaneous angle
between the particle trajectory and the axis and p is the
distance of the particle from the row. On the basis of this
simple model, Lindhard [Li65] derived an expression for
the probability distribution II(E, ) of the transverse ener-
gies of particles being emitted from lattice atoms into
directions around a major crystal axis. He assumed that
the emitting atoms were vibrating thermally and that
after being emitted, the blocked particles experienced
only the static-continuum potential. From Eq. (2.44) one
finds that the probability distribution for the radial
displacement (normal to an axis) of a thermally vibrating
atom is

E, = E(PZ + Vlvis(p)’

Pr(p) = (2p/ud)exp(—p*/ud), @251
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where u, = \/5 u. In the simple continuum model, the
probability distribution function for £, is then

(E.) = [;” Pelo)dp (2.52)
= exp(—p*/u3), (2.53)
where p is defined by
E. = Vs(p). (2.54)
With the aid of Lindhard’s potential, this leads to
TI(E,) = exp{(—C*a*/u})[exp(RE./EY}) — 1]7'}.
(2.55)

From this one obtains the blocking angular distribution
from the relation

Ey; = E., (2.56)

where . is the angle of emission from the row. As
Lindhard pointed out, this calculation has the disadvan-
tages that it does not include compensation (the exponen-
tial in Eq. (2.53) cannot exceed unity) and that it leads to
xmin = 0. Furthermore, it is expected to be valid only
when 1 < u,/d. However, within these limitations, the
model does reproduce some of the features of more
detailed calculations and of experiment (as seen in Fig.
16), and at the same time it provides some physical
insight into the processes involved (often difficult to
obtain in more detailed calculations).

From Eq. (2.53), it follows [Pi69; An70] that the
angular half-width of the dip is given by

Y2 = ar(a/a), (2.57)
where, for Lindhard’s potential,
ar(up/a) = {{ In[1 + C*a*/(31n 2)]}">. (2.58)

In an appendix to his 1965 paper, Lindhard showed
that the continuum model can be refined if one considers
the transverse energy to be conserved only when meas-
ured on the transverse planes located midway between
atoms in a string. Figure 11 defines the geometric quan-
tities in the half-way plane model used by Lindhard in his
derivation of the blocking angular distribution. The
transverse energy is now

HALFWAY PLANE

EMITTED
f PARTICLE
EMITTING >
@ —e—
=" o
d/2 d/2 7

Fi1G. 11. Geometry considered for Lindhard’s halfway plane calcula-
tion on the emission of particles from atoms inside a crystal.



142
E, = E¢’ + Vis(p®), (2.59)

where

p* = [p* + (pd/2)* + ped cos 6], (2.60)
and @ is the azimuthal angle shown in Fig. 11. From this
it follows that the distribution function for the transverse
energy is

Y / N
12} ‘ / /4\\ AN ]
J Normal
value

exp. curve

numerical
calculation

NORMALIZED SCATTERING VYIELD

!

\ |
\ 1
N\t

& e o & & & 0
ANGLE RELATIVE TO ¢100) DIRECTION

Fic. 12. Experimental and calculated dips for axial channeling of 480-
keV protons in the {100 directions of W at 309°K [An67]. The
calculations were based on Egs. (2.61) and (2 62).

Normal value

Emission yield

1 Po/d=0.2
i po/d=0.4
: No surface transmission

1
2
q)e / ¢1
FiG. 13. The influence of surface transmission on the calculated (100>

axial channeling dip, Eq. (2.62), for 500-keV protons in tungsten at 1470
°K [An67]. The actual value of po/d is 0.4.
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(E) = [ Palp)dp [,d(Ee?)

X f"(dB/Zvr)&EL — Vis(p*) — E¢?], (2.61)

where p, is given by mp3 = (Nd)™' . For a given value of
E, in Eq. (2.61), the integrals are carried out over the
values that satisfy Eq. (2.59). The modification of the
distribution in transverse energy at the crystal surface
was also included by Lindhard. Outside the crystal, the
distribution becomes

N oo 2pdp X
R(EY?) j‘: 03 — PHEYE + Vas(p)] H[EY: + Vas(p)],

(2.62)

where p is defined by Eq. (2.54). The assumption in
applying this surface transmission factor is that by the
time particles reach the surface, statistical equilibrium
has been reached in the sense that on the transverse plane
all exit points for which Jis(p) < E, are equally likely.
Andersen [An67] has evaluated the formulas in Egs.
(2.61) and (2.62) by numerical integration. Some of his
results are shown in Figs. 12-15. Figure 12 shows one of
his fits to experimental data, in this case for tungsten. The
angular width of the dip is well reproduced. The experi-
mental xmn is higher than the calculated value, perhaps
because of experimental rather than theoretical difficul-
ties. The calculations predict compensating shoulders
which, as seen in Fig. 14, smear out as u,/ (1 d ) increases.
In actual experiments, the shoulder region is strongly
influenced by planar effects, so quantitative agreement
with the results calculated from Eq. (2.62) is not necessar-
ily to be expected. The main influence of the surface
transmission is in the region at the bottom of the dip (Fig.
13). The results of the calculations shown in Fig. 14
demonstrate that as the crystal temperature is raised, Xmin
increases and i, decreases. This is in good accord with
experiment (Sec. 4.21). The surface transmission does not
affect 4/, very much. Consequently Andersen was able to

Re)

=

>

5

]

B

5 T K| ¥i/2/¥| Xmin
1al 70| 1.12 |0.002
Bl 295 1.00 |0.004
c|ia70| o067 |0017
1 I 1 1
z 3 T 5

LA

Fi1G. 14 The influence of the vibrational amplitude u, on the shape of
the calculated {100) axial channeling dip for 500-keV protons in
tungsten at various temperatures [An67]. The calculation is based on
Eq. (2.62).



Donald S. Gemmell: Channeling

find the ratio yy,/¢s as a function of only the two
parameters u,/(Ca) and y4/(Ca/d). This ratio, which was
called ar in Eq. (2.57), is plotted in Fig. 15. It is
interesting to note that for ¢4 < Ca/d, the calculated ax
is almost constant. If also ¢s < u,/d, this constant value
is close to the value given by Eq. (2.58). Although the fit
to the experimental data for tungsten is gratifying, the fit
to channeling data for many other crystals is not nearly
so good. Thus, for example, the values of ar obtained
from the experiments of Andersen and Laegsgaard
[An72a] fall to about 70% of the calculated values when
wy/a is large, as seen in Fig. 42.

The axial blocking dip has also been calculated analyt-
ically by Tulinov [Tu65a,b] and Oen [Oe65], both of
whom employed the exponential screening function, Eq.
(2.6). Tulinov discussed two angular widths which ap-
proximately correspond to the values yu and iy, in Fig.
3. In his model, ¥, is determined solely by blocking at the
nearest-neighbor atom in a row and is not temperature
dependent. The result for ., is

Ym = {(2Ro/d)[Ko(RY*d"?/a) + 2]}*,  (2.63)
where R, is given in Eq. (2.9) and K, is the zero-order
modified Bessel function of the second kind (see, e.g.,
[Wa58]). In his derivation of the half-width y/,, Tulinov
treated a row of atoms as a cylinder of radius g filled with
independent classically vibrating atoms. Then for each
particle emitted by an atom in the row, he calculated the
multiple scattering as it moves along and radially out of
this cylinder in which the number of atoms per unit
volume is determined by the interatomic spacing d. After
leaving the cylinder, the particle is further deflected by
the continuum potential. The result total deflection is
then

18 i | i
-3 /
o 16 R A
" 1
=3 " up/Cap=0.15
S, ol 43/Ca=0.25
. - ‘ -
//ﬁ ug\/CCI—OA35
10 ! . u2/Ca=0.50 —
08 ] u3/Ca=0.70 _|
L—1 |
06—~
=
04 - .-
02 | ]
R ) 178 6 10806 04 02 O
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F16. 15. The ratio ar = /41, calculated from Eq. (2.62) as a
function of the two parameters y1/(Ca/d) and u,/Ca [An67].
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The values calculated from Egs. (2.63) and (2.64) gave
reasonable fits to the proton blocking data measured at
80 and 300°K by Tulinov ef al. [Tu65a, b] when the value
g = \/3u; was used for the radius of the cylinder.

Oen [Oe65] calculated the blocking of 5.49-MeV «
particles in tungsten in order to make a comparison with
the data of Domeij and Bjorkqvist [Do65a]. In this
model, only two atoms are considered; the emitting atom
and the nearest-neighbor atom in the {111) row. The two
atoms are allowed to vibrate relative to one another. An
exact analytical expression of general applicability for the
angular emission pattern was obtained. The result shows
Y/, decreasing and xmin increasing with increasing temper-
ature. The angular width fits the experimental value quite
well, but it is not possible to fit Xmin and xmax simultaneous-
ly. If one fits the region around xm.x and assumes that the
poor fit then found around xmn is due to experimental
problems, then the implied two-dimensional thermal vi-
bration amplitude has the unusually low value w,
= 0.0024 A. Oen postulates that this implies a high
degree of correlation between the thermal vibrations of
neighboring atoms. He also points out that scattering by
the second-nearest neighbor increases i, by about 10%.

Ibel and Sizmann [Ib68], Varelas and Biersack [Var70]
and Varelas and Sizmann [Var72] have made analytical
calculations to investigate the conditions that determine
the maximum transverse energy sustainable by an isolat-
ed static row of atoms. These authors have computed the
total deflections of incident ions by summing the contri-
butions (calculated by means of the impulse approxima-
tion) from each atom in the row. The critical distance of
closest approach is found to decrease with increasing
incident energy {c.f. Eq. (2.37); see also [Li65; Mo68;
70a, 71; Mar70]}. We denote this energy-dependent criti-
cal distance of closest approach by p.s, where the sub-
script S denotes that the value is for a static row. Varelas
and Sizmann [Var72] found that for a thermally vibrating
row a good approximation for the distance of closest
approach is p.v = (pZ + u3)"?, where u, is defined in Eq.
(2.51). Inserting p.y into Eq. (2.34) was found to give a
good fit to a wide variety of experimental values of v,
including data recorded in both the {4 and iy, energy
regions.

Following the initial work of Robinson and Oen
[Ro63a, b], many authors (e.g., [No67, 69; To68, 69;
Ho68; Ba68, 71; Mo68, 70a, 71; Ry68, 70, 72; An70;
Ma70]) have made Monte Carlo calculations on axial
channeling. Three types of calculation of the axial chan-
neling dip were compared by Andersen and Feldman
[An70]. Using a binary-collision model, they performed a
Monte Carlo calculation on the emission of particles
from atoms in an isolated string, and the results were
compared with those calculated [An67] from Lindhard’s
halfway plane model, Eq. (2.61), and with the results of
the simple continuum model,” Eq. (2.55). Surface trans-
mission effects were omitted. Figure 16 shows such
comparisons in two materials. In general the results of
the binary-collision model and the halfway plane model
agree very well. In their binary-collision calculation,
those authors also found that if all the atoms in a row
were allowed to vibrate, the effect on the emitted angular
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distribution was quite small. When yy < u,/d, as in the
case shown in Fig. 16(b), then all three models are in
good agreement.

The fact that these three models can give such good
agreement among themselves and yet can give values of
Yy, as much as 30 to 40% larger than the experimentally
determined values, as has been found in many investiga-
tions (e.g., [Dav68a; Pi69a; An72a]), suggests an inherent
difference between the channeling behavior for an isolat-
ed row of atoms and for a complete lattice. Unfortunat-
ely, analytical calculations taking account of the com-
plete lattice are prohibitively complex, especially if ther-
mal vibrations are included. Thus whole lattice calcula-
tions are almost invariably of the Monte Carlo type and
are performed on large-scale electronic computers. Such
calculations may be regarded as computer experiments
and have been performed extensively in recent years,
notably by Barrett [Ba68, 71], Morgan and Van Vliet
[Mo068, 70a, b, 71]Jand Ryabov [Ry68, 70, 72].

The Monte Carlo calculations of Morgan and Van
Vliet have emphasized comparisons with and checks on
the validity of the continuum model. They have charac-
terized the results of their calculations in terms of p., the
critical distances of closest approach to rows or planes,
and have developed simple empirical rules giving the
dependence of p. on Yy and w. These authors have also
computed particle-flux distributions in crystals (Sec. 2.4f)
by Monte Carlo methods. In addition, they and several
others (see Sec. 6.6) have computed the way in which
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blocking angular distributions are modified by the finite
lifetimes of emitting nuclei as they recoil from lattice
sites.

In 1971, Barrett published the results of a very detailed
set of Monte Carlo computer calculations from which he
was able to derive empirical formulas that fit not only the
calculated results but also a great variety of experimental
determinations of Yy, and xmin. Classical trajectories of
ions were followed through various simulated crystals
(mostly, but not always, tungsten). The calculations were
done mostly for the channeling case, i.e., an ion beam
was considered to be incident upon the crystal surface at
randomly chosen positions. Thermal vibrations were
simulated by assuming the atoms to have independent
displacements with probabilities given by Eq. (2.44). The
Moliére potential was used. The deflections at each
binary encounter were computed by the impulse approx-
imation. Energy losses were neglected, as was the effect
of multiple scattering due to electrons. As a measure of
close-encounter processes, a quantity called the normal-
ized nuclear encounter probability was introduced. It is
defined as

where ¥ is the angle between the beam direction and the
direction of the channel, i is an index number labeling a
particular binary collision, p; is the radial distance (i.e.,

L
2ut

cos Y

= Smd NaT, 2 exp (— (2.65)

PNE
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FiG. 17. Half-angles 4, as a function of thermal vibration amplitude
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the distance measured in the plane normal to the axis of
the channel) from the trajectory to the row containing the
ith atom, and the number of collisions N, is given by the
number of calculated trajectories multiplied by the thick-
ness of the section of crystal being considered and
divided by d. By evaluating Eq. (2.65) for a succession of
thin slices parallel to the surface of the crystal, the depth
dependence of Pyz can be obtained. At the crystal
surface, Pve = 1.

In the part of his calculations in which he studied y,/,
and xmn, Barrett treated mostly the case of 10-MeV
protons incident on tungsten. He assumed that the beam
divergence and the mosaic spread were zero. He consid-
ered a depth range of 0-5500 A in order to average over
surface oscillations in the value of Pyg (as discussed more
fully in Sec. 2.4el) and calculated for temperatures of 4.2,
298, 700, 1200, and 1800°K. The Debye temperature of
W was taken to be 400°K [Gray63]. Some other authors,
e.g., Andersen [An67, 72a), use a value of 310°K [Lo48].
Figure 17 shows the calculated values of iy, at these
temperatures. The curve through the points for axial
channeling was obtained from

Yy, = kEes(mux/a)llJl, (2.66)

where Frs is defined in Egs. (2.18) and (2.36) and is
plotted in Fig. 117, and the values k = 0.83 and m = 1.2
were found by adjustment to give the best fit to the
points. Note that if Eq. (2.57), based on the simple
continuum model, is evaluated for the Moliére potential,
the form obtained for yy, is the same as Eq. (2.66) with
k= 1and m = 1.18.

Barrett also computed the dependence of Yy, on E and
found the inverse-square-root law to be valid to within
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F1G. 18. Axial minimum yield Xm, calculated [Ba71] as a function of
the square of the thermal vibration amplitude for several beam diver-
gences. The depth range considered is 340-1370 A.

small errors. The best fit of Eq. (2.66) to the energy-
dependent calculations was found with & = 0.80 and
m = 1.2. The values of yy,, calculated from Eq. (2.66)
with k = 0.80 and m = 1.2 were compared by Barrett
with 35 different experimental values obtained with a
great variety of targets, ion-beam species, energies, and
orientations. The fit obtained was very good, in general
calculated and measured values agreed to within 5 or
10%. This level of agreement is about as good as can be
hoped for since most of the experimentally determined
values were not accompanied by a specification of the
direction (the so-called tilt plane) along which the scan
through the axis was made. Variations in the direction of
this tilt plane can give rise to variations of several percent
in the measured values of ¥y, [An68]. It is tempting to
interpret Eq. (2.66) to mean that the distance of closest
approach to a row is p. = mu; and that the factor &
relates y. to yy,. However, in his paper Barrett states that
the values of p. that he determined did not have either a
simple linear or a quadratic dependence on u;.

The axial minimum yields calculated by Barrett for 3-
MeV protons incident along the {111) of W are shown in
Fig. 18 for various temperatures and for various beam
divergences. It was found that, to a good approximation,

Xmin = Cr(A)Ndmu3, (2.67)

where the coefficient Cz(A) is a function of the standard
deviation A of the assumed Gaussian distribution of
incident-beam directions. For a perfectly collimated
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beam, Cz(0) = 3.0. Barrett discussed the large value of
Cr and the negligible magnitudes of any temperature-
independent terms in Eq. (2.67), in contrast to Eq. (2.47),
by considering two factors: an effectiveness factor and a
density of trajectories factor. These together with their
product are plotted in Fig. 19 as a function of transverse
energy. For particles with transverse energies near to the
maximum value of the continuum potential energy
(~650 eV), the effectiveness factor for nuclear encoun-
ters is greater than unity. On the other hand, trajectories
with low transverse energies are very numerous and
consequently make a substantial contribution to xmi, even
for transverse energies lower than the continuum poten-
tial energy (~400 eV) evaluated at a distance u, from a
row. In Fig. 19(c), the data for the simple geometrical
model were obtained on the assumption that the effec-
tiveness factor is 1 for all trajectories that strike within a
distance u, from the row and is O for all others. This leads
tO0 Xmin = Ndmuj, about a factor of 3 smaller than the
Monte Carlo results. The result for the continuum-row
model is about two-thirds that for the discrete-lattice
model. The difference arises mostly from those trajec-
tories that have been shifted upward in transverse energy,
and hence to higher effectiveness factors, by strong
collisions in the Monte Carlo calculations.

Barrett also found that the computed values of xuin
were energy dependent. This is shown in Fig. 20(c)
together with curves representing a generalized expres-
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sion which he found to fit the results of his calculations.
This equation is

Xmin = CR(A)Nqu%(l + §—2)1/2, (268)

where

¢ = 22w/, d). (2.69)

The forms of Egs. (2.68) and (2.69) were suggested on the
ground that the value of x.. would be expected to be
related to L, the effective number of surface layers
contributing to the surface peak. Examples of surface
peaks will be seen below in Figs. 25 and 26; the explana-
tion for these is that Pyg, given by Eq. (2.65), is unity at
the first layer in the crystal and then decreases rapidly
with depth in the crystal because of the screening effect
of the first few layers. The number L is defined as the
area under the surface peak in a plot such as Fig. 25
divided by the spacing d between atoms in a row. At low
energies, the screening by the first layer is totally effective
and hence L = 1. At higher energies it might be expected
to be of the form L = ¢ with ¢ o u/(yy,d). These two
extremes of the energy range can be connected by -

L=(1+¢)"7, (2.70)

where the value of { is as given in Eq. (2.69). Figures
20(a) and (b) show the values of L calculated from the
areas under the surface peaks (points) and their fit to the
curves representing Eq. (2.70). If one postulates that L
and xm. are related by

Xmin & L\xbl/l S8 L/§7 (271)

this then leads to Eq. (2.68). At high energies (Y
< uy/d) Eq. (2.68) reduces to the form given in Eq.
(2.67). Mainly because of difficulties in obtaining undam-
aged clean surfaces on crystals, there exist very few
experimental data to compare with Eq. (2.68). A further
source of difficulty is the fact that the calculated values
of Xmn assume a certain depth range in the crystal,
whereas the measured values are usually. determined for
a fixed energy loss. :

An amorphous surface region will increase xm, by an
amount xs, which can be estimated by methods suggested
by Lindhard [Li65] and Barrett [Ba71]. If it is assumed
that scattering through an angle of iy, or greater is
required for a contribution to xmn, the resulting estimate
of X3 is

X3 = 2 n.Ndn|Z\ Z,&/(Eyy)], (2.72)

where the index s runs over the types of atoms in the
surface region, Z, is the atomic number, and n;, is the
number of layers of type s. The contribution of the
amorphous surface layer to L is

L= 3 n(Z,/2,). (2.73)

Barrett made Monte Carlo calculations on the effect of
amorphous surface layers and the results agreed well with
Egs. (2.72) and (2.73). He pointed out that by making
simultaneous measurements of Xm, and L over a range of
energies, it should be possible to determine the contribu-
tions to each from the amorphous surface layers and
from the underlying lattice itself.
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FiG. 21. Schematic diagram of planar channeling and the associated
continuum potentials.

2.4d2. Planar case

The motion of a particle channeled between two planes
is much easier to treat analytically in the continuum
model than is the more complex motion of axially
channeled particles. In the approximations used in this
section, the motion is a relatively simple oscillation in the
z direction normal to the planes (Fig. 21). There will be
conservation of the transverse energy which, if we use the
static continuum potential energy function defined in Eq.
(2.31), can be written

E_L = E(PZ + Ups(Z), (274)

where z is the distance from the midplane of a channel to
a point on the trajectory and ¢ is the angle between the
planar direction and the trajectory at this point. Several
authors (e.g., [An67; Ba68, 71; Pi69b; Ko70; Mo70c;
Po71a; Ry72]) have calculated the shapes of planar
channeling dips. Results obtained analytically by Poizat
and Remillieux [Po71a] and from Monte Carlo calcula-
tions by Barrett [Ba71] will be quoted here for illustra-
tion.

Poizat and Remillieux made a continuum-model calcu-
lation of planar channeling. Instead of Ups in Eq. (2.74),
they used the temperature-dependent continuum poten-
tial that Appleton, Erginsoy, and Gibson [Ap67] derived
from the Moliére potential. In the form given by Barrett
[Ba71], this potential at a distance p from an isolated

plane is
VPV(F’» ul)
3
) _ 1 ,Bi u, (Y
= 2 1y ef Bip/a R —_—
Ey; ; 1vie {e P erfc[\/i( 2 u;)]
1 (Biwm  p
Bipla —_— L.
+e‘ferfc[\/§<a +u1)]}’
' (2.75)
where
erfe(x) = —2—fw e dt (2.76)
Vi

is the complementary error function, y; = a;/B;, and
7, = B?u?/(2a*) with a; and B; as defined in Eq. (2.2). The
subscript ¥ denotes that the atoms are considered to be
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vibrating with a Gaussian probability distribution, c.f.
Eq. (2.44). Poizat and Remillieux approximated the inter-
planar continuum potential by the sum of the contribu-
tions from the two neighboring planes. In analogy with
Egs. (2.31) and (2.41), this will be denoted by U? (z,u).

As a channeled particle with transverse energy E,
penetrates a crystal, its distance from the midplane varies
from z = z,,,(E.) to z =0 as it moves forward a
distance

X(E.u) = |, =B IE, — URGw))Pdz, (277)
where z,,(E.) is defined by
U zma(EL), w] = E,, for E, < U (4d,,m), (2.78a)

Zoa(EL) = id,, for E, > U (3d,,w). (2.78b)

For a particle incident at initial angle o and distance zo
from the midplane, the transverse energy is

E. = Eg} + U9 (zo0,m). (2.79)

Averaged over z,, the normalized nuclear encounter
probability is

zmax(EL)

P(id, — 2)
(2.80)

xo,u) = 2 [} X (B w)] ™ dzo |
X {E/[E. — U (z,w)]}V* dz,

where P(x) is given by Eq. (2.44).

Equation (2.80) was evaluated by Poizat and Remil-
lieux, and the result for the case of 3-MeV protons
incident at angles near the (110) plane of Si at room
temperature is shown as curve (a) in Fig 22. Somewhat
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Fujimoto [Ko070]. The most striking features are the very
high and sharp compensation shoulders on the curve.
These shoulders are broadened and greatly reduced in
height by multiple scattering, whereas xmn and ¢, are
affected much less. Curve (b) in Fig. 22 was calculated
with only nuclear multiple scattering taken into account.
For the shoulder regions of the curve, this can be
expected to be a reasonable assumption, and, in fact, in
these regions the curves agree well with experimental
results. The rather weak temperature dependence of Xmin
and Yy, calculated from Eq. (2.80) is also in accord with
experimental observations. However, the calculated
values of xmn are about two-thirds of the experimental

Fic. 22. Calculated planar chan-
neling dips for 3-MeV protons in-
cident along the (110) planes of Si
at room temperature (4
0.075A). The curves were calculat-
ed (a) without multiple scattering

0.8
and (b) with multiple scatterinﬁ
included for a depth of 5000
086 [Po71a].
04 I _
wl LV

similar results have also been obtained by Andersen -6z 0 02
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values and those of ¢, are ~10% too large. These
differences are probably due to the above-average en-
counter probability for part of the initially unchanneled
component of the incident beam [Alt70a].

In the course of his Monte Carlo calculations (outlined
in Sec. 2.4d1), Barrett [Ba71] derived results for planar as
well as axial channeling. The typical temperature de-
pendence of i, is much weaker for planar than for axial
channeling, as was seen in Fig. 17 in which the curve for
planar channeling was obtained from

Yy = kE’S(mul/a, dp/a)l[/a, (2.81)

where Fps is defined in Egs. (2.25) and (2.43) and is
plotted in Fig. 118, and the values k = 0.76 and m = 1.6
were found by adjustment to give the best fit to the
points. Barrett also found that the inverse-square-root
dependence of 4y, upon the bombarding energy held
quite well for his calculations on planar channeling; the
best fit to the energy-dependent values were found with
k = 0.72 and m = 1.6 in Eq. (2.81). The experimentally
determined dependence of v/, on the interplanar spacing
d, is well reproduced by Eq. (2.81); an example is shown
in Fig. 23. Barrett computed the values of i, from Eq.
(2.81) with k = 0.72 and m = 1.6 and compared them
with 32 different experimental values representing a wide
range of combinations of target, bombarding energy,
interplanar spacings, etc. The agreement was good, typi-
cally within about 10%.

The planar minimum yield calculated by Barrett for
10-MeV protons in the (110) planes of W was found to
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increase approximately linearly with the thermal vibra-
tion amplitude in contrast to the quadratic dependence
for the axial case. The dependence of the calculated Xmin
on E and u is shown in Fig. 24 together with the effective
number of surface layers L. The corresponding curves for
the axial case were shown in Fig. 20. No general formula
analogous to Egs. (2.67) and (2.68) could be deduced for
the planar xmn from the Monte Carlo calculations. The
value of xmi» determined experimentally for protons in the
(110) planes of W by Davies et al. [Dav68] was found not
to vary significantly in the energy range 2-6 MeV. This is
consistent with the calculated weak energy dependence.
The experimental result is also shown in Fig. 24. The
agreement with the Monte Carlo calculation is good, in
fact, much better than with the simple estimate given in
Eq. (2.49).

2.4e. Depth dependence

As a beam incident in a channeling direction traverses
the first layer of atoms in a crystal, there is, assuming
quantum-mechanical diffraction effects to be negligible,
no immediate channeling effect. Thus, for example, the
yield of close-encounter processes from this first layer
will be the same as for an amorphous target. However, a
certain fraction of the beam that satisfies the require-
ments on transverse energy at the entrance to the crystal
will become initially channeled as successive layers are
traversed and as the ordered structure of the medium
begins to assert itself. We denote this initially channeled
fraction as f£,,(0). As the beam progresses further through
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the crystal, the channeled fraction decreases (becomes
dechanneled) primarily as a consequence of electronic
and nuclear multiple scattering. The nuclear encounter
probability Pyg given by Eq. (2.65) also varies with depth.
In the region just below the surface, typically at a depth
of a few thousand angstroms, Pys shows an oscillatory
behavior; at larger depths, typically a few microns, Py
increases because of dechanneling. These two regions of
depth dependence will be discussed in Secs 2.4el and
2.4e2.

2.4e1. Surface oscillations

At the crystal surface, the normalized nuclear encoun-
ter probability Py in Eq. (2.65) is by definition equal to
unity. At the second and successive layers that the beam
encounters in the crystal, Pvs will be less than unity
because of the screening effect of the first layer. The
actual value of Pyg evaluated for the second layer, for
example, will depend on such factors as the perfection of
the crystalline structure at the surface, the thermal-
vibration amplitudes, the correlations between vibrations
of neighboring atoms, the lattice spacing, and the beam
energy. After a few layers (in the axial case) or tens of
layers (typical of the planar case), this screening effect
becomes almost complete, and Pyg falls to a value close
to zero. The initial high value of Py is referred to as the
surface peak and is readily observable in Rutherford
backscattering measurements, for example. The largest
contribution to the surface peak comes from those par-
ticles whose initial transverse energies are too great for
them to be channeled. In traversing the first few layers,
the great majority of these particles scatter into small
forward angles. Even though they are unchanneled, their
motion in these first layers is still governed by the
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ordered structure of the lattice. Such particles are initially
steered away from the channel walls. As they traverse the
crystal they move across the center of the channel and
then encounter the opposite wall where again Pyg reaches
a peak. In his Monte Carlo calculations, Barrett [Ba71]
has calculated the depth dependence of Py in the region
near the surface. Figures 25 and 26 show some results for
axial and planar channeling, respectively. The oscilla-
tions are more regular for the planar than for the axial
case and occur approximately at intervals of }A.,, where
Aa is the classical oscillation wavelength. As the beam
moves into the crystal, the oscillations damp out because
of a spread in the wavelengths associated with the spread
in initial impact parameters and also because of the
strong multiple scattering encountered by this compo-
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nent of the incident beam. For the axial case, the
behavior is less regular because the motion between rows
is more complex than that between planes. The depth at
which the first peak shown in Fig. 25 occurs is in good
agreement with that estimated by use of continuum
potential energies and the assumption that it is due to
collisions with the nearest-neighbor rows. Similarly, the
second peak can be associated with the second-nearest-
neighbor rows. The greater intensity in this peak may be
due to a steering effect of the first-neighbor rows.

One can determine L, the effective number of surface
layers contributing to the surface peak, by integrating the
surface peak as a function of depth and then dividing by
the spacing d between atoms in a row. Values of L have
been computed by Barrett and are plotted in Figs. 20 and

24, for example. From a comparison between measured
and calculated values of L, it is possible to extract
information about the structure of the crystal surface.

In quoting values of xmia(0), it is customary to average
over the surface oscillations, excluding, of course, the
surface peak. Because the initially unchanneled particles
can have an average nuclear encounter probability that is
anomalously high, there is not necessarily a simple rela-
tionship between xmin(0) and £, (0).

2.4e2. Dechanneling

Thus far, we have assumed that the transverse energy
for channeled particles is a constant of their motion. This
assumption is a reasonable one when considering chan-
neling at small penetration depths, typically, up to a few
thousand angstroms. However, at greater depths, the
initial distribution in transverse energy becomes signifi-
cantly modified through multiple scattering of the beam
by the electrons and nuclei of the target and by defects
and impurities in the target. In particular, the transverse
energy of some of the initially channeled particles be-
comes larger than the critical value for stable channeling.
These particles are then lost from the channeled fraction,
which is thus steadily depleted as the beam progresses
through the crystal. This dechanneling of the beam
occurs over distances that are typically on the order of
several microns for high symmetry directions.

Dechanneling was first described theoretically by
Lindhard [Li65]. The treatment given in the present
section will be essentially a high-energy one pertaining
mainly to the Bethe-Bloch region (see Sec. 2.6a) and, in
common with most discussions of the theory of dechan-
neling (e.g., [El67; Fel68; Kum?70a; Fot70a, 71; Beh71,
72; Mor71b, 72; Bel72a, b, ¢; Bj72; Bond72; Pok72]), will
lean heavily on concepts introduced by Lindhard in his
1965 article.

For a collimated beam of particles incident with ener-
gy E upon an amorphous target, the rate of increase of
the mean-square angular deviation of the beam due to
nuclear multiple scattering is given approximately by the
following expression of Bohr [Boh43]:

(dQ*/dx), = (My/M E )(—dE/dx)., (2.82)

where M, and M, are the masses of the beam particles and
target atoms, respectively. The rate of energy loss
(—dE/dx), due to nuclear scattering can be written
[Li63,65]

(—dE/dx), = (4nZ2Z}e*/Myv*)NL,, (2.83)
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where Z, and Z, are the atomic numbers of the projectile
and target atoms, respectively, v is the velocity of the
incident beam, N is the number of target atoms per unit
volume, and L, is given approximately by

L, = 11'1[129(1M2 E/Z] Zz(M + Mz)ez]. (284)

The screening distance a is defined in Eq. (2.3). Equa-
tions (2.83) and (2.84) apply when the expression in the
square brackets in Eq. (2.84) is large compared with
unity. This expression is approximately equal to the ratio
of the screening distance to the classical collision diame-
ter (Eq. 2.9) and, in the energy range being considered
here, this ratio is certainly much greater than unity.
Similarly, there is a contribution from multiple scattering
due to electronic collisions:

(d/dx). = (m./2M E)(—dE/dx).,  (2.85)

where m, is the electron mass and the electronic stopping
power is given by
(—dE/dx). = S.NZ,. (2.86)

The electronic stopping cross section S. can be written

S. = (4lele4/meu2)Le. (2.87)
The factor L. is approximately
L. = In(2m.v?/I), (2.88)

where I is the mean excitation energy of the target atoms
(I = 10Z, eV). Section 2.6a contains a fuller discussion
of energy losses.

Comparing Egs. (2.82) and (2.85), one notes that for an
amorphous medium, or for particles traveling randomly

- in a crystal, the electronic contribution to (dQ?/dx) is

much smaller than the nuclear contribution by a factor of
roughly 27, L,/L., which is typically on the order of a few
times Z,. From an initially well-collimated beam, there
develops, due to multiple scattering, a Gaussian distribu-
tion in angular deviations ¢ given by

B (@)2mpde = (2pde/Q?)exp(—¢?/Q%),  (2.89)

where Q? is found by summing Egs. (2.82) and (2.85) and
integrating over the depth x.

For particles channeled in a crystal, both the nuclear

and the electronic contributions of the multiple scattering
are reduced compared to the corresponding values for
randomly traveling particles. Moreover, the reduction
factors are dependent upon the range of impact parame-
ters sampled by the channeled particles; i.e., there is a
dependence ‘upon the transverse energy. Further, for
particles channeled with a given transverse energy, one
expects the nuclear multiple scattering to be dependent
upon the thermal vibration amplitude. The electronic
multiple scattering should be only very weakly tempera-
ture-dependent since the electron density distribution
experienced by a channeled particle does not vary much
with temperature. :
"~ We consider firstly the case of axial channeling and use
the approximation of isolated and randomly distributed
strings of atoms; i.e., the possible influence of planes is
disregarded. The transverse energy of a particle can then
be written in the continuum approximation as
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E. = E¢* + Vis(p), (2.90)

where @ is the instantaneous angle between the particle’s
trajectory and the axis and Vis(p), the static continuum
potential at a distance p from the row, is defined in Egs.
(2.14) through (2.19). For particles with a given trans-
verse energy, the average rate of change of this transverse
energy with penetration depth x is

(dE.Jdx> = E{dg*/dx> + (@*(dE/dx)>, (2.91)

where the average is taken over the area A(E,) in the
transverse plane accessible to particles with transverse
energy E,. It is assumed here that statistical equilibrium
has been reached in the sense that this accessible area is
uniformly populated with particles of transverse energy
E,. The first term on the right-hand side of Eq. (2.91)
gives the rate of increase of transverse energy due to
multiple scattering, and the second term gives the rate of
decrease due to energy loss, or damping. This latter
contribution is relatively small [Bj72] as can be seen from
Fig. 27 and will be ignored in the remainder of this
section.

If the crystal is free of defects and impurities, then the
multiple-scattering term in Eq. (2.91) may be written as
the sum of nuclear and electronic contributions. It is
convenient to express the transverse energy in units of the
characteristic transverse energy Eyi/2 = Z, Z,e*/d,
where d is the spacing between atoms along the rows.
Thus with

er = EL/(GEYR), (2.92)
Eq. (2.91) may be rewritten as
(deyJdxy = {de,Jdxdn + {de. JdxDe.  (2.93)

Lindhard evaluated the nuclear contribution in Eq.
(2.93) by considering the force fluctuations experienced
by channeled particles as a consequence of thermal
vibrations of the target atoms. Assuming that the vibra-
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Fi1G. 27. The magnitude of the different contributions to {dE, /dx) as
a function of E, for 2.0-MeV protons channeled along the {100) axis
in W and for 1.5-MeV protons channeled along the {111) axis in Si
[Bj72]. The curves labeled nuclear are evaluated from Eq. (2.94).
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tion amplitude u,, defined in Eq. (2.51), is small com-
pared to the distance of the channeled particles from the
rows and using Lindhard’s expression for Jzs(p), i.e., Egs.
(2.16) and (2.19), one finds

(de. fdxy, = (2x,)7' {3 exp(er) + $}{1 — exp(—e.)}’,
' (2.94)

where
x» = (C?a*/2u3)(wNd*y?)™".

Note that {de, /dx), is proportional to u}.

The electronic contribution to Eq. (2.93) can be found
by analogy with the random case, Egs. (2.85)—(2.88). The
electronic stopping power is averaged over the area
A(E,) taking into account the variation in the electron
density distribution #.(p). This distribution is obtained by
averaging the value given in Eq. (2.5) along the row
direction. The result obtained by Lindhard is

(defdxye = (x)7'{1 — exp(—e.)},

(2.95)

(2.96)

where
x. = E/(wZ e*L.Nd). (2.97)

Note that {de,/dx). is approximately independent of
temperature.

The quantities given in Egs. (2.91), (2.94), and (2.96)
have been calculated by Bjorkquist ez al. [Bj72] for axial
proton channeling in W and Si. Their results are shown
plotted in Fig. 27. It is worthy of note that, in contrast to
the random case, the electronic contribution can be much
larger than the nuclear contribution, especially for par-
ticles with low transverse energies, i.e., the best channeled
particles. The use of a mean ionization potential, i.e. Eq.
(2.88), in calculating the value of L. in Eq. (2.97) leads to
too small a result for <{de,/dx). since the channeled
particles interact only very weakly with the most tightly
bound electrons. A value of L. based on a treatment in
which the electrons are regarded as constituting a gas
with locally varying density (curves (b) in Fig. 27) may be
a better approximation.

These considerations lead to the following conceptual-
ly, if not computationally, simple picture of the dechan-
neling process. The initial, normalized, distribution g(E, ,
0) of transverse energy for a beam incident parallel to a
major axial direction is determined by its divergence
outside the crystal, by the multiple scattering in any
amorphous, e.g., oxide, layers on the crystal surface and
by the transverse continuum potential energies acquired
by the beam particles as they uniformly illuminate and
enter the axially aligned rows of atoms. For a well-
collimated beam and for a clean and structurally perfect
crystal surface, the distribution g(E,,0) is sharply
peaked about E, = 0; we assume that the minimum
continuum potential between rows is adjusted to be zero
as is done, for example, in Eq. (2.30). Under these
conditions the development of g(E,,x) as the beam
proceeds into the target will initially be determined
mostly by the dominating electronic multiple scattering;
the crystal is assumed to be free of defects and impurities.
As the transverse energy increases, the nuclear multiple
scattering plays a growing and, eventually, a dominant
role. For individual beam particles the changes in trans-
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verse energy at successive scatterings are in the nature of
a random walk process, there being a net drift toward
higher transverse energies with a rate given by Egs.
(2.93)~(2.97). The distribution in transverse energy can
therefore be described by a diffusion equation:

ag(f;,X) - 5—8E—L(D(EL)'38E8(EL’X))’ (2.98)

where D(E,) is a diffusion function. The validity of this
diffusion approach and the functional relationship be-
tween D(E.) and {dE,/dx) have been discussed by
Lindhard [Li65] and by Bonderup et al. [Bond72]. Once
the initial distribution g(E,,0) is given, then g(E, , x) can
be found by solving Eq. (2.98). If one makes the assump-
tion that those beam particles with transverse energies
greater than some critical value E, . are dechanneled,
then the dechanneled fraction as a function of depth is
given simply by

1 — fu(x) = ﬁm g(E.,x)dE. . (2.99)
Dechanneling has been calculated in this fashion by
Morita and Itoh [Mor71b, 72] by Kumakhov and co-
workers [Kum70a; Bel72a, b, c] and Bonderup et al.
[Bond72]. Figure 28 shows some results for axially chan-
neled protons in Si and W.

The particles which dechannel at fairly shallow depths,
e.g., in the first 10 u for the case shown in Fig. 28, will be
mostly those which began in the distribution g(£.,0)
with high values of the transverse energy. These particles
have a large value of (dE,/dx) determined mostly by
nuclear multiple scattering. Such considerations, together
with the computational difficulties involved in solving the
diffusion equation, have led several authors (e.g., [Ca70,
71, 72a, b; Fot70a, b, 71; Beh71, 72; Bj72]) to adopt the
so-called steady-increase approximation. In this, it is
assumed that because of the rapid rate of increase of the
transverse energy, the spreading introduced by diffusion
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is negligible in the depth required for the particles to
dechannel. The rate of increase of E, for each particle is
then set equal to {dE,/dx). In this approximation, the
transverse energy of a particle at a depth x is entirely
determined by its initial value E, o. All particles that start
off with the same value E, , dechannel at the same depth
found from

M(Eso) = [,

where {dE,/dx) is determined by Egs. (2.92)-(2.97).
Comparisons of the dechanneled fractions calculated this
way with the values calculated including diffusion are
shown in Fig. 28. The agreement is good for dechanneled
fractions up to about 20%, but after that the steady-
increase approximation gives dechanneled fractions
which increase far too rapidly with depth.

The importance of the diffusion process has been
emphasized by Bonderup et al. [Bond72]. Figure 29
illustrates the spreading of the calculated transverse-
energy distribution with increasing depth for the case
where the initial distribution is a delta function.

A somewhat different approach to the calculation of
axial dechanneling has been given by Ellegaard and
Lassen [El67]. Making some simplifying assumptions,
these authors derived a formula which gave a good fit to
their experimental data. They assumed the angular distri-
bution of the beam inside the crystal to have the Gaus-
sian form given by Eq. (2.89) and with

@ = (x/L)¥i,

where L, is a constant equal to the depth required for ©?
to grow as large as yf. The dechanneled fraction is then
assumed to be

(2.100)

(WL ) dE.

(2.101)

S B(@2mpdp = exp(—4i/Q?) (2.102)

(2.103)

1= fu(x)

exp(— Li/x).

100

o =0

T=293°K

Without diffusion

16 MeV H*— <110)Si

With diffusion

2MeV H*— (1000W

2 4 6 8 10 12 1% 16

Fi1G. 28.

1820 22 26 26 28 30 32 34 36 38
x(H) .

Dechanneled fraction calculated as a function of depth for axially channeled protons in Si and W [Bond72]. The solid curves are from

solution of the diffusion equations, and the dashed curves are calculated assuming a steady increase in transverse energy. The critical value of the
transverse energy, see Eq. (2.99), used in the calculation is E, o = Vas(u2).
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F1G. 29. Development of the distribution in transverse energy calcu-
lated for axially channeled protons in W [Bond72]. The energy and
depth coordinates &, and ¢ are given in units of }EYf and x,,
respectively, see Egs. (2.92) and (2.95). The initial distribution is taken
as a delta function; i.e., g(e,,0) = 8(e,. — €, ), where £, o =~ 0.1.

The minimum yield xmin(x) is then calculated on the
assumption that it contains contributions both from the
dechanneled beam with an effectiveness factor of unity
and from the channeled beam with an effectiveness factor
equal to xmin(0). This gives

Xmin (X) = exp(—Li/x) + [(1 — exp(—Li/x)]xmin (0)
: (2.104)

= Xmin(0) + [1 = Xmin(0)]exp (— Li/x). (2.105)
For an amorphous medium, Egs. (2.82) and (2.83) show
that the distance required for the mean-square nuclear
multiple scattering angle to grow as large as yf is approx-
imately given by

I, = 2/aNd* L7 . (2.106)

If one makes the rough approximation that the density of
target atoms encountered by the channeled beam is
about xmia(0) times the total density N, then

L = L/Xmn(0). (2.107)

With this value inserted into Eq. (2.105) Ellegaard and
Lassen obtained excellent agreement with their axial
dechanneling data obtained for proton bombardment of
Bi at two different temperatures. Fujimoto and co-work-
ers [Fuj70, 71a, b; 72b] have somewhat extended the
- theory of Ellegaard and Lassen by taking into account

the beam divergence and surface effects; some results are

given in Sec. 4.21.

For planar dechanneling, considerations apply similar
to those already discussed for the axial case. A diffusion
model for the escape of particles from planar channels
was developed by Feldman et al. [Fel68] (see also
[Th68b]). These authors wrote a diffusion equation for
the distribution rq (8, x) of crossing-angles 8 (see Fig. 21)
for planar channeled particles as a function of the depth
x:

na4(0,x)/dx = D[3*ny(0,x)/96%], (2.108)
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with the boundary conditions

Ay (e, X) = A (=, x) = 0 (2.109)

and

1 (0,0) = 8(6 — o), (2.110)

where i, is the angle of incidence and . is the critical
angle for channeling. D is a diffusion constant. Morita
[Mor72] has performed a similar calculation but intro-
duced a diffusion function D(#, x). These equations have
analytical solutions. Leaving D as an adjustable parame-
ter, Feldman er al. were able to obtain good fits to a
variety of experimental data on planar dechanneling. For
depths greater than a few microns, the calculated expres-
sion for the channeled fraction becomes approximately

Sfen(x) = const. exp(—0.693x/x,,), (2.111)

where x,/,, the half-thickness for dechanneling, is propor-
tional to ¢?/D. If the diffusion constant is taken to be
proportional to the average rate of increase of the mean
square multiple-scattering angle, then, as can be seen
from Eqgs. (2.82)—(2.87), it should also be proportional to
E2. This then predicts

(2.112)

which is in good accord with experimental data on planar
dechanneling (e.g., [Fel68; Dav68, 72a; Ca72al).

Campisano et al. [Ca72a] have evaluated the nuclear
and electronic multiple scattering contributions to planar
dechanneling. They find that the electronic part domi-
nates over a wide range of transverse energy. This is in
sharp contrast with the axial case. The difference can be
largely attributed to the fact that planar continuum
potentials are generally not as shallow as axial ones, and
channeled particles therefore do not approach the walls
so closely. The electronic dechanneling contribution and
the planar critical angle are only very weakly temperature
dependent. Hence, one expects planar dechanneling not
to exhibit a strong temperature dependence, and this
expectation is borne out by experiment. Dechanneling is
discussed further in Sec. 4.2a.

Although the present theoretical descriptions of de-
channeling predict qualitatively the observed dependence
upon various experimental parameters (e.g., the rate of
dechanneling decreases with increasing £ and M, and
increases with higher temperatures), detailed compari-
sons with experiment leave much to be desired. There is
at present no general formula capable of predicting
depth-dependent yields. Figure 30 shows a comparison
between theory and experiment typical of that presently
achievable.

We conclude this section by listing some of the more
obvious reasons for the generally poor agreement be-
tween theory and experiments on dechanneling:

(a) The calculated contribution of electronic multiple
scattering is sensitively dependent upon the expression
used for the electron-density distribution. Expressions
used thus far are probably not very accurate at large
distances.

x,)z = const. E,

(b) Planar effects are ignored in most calculations on
axial dechanneling. However, experiments indicate that
the feeding of particles from axial into planar channels is
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Fi1G. 30. Comparison of theoretical and experimental yield curves for

axial channeling in Si at two temperatures [Bond72]. The experimental -

curves are for wide-angle Rutherford scattering, the top two are based
on € =1, and the lower one is based on & = 1/2, where &
= (dE/dx)a/(AE/dX):aeom- The theoretical curves are calculated using
diffusion theory; see Egs. (2.98) and (2.99).

an important dechanneling mechanism (see,

[Det73)).

(c) The calculated dechanneling is sensitive to the
choice of E, ;. Various choices have been made. Some
of these have included temperature-dependent effects;
others have not.

(d) The assumption, implicit in Eq. (2.94), that w, is
small compared to the distance of the channeled particles
from the rows can be seriously in error for particles with
high transverse energies.

(e) Dechanneling depends sensitively on the beam
divergence, on the effects of amorphous surface layers
and on the presence of defects and impurities inside the
crystal. There is also evidence that strain in the crystal
can strongly affect dechanneling (e.g., [Fel70a]). Factors
such as these presumably account for the fact that even
for Si targets (easily obtainable in the form of highly
perfect crystals with low defect and impurity concentra-
tions) experimental results on dechanneling determined
in different laboratories differ markedly when compari-
sons are made for the same beam particles, energies,
orientations and temperature (e.g., [Fot71; Bond72;
Fon72]). The influence of defects and impurity atoms on
dechanneling is discussed in Secs. 6.2 and 6.3. The effects
of beam divergence and of surface layers have been
treated by several authors (e.g., [Ca71; Fuj71a; Rim71,
72a; Bj72]; see also Sec. 6.4). For very thin amorphous
surface layers, plural scattering theory (e.g., [Kei60;
Mey71]) can be applied.

(f) In most theoretical treatments, it is usually assumed
that rechanneling can be neglected. That is, the probabil-
ity for transitions from the random beam into the aligned
beam is assumed to be small. Morita and Itoh [Mor71b]

e.g.,
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have indicated that this assumption may be in error
especially when xmi is large.

(g) Most theoretical treatments derive the dechanneled
fraction 1 — f,(x) as a function of depth, whereas most
experiments measure the energy spectrum of particles
Rutherford scattered through wide angles and compare
the results for aligned and random orientations. Figure
31 illustrates schematically the type of data acquired in
typical Rutherford backscattering experiments. The
measured energy E* of the detected particles is given in
units of K F, where K is the ratio of the scattered to the
incident energy in elastic scattering, viz.,

Ko — (Micos 8 + (M2 — M?sin?9)"
s M + M,

)2, @2.113)

where 6 is the laboratory scattering angle and we assume
M, < M,. Figure 32 shows a typical history of a dechan-
neled particle that is detected in a backscattering meas-
urement. If the particle is initially well channeled, the
transverse energy at x = 0 will be small. So too will the
channeled stopping power, perhaps as little as one third
of the random value (see Sec. 4.3b). As the particle

Fi1G. 31. Schematic illustration of the normalized random and aligned
spectra observed in typical wide-angle Rutherford scattering measure-
ments. The abscissa gives the detected energy in units of Ks E, where K
is defined in Eq. (2.113).

INCIDENT
BEAM

CRYSTAL

SURFACE\_—"

DETECTOR

FiG. 32. Schematic diagram of the sequence of events in the dechan-
neling of a particle and its detection in a backscattering measurement.
The incident beam lies in a channeling direction. The emerging particle
is assumed not to come out in a channeling direction. The particle
dechannels at point (b) and suffers a large-angle Rutherford scattering
at point (c).
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penetrates deeper, its transverse energy diffuses to higher
values and so does the rate of energy loss. At some depth,
point (b) in Fig. 32, the particle dechannels and with high
probability scatters through only a very small angle. In
the neighborhood of the point of dechanneling, the rate
of energy loss may be higher than the random value. The
particle then proceeds on a random path until, as at point
(c) in Fig. 32, it suffers a large-angle scattering. The cross
section for this scattering is usually strongly energy
dependent (~E~2 for Rutherford scattering). Immediate-
ly after the scattering the energy of the particle is reduced
by the factor given in Eq. (2.113), § ~ 7 — a — 3, where
the angles « and B are shown in Fig. 32. Along the return
path to the crystal surface, the particle experiences the
energy-dependent stopping power characteristic of an
amorphous medium. Obviously there is no one-to-one
correspondence between the detected energy E* and the
depth at which dechanneling occurs. Nor is there such a
correspondence between E* and the depth at which
backscattering occurs. For a given value of E*, there is a
spread in possible dechanneling and backscattering
depths, and this spread grows from zero at the surface to
larger values for lower detected energies. In order to be
able to compare experimental results obtained at differ-
ent laboratories and at different energies and also to
make some comparisons with theory, dechanneling data
obtained via backscattering measurements are usually
analyzed according to the so-called Aarhus convention,
in which it is assumed that the random stopping power
applies to both the ingoing and outgoing trajectories.
With this assumption, the depth of scattering is uniquely
determined, within the uncertainties due to straggling
and the energy resolution of the detector, by the relation

E*(x.) = Ks[E + [, (dE/dx) dx]

[ Ay dx, (2.114)
where dE/dx is the appropriate energy-dependent ran-
dom stopping power along the trajectory shown in Fig.
32. It is widely appreciated that sizable errors are liable
to be incurred in comparing theory with experimental
data analyzed using a depth .scale derived from Eq.
(2.114). One of the curves in Fig. 30 demonstrates that
lowering the stopping power along the incoming part of
the trajectory to one-half the random value can have
quite a large effect on the dechanneling rate deduced
from an experiment. It is common procedure to deter-
mine the depth-dependent yield x(x) from data such as
those shown in Fig. 31 by evaluating

x(x) = Ya(e")/Yana(e),

where ¢* = E*/KE and x is related to E* according to
Eq. (2.114). (Some authors make corrections for the
energy dependence of the Rutherford scattering cross
section.) There is some danger in treating the quantity
given in Eq. (2.115) as representing the dechanneled
fraction of the beam. The Monte Carlo calculations of
Barrett [Ba71] and the transmission measurements of
Altman er al. [Alt70a] both indicate this. For planar
channeling, Altman et al. cite a case where the value of
Xmin(0) is about three times as large as the initially
dechanneled fraction, 1 — f4,(0). This is thought to be

(2.115)
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due to the abnormally high scattering probability for
many of the initially unchanneled particles.

An interesting attempt has been made by Jack [Ja72]
to remove some of the ambiguities inherent in the usual
type of analysis of backscattering data. He assumed that
in a channeled energy spectrum of the type illustrated in
Fig. 31, the contribution due to the dechanneling of
initially channeled particles is

Yin (") = Yan(e*) — x(0) Yuna (™). (2.116)

He then attempted to reproduce the distribution Y, (¢*),
determined from measurements of the quantities in Eq.
(2.116), with a calculated one using various trial func-
tions for the depth dependence of the dechanneling rate.
He performed a detailed computer calculation allowing
the channeled stopping power to vary and including such
effects as the energy variation of the Rutherford scatter-
ing and the contributions from all the combinations of
dechanneling and backscattering depths capable of pro-
ducing a given value of &*. Excellent reproduction of the
experimental data was obtained when he used a chan-
neled fraction exponentially decaying with depth. This
was interpreted as suggesting that the channeled particles
eventually get dechanneled by discrete collisions with
thermally displaced atoms.

2.41. Distribution of particle flux

The existence of surface oscillations (Sec. 2.4el) indi-
cates that the flux of beam particles in the region just
below the surface is far from uniform both in depth (x)
and in position (r for the axial case, z for the planar case)
on the transverse plane. Thus, for example, in planar
channeling (see Fig. 26) the existence of a peak in Pyz at
x = jAa, Where Ay is the classical wavelength of the
oscillating channeled trajectories, implies that there
should be a peak in the particle flux at x = jAs, z = 0,
since, for zero incidence angle, most of the beam particles
will cross the center of the channel at about x = iAa.
From statistical arguments Lindhard [Li65] has shown
that, as the beam progresses more deeply into the crystal
there is a trend towards equilibrium on the transverse
energy shell. That is, at sufficiently large depths, particles
of a given transverse energy are distributed uniformly
over the area, in the axial case, or in the region of z, in
the planar case, energetically accessible to them in the
transverse plane. Lindhard has given some simple esti-
mates of the depth required to reach equilibrium. How-
ever, values found experimentally (e.g. [Ar72]) are some-
times as much as ten times larger than these estimates.
Typically, depths of a few microns are needed to reach
equilibrium although the distance required varies mark-
edly with factors such as the incident energy E and the
crystal orientation.

For depths where equilibrium has been attained, the
flux distribution can be calculated analytically. Thus, in
the axial case, one can obtain the normalized distribution
in transverse energy g(E, , x) by the methods discussed in
the previous section. Then the normalized particle flux is

(e g(E¢ s x)
F(r,x) = Lxsm md&,

where A(E,) is the area in the transverse plane accessible
to a particle with transverse energy E, and we have

(2.117)
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employed the static continuum potential Uzs(r) given by
Eq. (2.30); we neglect the small effect due to the particles
spending somewhat longer times near the channel walls
than near the center of the channel. The normalization in
Eq. (2.117) is such that F(r,x) = 1 corresponds to the
flux just before the beam enters the crystal; thus for
random incidence, F(r,x) =~ 1 at depths where multiple
scattering has not dispersed the beam too much. Clearly,
if g(E.,x) is peaked toward low transverse energies, the
flux distribution will be sharply peaked near the center of
the channel and in this region can attain values many
times the random value. All of the factors mentioned in
the previous section as influencing g(E, , x) also have an
effect upon the flux peaking. In particular, the extent to
which flux peaking occurs is highly sensitive to effects
such as beam energy and divergence, amorphous surface
layers, crystal defects and impurities, and temperature. In
addition, flux peaking depends on the detailed shape of
the potential since this influences the denominator in Eq.
(2.117). This latter fact offers interesting possibilities in
determining the potential at large distances from crystal
atoms.

If one makes the greatly simplifying assumption that
the transverse energy distribution is unaltered from its
form at x = 0, and if we let A; represent the area inside
the ith potential contour (see Fig. 33) then Eq. (2.117)
reduces to

E=["da/a = In(4e/4)), (2.118)

where F is the flux at the ith contour, 4, is the cross-
sectional area of the channel, and the incidence angle is
assumed to be zero [An71al; for analytical treatments of
flux peaking effects, see also [Kal68; Kum?70b, 72a, b, c].
Equation (2.118) gives a flux distribution sharply peaked
towards zero transverse energy; F; diverges logarithmical-
ly towards infinity at the channel center. In practice,
electronic multiple scattering, if nothing else, would give
the particles some transverse energy at the channel center
and thus reduce the flux peak to some finite value.

Channeling techniques are widely used in locating
dopant and impurity atoms in host crystals (see Sec. 6.2).
Since the Rutherford scattering yield, for example, from
such atoms is proportional to the local particle flux, an
understanding of the flux distribution and the ways in
which it varies with parameters such as depth, beam
divergence, and incidence angle, are of central impor-
tance in these applications.

The significance of flux peaking in atom location

TOTAL AREA = A,

i CONTOUR

FiG. 33. Flux peaking effect in the (110> axial channel of Si. The
diagram illustrates the area accessible to particles entering at a given
height, the ith contour, on the transverse potential energy surface
[An71a]. The area 4, indicates the central flat portion of the channel
potential that is accessible to the best-channeled particles, whose
transverse energies are determined mainly by multiple scattering and
beam divergence.
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measurements has prompted several authors (e.g., [Al70,
71, 72; Va7l; Car72; Mo72]) to perform Monte Carlo
computer calculations on the effect. Such computations
are especially valuable in the depth region just below the
surface where analytical methods of calculation are not
readily applicable. Because of the sensitivity of flux
peaking to factors such as thermal vibrations, nuclear
and electronic energy losses, and multiple scattering, it is
important to include them in calculations. Figures 34, 35,
and 36 illustrate some of the results obtained in Monte
Carlo calculations by Morgan and Van Vliet [Mo72].
Pronounced depth oscillations occur (Fig. 35) in the
calculated midchannel flux; these may be compared with
surface oscillations such as those shown in Fig. 25. As
expected, these oscillations get washed out with increas-
ing depth and as the transverse energy distribution is
broadened either by multiple scattering or by poorer
beam collimation. Figure 36 shows the effect of varying
the incidence angle. The midchannel flux shows a very
rapid falloff with increasing yo. For positions off the
channel center, the flux varies in a more complex fashion
with incidence angle. These effects are discussed further

200.0
100.0
50.0

10.0

20.0

F1G. 34. Static continuum potential contours (Moliére potential) for
helium ions in the {100) axial direction of Cu [Mo72]. The energies are
given in eV.
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F1G. 35. Depth variation of the calculated mid-channel flux F(0, x) of
1-MeV alpha particles in the {100) axial channel of Cu [Mo072]. The
potential contours are shown in Fig. 34. The curves are (a) no multiple
scattering included (b), multiple scattering, energy losses, thermal
vibrations (7 = 273°K) and beam divergence (+ 0.06°) included, and
(c) as for (b) but with a beam divergence of + 0.23°.
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F1G. 36. Calculated particle flux F(r, x) as a function of the angle of incidence . The calculations are for 1.5-MeV alpha particles in the {100
axial channel of Cu [Mo72]. The four curves correspond to points r in the transverse plane as shown in the insert, (c.f. Fig. 34). The depth is
assumed large enough that statistical equilibrium has been reached. The angle ¥4 (1.0°) is shown for comparison. The angle of tilt i, is such that

the beam is incident in a (110) planar direction.

in Sec. 6.2. Suffice it for the moment to remark that in
atom location experiments it is clearly of importance to
make observations for several angles of incidence. Appli-
cation of the rule of reversibility (Sec. 2.2) indicates that
flux peaking can also play a significant role for particles
emitted by atoms located near the center of channels.
This has important implications in the use of the blocking
technique to measure nuclear lifetimes (Sec. 6.6).

2.5. Quantum mechanical considerations

In the last few years, extensive studies in the field of
high-voltage electron microscopy have established that
particle diffraction effects undoubtedly play a major role
in the interaction of 1-MeV electrons (A = 9 X 107" cm)
with crystals. For the case of 1-MeV protons (A = 3
X 1072 c¢m), the question arises as to whether diffraction
effects will still be of importance since the particle
wavelength is only a factor of 30 less than for electrons
of the same energy. Several authors (e.g., [Li65, 70; Fo67;
Ler67; Co68; How68, 70a; Th68b, Whe70a]) have given
arguments justifying the use of classical mechanics to
describe the channeling of particles as heavy as the
proton at these energies (see also Sec. 2.4a). However, the
question of the significance of diffraction effects has
given rise to a vigorous discussion in the literature (see,
e.g., [Ch66; Fo67; DeW67; DeS68; Co68; DeW70b]).
The main proponents of the view that particle diffraction
effects may be of significance even in heavy-particle
channeling have been Chadderton and DeWames and
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collaborators [DeW66; Ch66; DeW67; To67; Ch68a, b;
DeW68a, b, ¢; Ch70a; DeW70a, b; New71].

The interaction of particle waves with a crystal lattice
can be discussed in terms of the dynamical diffraction
theory originally developed to describe the anomalous
transmission and absorption of x rays in thick highly
perfect crystals (the Borrmann effect [Bo41]; see [Bat64]
for a comprehensive review). In this theory, the solution
of the Schrodinger equation for particles in the three-
dimensional periodic lattice potential is obtained in terms
of Bloch waves whose amplitudes are determined by
requiring a match to the incident wave function at the
crystal surface. The use of a complex lattice potential
permits taking into account absorption and inelastic
processes. For incident x rays, low-energy (< 100 keV)
electrons and neutrons, only two Bloch waves are excited
with appreciable intensity. One of these has maxima at
the atomic sites and is thus anomalously strongly ab-
sorbed. The other has nodes at the atomic sites and is
anomalously transmitted. The number of excited Bloch
waves increases as the energy and mass of the incident
particles increase and as the interaction between particles
and crystal gets stronger. When many waves are excited,
computational complexities frequently make it difficult to
compare theory and experiment. For a detailed descrip-
tion of the dynamical diffraction theory applied to high-
voltage electron microscopy, the reader is referred to the
book of Hirsch et al. [Hir65]. (See also [How70b;
Whe70a, b] and Sec. 5.)

In order to be able to detect angular structure due to
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wave-interference effects in planar channeling, it is nec-
essary that the angular divergence A of the beam be small
compared to the Bragg angle 8;. If A is the limiting factor
in the angular resolution, then the condition A > 6
makes a wave treatment unnecessary (see, € g., [Co68;
How70a]). The condition A < 65 usually applies in the
cases of x rays, low-energy electrons, and thermal neu-
trons. For protons in the MeV range, 8; =~ 107 This is
just around the limit of presently achievable proton beam
divergences, especially if scattering in thin-surface oxide
layers is present (see Sec. 3.1), and thus suggests that
diffraction effects should be difficult to see. In cases
where the ratio A/#p is large, the uncertainty (5. = A/A)
in the position of a particle measured in the direction
normal to the crystal planes is small compared to the
interplanar distance d, (since A = 2d,#z). That is, the
particle can be localized in a particular planar channel,
and thus a classical model should be appropriate. Even
for a perfectly collimated beam (A = 0), the Bragg
resonance has an angular width 865. For the two-beam
case and for particles of energy E, this width can be
calculated to be 88z = |V;|/(E sin 26;), where, in the
Fourier expansion of the lattice potential, ¥ is the
coefficient corresponding to the reciprocal lattice vector
k,. This has led to the suggestion (e.g., [Ch68b; DeW68c])
that a sufficient condition for the applicability of classical
theory to planar channeling might be written

805 ’4%7MI - (2.119)

05 | Hk?

where y M, is the relativistic mass of the incident particles.
The condition, Eq. (2.119), is also a necessary one if the
experimental angular uncertainties are smaller than 665.
Eq. (2.119) is probably not a strong enough condition for
planar channeling; it is likely to be more appropriate for
axial channeling. This can be seen from the following
considerations based on phase-space arguments (see also
Sec. 5).

The available phase space for particles channeled in a
planar direction in which the critical angle is . is
approximately given by 2hkoy.d,, where ko is the wave
number of the incident beam. Thus the number of
quantum states available to the particles as they move in
the planar potential well is np =~ 2y, ko/ks. A necessary
condition for the applicability of a classical model to
planar channeling is np > 1, because then the transverse
energy will be quantized into many states whose separa-
tion is small compared with the channeling potential.
Since the Bragg angle is given by 6; ~ k./2ko, one may
write np =~ y./0s. The number of Bloch waves needed in
a diffraction description is approximately 2vy./8s for the
planar case [How70a]. Thus, as is to be expected, the
condition n, > 1 automatically signifies that many Bloch
waves are required. For the axial case, similar arguments
can be made (Sec. 5). If one considers an axis at the
normal intersection of two (equivalent) planes whose
critical angle and Bragg angle are i and 65, respectively,
it can be seen that the number of Bloch waves then
needed is approximately (2v./65)°. An estimate for the
number of quantum states for the axial channeling is thus
ng =~ n3 The condition nz > 1 is equivalent, within a
factor of two, to Eq. (2.119) if one identifies the Fourier
coefficient ¥, with the critical value of the transverse
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energy in planar channeling. These considerations indi-
cate that the conditions for a classical description are.
more easily met for axial than for planar channeling.

From Eq. (2.119) one sees that a classical model
becomes more appropriate as the velocity and mass of
the incident particles increase, as the atomic numbers of
the incident ions and target crystal increase (larger |¥|),
and for higher symmetry planes rather than lower sym-
metry ones (larger values of |V|/k?). Note that the
velocity dependence enters only via the relativistic mass.
Equation (2.119) indicates that the weak interaction
potential is the main reason why a wave description is
needed for neutron scattering by crystals in spite of the
high value of the neutron mass. )

For charged particles, the condition in Eq. (2.119) is
usually met for values of M, greater than a few tens or
hundreds of electron masses. High-energy electrons and
positrons and charged mesons therefore occupy a unique
position where neither the wave nor the particle descrip-
tion is fully applicable. Experiments with these projectiles
should be of value in bridging the gap between the two
descriptions. Chadderton [Ch68b] has related the quan-
tum mechanical and diffraction descriptions of channel-
ing with a correspondence principle. He points out
certain analogous features in the two approaches; e.g.,
the wave mechanical oscillations of intensity with depth
(the Pendellosung effect) have a period, the extinction
distance, which is analogous to the wavelength of the
classically oscillating trajectory (see also [How68;
Ch70a]). He also suggests that the angular widths of
proton Kikuchi bands should be proportional to the
mass-independent geometrical mean /63 660z. This then
gives an expression for the angular width similar in form
to Eq. (2.40) except that the continuum potential, Ups, is
replaced by the Fourier coefficient |V;].

If one neglects secondary processes such as energy loss
and multiple scattering, then in the classical description
the trajectories of channeled particles of a definite energy
are independent of the particle mass, whereas in the
quantum mechanical description, the mass affects the
particle wavelength, and so in a direct way it affects such
fundamental quantities as the Bragg angle. Thus the mass
dependence of channeling angular distributions can be
used as a measure of the extent to which a quantum
mechanical description is required. DeWames er al.
[DeW68b] have studied the mass dependence of particle
emission patterns obtained from multiple-beam dynami-
cal diffraction calculations. They find a strong mass
dependence for M| = m.. They find also that the angular
width calculated for electrons can differ by a factor of up
to 4 from that calculated for much higher mass particles
of the same energy. Pathak and Yussouff [Pa70, 72] have
also made dynamical diffraction calculations formulated
like those of DeWames et al. and with similar results. The
essential differences in the calculations lie in the models
assumed for the lattice vibrations.

The observation [Fot70b; Gr72] of slight differences in
the angular scans obtained in backscattering measure-
ments with protons and deuterons of the same bombard-
ing energy and for identical targets and orientations has
led to the postulation [DeW70a; Gr72] that these are
quantum mechanical effects. The measurements show
oscillations in the shoulder region of the channeling dip:
The oscillations vary with angle more rapidly for deuter-
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ons than for protons in keeping with the expectation of a
more classical behavior for the heavier particle (shorter
DeBroglie wavelength).

As further evidence for quantum effects in proton
channeling, Chadderton [Ch66] has cited the light and
dark planar streaks observed in transmission star patterns
(see Sec. 4.3a). Chadderton interpreted these in terms of
the Kikuchi patterns familiar from electron microscopy.
Thompson [Th68b] and Appleton and Feldman [Ap69]
have shown that these streaks can also be simply ex-
plained using a classical description.

Lervig et al. [Ler67] have given a quantal treatment of
directional effects for fast charged particles in crystals.
These authors do not attempt a Bloch-wave formulation
but instead use the fact that, for channeled particles, the
velocity in the beam direction is nearly constant, thus
permitting a time-dependent Schrodinger equation to be
set up to describe the motion in the transverse plane.
Only the lattice periodicity in the string direction is
considered to affect the motion. The authors first use the
sudden-collision approximation to derive a general for-
mula for the scattering by a single atom and then obtain
an expression for the probability of penetration to the
atomic centers in a string of atoms. Their results show
that appreciable penetration of particles into classically
forbidden regions can occur only when M, < m.. The
questions of coherence and interference are also dis-
cussed. The mean free path for electronic energy losses is
large (many times the lattice spacing) for high-incident
velocities and low values of Z,. This permits strong
diffraction effects to be seen for electrons and positrons
but would destroy coherence for high values of Z, (see
also [Fo67; DeW67; How68, 70a, b)).

An interesting particle-diffraction calculation on the
channeling effect has been performed by Kagan and
Kononets [Ka70]. They make use of a powerful density-
matrix formalism that permits the inclusion of the full
three-dimensional lattice periodicity and, at least in prin-
ciple, can take into account the incoherent inelastic
scattering of particles within the crystal. Their results
obtained for the planar case and ignoring inelastic energy
losses reproduce qualitatively the major channeling char-
acteristics as well as such details as depth oscillations of
the nuclear encounter probability.

2.6. Energy losses

One of the most significant characteristics of chan-
neled motion is the modification of the stopping power
from the value experienced by randomly traveling par-
ticles. Experimentally, channeled particles are often iden-
tified through their anomalous energy losses. This impor-
tant aspect of channeling is treated in some detail in
many of the following sections. In the present section we
give a resume of some of the fundamental considerations
in the theory of energy-loss processes for charged par-
ticles in amorphous media and then discuss, in a general
way, the influence of channeling on these processes in
crystals.

2.6a. Basic considerations

The slowing down of charged particles in matter has
been intensively studied for many years. There exist
several reviews of the subject (e.g., [Boh48; Fa63; Li63,
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FiG. 37. Schematic classification of the regions of stopping (after
Lindhard [Li69]). The solid curve represents electronic stopping, and
the dotted curve (see insert) represents the nuclear stopping for a typical
heavy ion. The curyes are qualitative only, and the coordinates are not
to scale.

69; Nor63, 70; Da67; Sau72; Schig73] and references
contained therein). Particles lose their energy primarily
by a succession of Coulomb interactions. At very high
energies, in the GeV range for protons, energy losses due
to nuclear reactions become significant. Figure 37 illus-
trates in a schematic way the velocity dependence of the
stopping power of a typical ion in an amorphous me-
dium, or in a random direction in a crystal. At incident

‘velocities large compared to the orbital velocity that

electrons would have if captured by the incident ion, the
incident ion rapidly becomes fully stripped of electrons
as it enters the stopping medium. At these velocities
(Region I in Fig. 37), the stopping power is a decreasing
function of velocity and is almost entirely due to elec-
tronic collisions. (The contribution from “nuclear” stop-
ping is usually on the order of a thousand times smaller.)
For these collisions, a quantal perturbation treatment
gives fairly accurate results (as expected from Eq. (2.10)
evaluated for electrons) except when Z, becomes large.
As the ion slows down, the electron capture probability
increases, and the loss probability decreases. Also, the
tightly bound inner shells of the target atoms begin to
play a declining role in the stopping process. Shell
corrections to the theory then become necessary (e.g.,
[Wal52, 56]). Bohr [Boh40, 41] suggested as an approxi-
mate criterion that an electron becomes bound to an ion
if the ion velocity is less than the orbital velocity of the
electron in its bound state (see also [La40]). For the first
K electron, the critical velocity is ~Z,v,, where v,
= ¢’/h is the Bohr velocity, approximately 2.2
X 10° cm/sec, equivalent to about 25 keV/nucleon. For
the outermost electrons, the critical velocity is ~vo. For
an ion with charge state ), Bohr proposed the critical
velocity Qivo/Z)?, where the denominator represents an
effective quantum number in conformity with the elec-
tron binding energies determined from the Thomas—
Fermi statistical model. It follows that for an jon of
velocity v, the mean fractional charge state of the ion is
given roughly by

0./Z =~ v/(ve Z??). (2.120)

Equation (2.120) is only modestly successful in predicting
charge states (see [Betz72] for a recent review of the topic
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of charge states of fast ions in matter; see also Sec. 4.3f).
However the Thomas—Fermi velocity vo Z?* does serve as
a convenient unit when comparing stopping powers for
different ions. The stopping power curve goes through a
maximum that usually occurs slightly above this velocity
(Fig. 37). As the ion velocity decreases further (Region
IIT in Fig. 37), the electronic stopping power decreases,
and the ion tends toward lower charge states. For heavy
ions at very low velocities, nuclear stopping due to elastic
collisions involving the screened nuclear Coulomb fields
of the ion and atom can compete with electronic stop-
ping.
At high velocities (Region I), the electronic stopping
power may be written
—(dE/dx). = (4nZte*/m.v*)NZ, L., (2.121)
where N is the number of target atoms per unit volume
and the dimensionless quantity L. is the stopping number
per atomic electron. There have been several theoretical
treatments deriving expressions for L. (see the review by
Fano [Fa63]). The initial expression due to Bohr [Boh13]
was obtained on a classical impact-parameter basis.
However in Region I, Egs. (2.10) and (2.11), the condi-
tions for a classical treatment, are usually not fulfilled.
Following the advent of quantum theory, Bethe [Be30]
formulated the problem in terms of momentum transfer
to the target electrons. He used the Born approximation
to obtain the well-known (nonrelativistic) result
L. = In(2m.v*/I), (2.122)
where the-quantity / is the mean excitation energy of the
target atoms. Bloch [Blo33a, b] calculated the stopping
power with a treatment based on generalized impact
parameters (viz., the distances between the particle paths
and the nuclei of the target atoms). He used the Thomas—
Fermi model for the electron distribution in the target
atoms and also took into account the perturbation of the
electronic wave functions caused by the presence of the
incident particle. Bloch’s formula goes over to that of
Bethe in the limit k < 1 and to that of Bohr when k > 1,
where « is defined in Eq. (2.10). Bloch also showed that
the mean excitation energy is approximately given by
I = KZ,, where K is an empirically determined number
(the Bloch constant) with a value of ~10 eV. Both Bethe
and Bloch extended their treatments to include modifica-
tions to the formulae for L. for ions that are incident at
relativistic velocities. At high velocities, Eq. (2.122) be-
comes

L. = In@m.c**/I) — In(1 — B2) — B2, (2.123)

where 8 = v/c. Here we have omitted the small terms
that take account of shell corrections and density effects
(see [Fa63] for a discussion of these and other refine-
ments to the theory). The Bethe-Bloch formulas general-
ly reproduce the experimentally determined stopping
powers in the high-velocity region to an accuracy of a few
percent.

An impact-parameter derivation, similar to that of
Bloch, of the stopping-power formula has been given by
Datz et al. [Da67]. These authors show that the average
energy loss due to ionization in a single collision between
an incident particle and one target atom is given by
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AE(b) = (2/m.)(Z) e w/v?)'[Ké(wb/v) + KZ(wb/v)],
(2.124)

where b is the nuclear impact parameter of the collision,
K, and K, are, respectively, the zero-order and first-order
modified Bessel functions of the second kind (as defined,
for example, in [Wa58]), and w is equal to (E; — E;)/h,
where E; and E; are the energies of the final and initial
electronic states. If, for an amorphous material, one
assumes an impact-parameter distribution

w(b)db = 2abdb, (2.125)

and if the velocity is high enough so that wb/v < 1, then
integrating Eq. (2.124) over impact parameters yields

Le = In(bmax/bmin ). (2.126)

The lower limit bma is determined by the positional
uncertainty of an electron when the interaction is the
closest possible, i.e., when the momentum 2m2.v is trans-
ferred to the electron. Thus

buin = h/2m.v. (2.127)

The upper limit bm.x is determined by the requirement
that the collision be sudden, as originally suggested by
Bohr. That is, the duration ~b/v of the collision should
remain shorter than the reaction time ~#/(E; — E;) of
the electrons. Slower adiabatic collisions result in no
energy loss. Therefore

e = hv/(E; — E) (2.128)
~ 93(E/M\)"*/(E, — E) A, (2.129)

where E and M, are given in units of MeV and amu,
respectively, and (E; — E;) is expressed in eV. Substitu-
tion into Eq. (2.126) gives

L. = n[2m.v*/(E, — E)), (2.130)

which may be compared directly with Eq. (2.122) As will
be discussed in Sec. 2.6b, the effect of channeling is to
modify the distribution of impact parameters from that
given in Eq. (2.125).

In addition to the core excitations which are strongly
dependent on impact parameter, there are energy losses
to the loosely bound valence and conduction electrons.
These electrons are fairly uniformly distributed in solids
and may be treated to a good approximation as constitut-
ing a Fermi gas. The response of such an electron gas to
the passage of a charged particle has been treated by
Lindhard [Li54] and Lindhard and Winther [Li64b] in
terms of the complex dielectric constant (see also [Kr47]).
For high incident velocities, this leads to

—(dE/dx). = (4nZte*n./m.v?)In(2m.v?/ hw,),

where

(2.131)

wp, = (4mn.é*/m.)"? (2.132)

is the plasma frequency of an electron gas of density #..
The logarithmic term in Eq. (2.131) has an obvious
similarity with those given in Egs. (2.126) and (2.130) but
with the limiting impact parameters replaced by limiting
momentum transfers 2m.v and hw,/v. This latter value
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separates two regions of behavior of the electron gas. For
much higher momentum transfers, the gas behaves like a
collection of single particles; for much lower transfers, it
behaves collectively exhibiting plasma oscillations of
frequency w,. The logarithmic term in Eq. (2.131) con-
tains contributions both from plasmon and single-par-
ticle excitations. Erginsoy [Er68] evaluated numerically
the expressions for these contributions given by Lindhard
and Winther and found that although the contributions
themselves were not equal, the changes in them with
velocity were equal when evaluated at high velocities.
This verified numerically the equipartition rule given by
Lindhard and Winther. A similar result was obtained by
Brandt and Reinheimer [Br70a] in calculations on the
properties of an electron gas with an energy gap in the
limit where the gap width goes to zero (see also [Bon70]).
As Erginsoy pointed out, these results do not imply
equipartition of the stopping power of an electron gas.

Bohr [Boh48] discussed the total electronic stopping
power of a solid in terms of contributions from close
single-particle electronic collisions (large momentum
transfers) and distant resonance-type excitations (small
momentum transfers). The latter can be identified with
processes in which the field exerted by the incident
particle is fairly uniform over the volume occupied by
bound electrons and with plasmon excitation in the case
of valence and conduction electrons. Bohr showed that
for high incident velocities the electronic stopping power
is asymptotically contributed by close and distant colli-
sions equally. The relevance of this equipartition rule to
channeling is discussed in Sec. 2.6b.

In Region III (Fig. 37) the stopping power is propor-
tional to the ion velocity. This is a result that Fermi and
Teller [Fe47] derived when they calculated the slowing
down of y-mesons at low velocities in a free electron gas.
Lindhard and co-workers [Li54,61,63,69] have developed
the theory of the stopping of heavy ions in this low

. velocity range. They considered the electronic stopping in
terms of the self-consistent dynamics of a Fermi gas.
Their calculated stopping power is proportional to v and
has a simple monotonic dependence on Z, and Z,:

dE 2 2,7, v
_<2;>c = §9877Ne aO(le/3 + Z22/3)3/2 —l;’

(2.133)
where ¢ is a numerical factor on the order of 1 to 2
(& ~ ZY°). Equation (2.133) has been successful in pre-
dicting random, i.e., nonchanneled; stopping powers to
an accuracy of about 20% in the velocity region v
< voZ?*. Lindhard [Li69] has remarked on the analogy
between the velocity-dependent electronic stopping pow-
er in Region III and the familiar case of Ohm’s law which
describes a similar situation where particles (electrons)
experience a slowing down or frictional force proportion-
al to the particle velocity. In addition, the nuclear
stopping in Region III has been calculated by Lindhard
and co-workers [Li63,68]. Here a classical treatment is
expected to be accurate. These authors derived a univer-
sal curve for the nuclear stopping power using the
Thomas—-Fermi model to determine the effects of screen-
ing.

An alternative calculation of the electronic stopping
power in the velocity-proportional region has been per-
formed by Firsov [Fi59]. His is a quasi-classical treat-
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ment in which it is assumed that for each individual
encounter between the incident beam ions and the target
atoms, theére is a deceleration due to electron exchange.
In the region of overlap of the electron distributions in
such an encounter, the motion of the electrons is pre-
sumed to be governed by the Thomas—Fermi field of the
ions. The energy loss is determined by a calculation of
the net electron flux across a plane constructed perpen-
dicular to a line joining the two colliding nuclei and
located at the point of potential minimum on this line
(Fig. 38). It is assumed that when an electron moves out
of the potential field of one atom into that of the other,
i.e., it crosses the plane S shown in Fig. 38, there is a
momentum transfer equal to m.v, where v is the relative
velocity of the ions. The total energy loss in a collision is
given by Firsov as

AE = mefR : des%neu’dS, (2.134)
where R and S are shown in Fig. 38, and the surface
integral gives the electron flux across S. The density of
electrons #. and their mean velocity v’ at the surface S are
calculated by Firsov by use of the Thomas—Fermi model.
The following result is then obtained for the energy loss
in a collision with impact parameter b:

4.3 X 107%(Z, + Z,)*"v
[1+031(Z + Z,)”b)

where v and b are given in units of cm/sec and angstroms,
respectively. As Firsov concedes in his paper [Fi59], the
theoretical basis for this model of stopping is far-from
rigorous. However, when Eq. (2.135) is integrated over
impact parameter, the resultant stopping power agrees
well with experimentally determined values (see, e.g.,
[Te62]) and gives results not too different from those
derived by Lindhard and co-workers (e.g., [Li61,63]). The
origin of the proportionality to velocity in Eq. (2.135) lies
in Firsov’s use of the impulse approximation for the
nuclear motion. Thus both Lindhard’s and Firsov’s ap-
proaches result in a velocity-proportional stopping pow-
er, but for entirely different reasons. From the viewpoint
of channeling, Egs. (2.124) and (2.135) have the merit of
providing an explicit dependence upon the impact pa-
rameter.

AE(b) = eV, (2.135)

2.6b. Influence of channeling

For channeled trajectories, the distribution of impact
parameters is drastically altered from that given in Eq.

DIVIDING PLANE
s —/
/

Fic. 38. Illustration of the quantities involved in calculating the
electronic stopping power in the low-velocity region by the method of
Firsov [Fi59].
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(2.125). Since channeled particles do not make collisions
with nuclear impact parameters much less than pmin ~u,
the thermal vibration amplitude defined in Eq. (2.44),
they experience a strongly reduced stopping power. The
ratio of the channeled stopping power to the random
stopping power depends on the transverse energy of the
channeled particles. We define

e(E.) = (dE/dx)w/(dE/dX)ma, (2.136)

where the stopping powers are measured at the same
energy. The compensation rules discussed in Sec. 2.43
apply to stopping powers. Thus, for well-channeled par-
ticles, ¢ < 1, while for particles with transverse energies
just above the critical value for channeling, ¢ > 1.

Citing the equipartition rules [Boh48; Li64b] discussed
in Sec. 2.6a, Lindhard [Li64a,65] suggested that the
reduction in stopping power experienced by channeled
particles should be at most by a factor of “~2”. The
factor “~2” was widely interpreted at that time (ca.
1965) as indicating that e should always satisfy ¢ > 0.5.
(Although from a closer study of Lindhard’s 1965 paper
one can very quickly determine that values of ¢ < 0.5 are
certainly not prohibited by equipartition. Lindhard re-
lates the channeled stopping power to the electron densi-
ty n&® sampled by a channeled particle and also to a
measure, o<, of the locality of the stopping, 0.5 < «
< 1, « — 0.5 at high velocities. He then finds ¢ = 1 —
o« [1 — nfM/n@], where n@ is the average electron den-
sity in the crystal.) When it was found in early measure-
ments (e.g., [Er64]) that for protons channeled along the
{110) axis of Si, &0y =~ 0.5, equipartition was thought to
have been confirmed. However, examples of ¢ < 0.5
were soon found in some other target materials; for
example, for protons in Ge, &, = 0.3 [Ap67; Sa67].
Thus it is clear that although the electronic stopping
power in an amorphous medium may be equally parti-
tioned between close and distant collisions, channeling
experiments in crystals do not provide a means of cleanly
separating these two contributing processes. The reason
for this lies in the fact that close and distant in the sense
used in the equipartition rules refer to large and small
momentum transfers to atomic electrons, whereas chan-
neling makes a purely spatial differentiation between
large and small nuclear impact parameters.

We consider now the influence of channeling on the
stopping power for incident ions in the high velocity
range (Region I in Fig. 37). Theoretical treatments have
been given by several authors (e.g., [Li65; Ap67; Bri68;
Er68; Kumé68a,71; Lun68,72; Po68a; Bon69,70; Var70;
Oh71a,b,72a; Ki72]). The discussion given by Appleton
et al. [Ap67] serves to illustrate many of the considera-
tions involved. These authors treated separately the core
electrons and the valence and conduction electrons. The
latter are regarded as constituting a Fermi gas while the
former are discussed in terms of the impact parameter
treatment outlined in Sec. 2.6a. The simplest channeling
case to treat is that in which, for the best channeled
particles, i.e., those whose trajectories do not depart
much from the center of a major axial or planar channel,
the energy loss due to ionization vanishes. This will
happen if the maximum impact parameter bmax defined by
the adiabaticity criterion in Eq. (2.128) is less than the
distance pmax from the center of the channel to the nearest
row or plane forming part of the channel wall. That is,
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W/AE < P, (2.137)

where AE = E; — E;. Appleton et al. measured the effect
of channeling on the stopping power of Si and Ge
crystals for incident protons in the energy range 3-11
MeV. The (111) planar channels are the most open ones
in the diamond lattice (d, = 2.35 Ain Si; d, = 245 A in
Ge). Thus for the best channeled particles in these
directions we may take pmax ~ 1.2 A. At the lowest
velocity used by Appleton et al., i.e., the velocity having
the best chance of satisfying Eq. (2.137), one finds for the
K shell in Si (AE = 1839 eV [Bea67]), bmu = 0.09 A.
Thus K-shell excitation by the well-channeled particles in
Si can be neglected. For the L shell in Si, the electron
binding energies lie in the range 100-150 eV. If one takes
AE = 100 eV, then for the L shell, bn.x = 1.6 A. There-
fore ionization of the L shell cannot be entirely neglected
even for the best channeled particles. Appleton et al.
point out that energy loss scales approximately in the
ratio [1n (bmex/pmax )] /[In (2m. v2/AE)]. Thus the energy loss
due to ionization of the L electrons should be reduced by
about 90% for the best channeled protons in the (111)
planar direction in Si. At bombarding energies higher
than 3 MeV, this reduction becomes smaller. In Ge,
ionization losses to the outer M-shell electrons remain
large even at 3 MeV for well-channeled protons in the
(111) planes.

Appleton et al. calculated the stopping power for the
best channeled 3-MeV protons in the (111) planes of Si.
They assumed that ionization losses to the K- and L-shell
electrons could be neglected and that the stopping power
is due only to the valence electrons which they treated as
a Fermi gas. The stopping power of an electron gas can
be partitioned according to the theory of Bohm and Pines
[Pin64] into separate contributions from collective (plas-
ma) excitations and from single-particle excitations. The
stopping power calculated for the valence electrons only
is given by the expression

2 4
(% = 47rZ.2e N(Zwln £ + Z.In 2m.wr ,
dx ) a mev Ur e,

(2.138)

where NZ,,, and NZ,,. are the effective electron densities
for plasma and single-particle excitations, respectively, v
is the Fermi velocity of the valence electron gas, vr
= (A/m.)(37*NZ,u)"* ~ 3.6 (NZ,4)"* X 10° cm/sec,
where NZ,,, is given in units of electrons/A3, and w, is the
plasma fre%uency defined in Eq. (2.132), #w,
~37(NZ,q V2 eV, where NZ,, is given in electrons/A’.
Appleton et al. equated the right-hand side of Eq. (2.138)
(assuming Z,,, = 4 for Si) to the stopping power meas-
ured for the (111) planar channel and obtained a value of
Ziociyy = 3.8. In general the local electron density sam-
pled by the channeled beam need not be the same as the
valence-electron gas density because of nonuniformities
in the spatial distribution of valence electrons. However,
the measurements in Si indicate that for the (111) planes,
Z. and Z, are approximately equal. Appleton et al. also
point out that collective excitations should not contribute
appreciably to the straggling in the channeled energy
loss. Assuming that the straggling is due only to close
collisions with local electrons in the channel, they find
Zaiy = 4.1 in reasonable agreement with the value
determined from the channeled stopping power.
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Because the value of p.. [Eq. (2.137)] for an axis is
frequently close to the value of pma for the most open
planar channel intersecting in that axis, the channeled
stopping power for the axial direction and for this most
open planar direction are often about the same.

For narrow channels, for high incident velocities, and
for small electron binding energies, the inequality given
in Eq. (2.137) can be violated. Then core excitation
remains an important energy-loss process even for well-
channeled particles. Calculations of channeled stopping
power taking into account the nonvanishing contribu-
tions of core excitations have been made by Luntz and
Bartram [Lun68,72] (see also Sec. 4.2g). Bonsignori and
DeSalvo [Bon69,70] have made calculations on the effect
of channeling on the energy loss to valence electrons.
These authors use a dielectric approach taking into
account the lattice periodicity of the electron gas. They
find that channeling has a very small (a few percent)
effect on the stopping power even though the local
electron density encountered by channeled particles is
much less than the average electron density. This result is
consistent with that of Appleton et al. [Ap67].

Ohtsuki and co-workers [Oh71a,b, 72a,b; Ki72] have
calculated the dependence of the channeled stopping
power on the distance from a row or a plane of atoms.
They use an impact-parameter representation of the
stopping power for each atom and then average over the
row or planar direction. They compare their results with
experimentally determined values derived by Robinson
[R069,72a] (see also Sec. 4.3¢). The agreement is poor at
high velocities (Region I, Fig. 37), but good at low
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velocities (Region III, Fig. 37).

A somewhat different approach to the problem of
energy losses in crystals has been taken by Brice [Bri68]
who has made a diffraction calculation of the stopping
power and straggling experienced by MeV H, D, and *He
ions in Ge. He treats each crystal atom as consisting of a
core and an outer shell of loosely bound electrons. The
cores and the shells are considered to move independent-
ly. He finds that the effective number of electrons per
atom that participate in collective modes depends on the
channeling direction chosen; the narrower the channel,
the larger the number of electrons participating.

All of these results for high velocities indicate that the
largest part of the reduction in stopping power due to
channeling is a consequence of the decrease in the
probability for ionizing inner shells. The effect on contri-
butions from valence and conduction electrons should
depend on the nature of the target material, e.g., on
whether it is a metal, semiconductor, ionic crystal, etc.
Neither calculations nor experiments have thus far been
performed that are capable of making these finer distinc-
tions.

We now consider the low-velocity region (Region III in
Fig. 37). Because nuclear stopping occurs mostly through
collisions with small impact parameters, it is strongly
reduced by channeling. This reduction is largely respon-
sible for the anomalously long ranges of low-energy
heavy ions in crystals, measurements of which gave the
first experimental evidence for ion channeling [Dav60a,
b; Pie63; Lu63]. In the absence of nuclear stopping, the
slowing down of channeled low-energy ions is almost
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entirely due to electronic energy losses. Channeling thus
provides a unique means of separating these two types of
stopping process. The impact-parameter dependent elec-
tronic stopping power in the velocity-proportional region
is well described by the formula due to Firsov [Fi59]; see
Eq. (2.135).

Ormrod et al. [Or63,65; Mac66] and Fastrup et al.
[Fas66] have observed an oscillatory Z, dependence of
the stopping power for low-energy heavy ions in amor-
phous foils of boron, carbon, and aluminum. It was
realized that these oscillations were indicative of shell
effects influencing the electronic stopping power. For
channeled ions, the strong reduction in nuclear stopping
makes such effects much more pronounced (see, e.g., the
experimental data of Eriksson et al. [Erik67a, b], Eisen
[Ei68a], and Bettinger and Bason [Bett69]; see also Secs.
4.2e and 4.3b). The Z, oscillations seen in channeling
have been successfully accounted for by several authors
(e.g., [Che68,69,70; Bh68,70; El-H68; Ha68; Wi68;
Ke71,72; Kom73]) by modifying Firsov’s formula to take
into account the periodic variation with Z, of the electron
density measured at large radial distances. A plot of
radial electron densities for ions ranging from boron to
argon is given in Fig. 39. These were calculated [Ha68]
from the Hartree—Fock-Slater equations and show clear-
ly an oscillatory behavior at large radial distances. For
further theoretical discussion on the effects of channeling
on dE/dx in the low-velocity region, the reader is referred
to the following: [Ib68; Gu70; Oh72b]; see also Secs.
4.2e, 4.3b, and 4.3c.

3. EXPERIMENTAL CONSIDERATIONS
3.1. Apparatus

The experimental techniques used in channeling fre-
quently have much in common with those of low-energy
nuclear physics. The main difference usually lies in the
greater angular precision required in channeling meas-
urements. Channeling can, of course, be observed at
much lower incident energies than can nuclear reactions.
Furthermore, atomic (e.g., x-ray) detectors are often
employed in addition to nuclear ones. For a detailed
description of a typical apparatus for channeling experi-
ments, see [Ge71]. Several authors have described gon-
iometers for use in channeling measurements (e.g., [Ei68;
Gi68a; Liv68; Beh69; Kn70; Fot71; Pe72; Bi73]). The
determination of orientation and the alignment of target
crystals is usually done either with x rays, or by observing
the star pattern for transmitted particles (e.g., [De67]) or
by observing the channeling minima for close-encounter
processes such as characteristic x rays or Rutherford
scattering (see, e.g., [Bord70]). Since yy,(x) becomes
smaller for increasing depths x (see Secs. 2.4e and 4.2a),
it is frequently advantageous to orient crystalline targets
by searching for backscattering minima determined at
depths a few microns below the surface. Because of the
repetitive nature of channeling measurements, computer
control of the goniometer and of the data acquisition
system is a great advantage [Ge71]. The computer can
then also be programmed to align the target crystal.
Frequently, channeling and blocking measurements re-
quire the determination of the spatial distribution of
particles emerging from a crystal in directions close to
some major axis or plane. This is usually done either with
photographic plates or with cellulose-nitrate films (e.g.,

Rev. Mod. Phys., Vol. 46, No. 1, January 1974

165

[Mars69]) or with a scanning detector (e.g., [Ho68;
Ge71)) or with a position-sensitive surface-barrier detec-
tor (e.g., [Ge65; Ap67; Gi72b]). Fuschini et al. [Fu71]
have described the use of a checker-board counter for
such an application, and Anastassiades et al. [Ana69a]
have described a mechanical scanning device based on a
rotating cylinder in which a series of collimating holes
have been drilled.

Obtaining and maintaining good angular resolution is
normally a consideration of paramount importance in
channeling measurements. Since the incident beam is
usually very tightly collimated, care has to be taken to
avoid degradation of the beam quality due to slit-edge
scattering. A theoretical analysis of this problem has been
given by Courant [Cou51] and is found to be in good
accord with experiment (e.g., [Re69]). A method of
producing a supercollimated beam from negative ions
has been suggested by Rickey and Smythe [Ri62] and
tested by Armstrong and Wegner [Ar71]. These latter
authors passed a 4-MeV beam of negative hydrogen ions
through two apertures 30 um in diameter and 1 m apart.
The emerging beam was then magnetically separated into
its positive, neutral, and negative components. Because
of the small electron binding energies in the H™ ion, any
slit-edge scattering or scattering in the residual gas in the
vacuum system is almost certain to convert H™ to either
H° or H* at these velocities. Thus the emerging H™ beam
is free of components degraded by scattering. Armstrong
and Wegner were able to obtain a few pico-amperes of a
30-pum-diam H™ beam with an angular divergence of +1.5
mdeg. By way of comparison, an angular divergence of
+3.8 mdeg can be obtained [Ge71] by normal collimating
techniques, using two 0.5-mm-diam. apertures 7.6 m
apart, without appreciable slit-edge scattering effects and
with beam currents of a few hundred nanoamperes. It is
worthy of note that, in order to make full use of beams
with angular divergences in the millidegree range, ex-
treme care must be taken to avoid detrimental effects due
to amorphous surface layers, inadequate vacuum, me-
chanical vibrations, electrostatic charging of insulators
near the beam, varying magnetic fields, etc. The rms
angular spread introduced by multiple scattering in an
oxide surface layer of typical thickness 30 A on a Si
crystal is approximately +20 mdeg for protons of a few
MeV [Ar72].

Small beam-spot sizes at the target are usually desira-
ble from considerations of angular resolution and of
target characteristics. However, a small beam-spot size
can result in an attendant high rate of radiation damage
to the target crystal. Radiation damage can lead to effects
such as lattice expansion in the sample (“dimpling,” see,
e.g., [Me7la]), swelling and surface blistering (for an
instance where this was observed in the course of a
channeling measurement, see [Mi73]), and possibly the
eventual complete amorphization of the irradiated sec-
tion of the target (see, e.g., [Ne67b; Ger72] and refer-
ences contained therein; see also Sec. 4.2f). It is normally
advisable before and during a channeling measurement
to determine the rate at which target crystals deteriorate
due to radiation damage, e.g., by monitoring xm in a
particular channeling orientation. Radiation damage ef-
fects can often be minimized or even eliminated com-
pletely by heating the target crystal either continuously
or at appropriate intervals during a measurement.
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A severe problem often arises when the target crystal is
an insulator. Electrostatic effects due to the passage of
the beam may cause such crystals to strain and crack.
This can frequently be overcome either by heating the
target during bombardment, by evaporating a very thin
conducting layer (e.g., of carbon or aluminum) onto the
surface and grounding it, or by spraying electrons from a
filament onto the target to neutralize it.

Conventional techniques of beam-current integration
for normalization purposes often cannot be employed in
channeling measurements. For example, in transmission
measurements the angular divergence of the transmitted
beam depends markedly on crystal orientation. For tar-
get crystals that are insulators, there are obvious prob-
lems with beam integration. One method of circumvent-
ing these difficulties is through the use of a beam
chopping device (see e.g., [Ge71; Fon72]).

In order to determine accurately a normalized (depth
dependent) channeling yield like that shown schematical-
ly in Fig. 3, the random yield (also depth-dependent)
must be known with precision. Frequently the yield is
assumed to be random when it is measured for an
orientation in which the beam is not incident near any
major crystal axis or plane. However, finding such an
orientation can be time-consuming, and it is very difficult
to avoid observation of some channeling effects. This
method seems to be reproducible only to about +10%.
Ziegler and co-workers [Zi72a, 73] have shown how to
determine a random yield that is both reproducible
(+1%) and accurate (=1%). Their method involves offset-
ting the target orientation so that the beam is incident at
an angle of about ten times i, relative to a major axis
and then measuring the yield as the crystal is rotated
about this axis. Corrections must be made for geometri-
cal factors arising from the angle of offset.

3.2. Monocrystalline targets

In channeling experiments, the preparation and char-
acterization of monocrystalline targets often requires
more effort than the actual measurement itself. Each
different target material needs its own special treatment.
The technology for the preparation of monocrystalline
targets, especially very thin, uniformly planar ones, is
developing rapidly. For a review of the topic, the reader
is referred to the article of Whitton [Whé69)].

Almost all channeling measurements performed thus
far have employed exclusively inorganic crystalline tar-
gets. The extreme susceptibility of most organic crystals
to radiation damage makes them generally unsuitable
targets for such measurements.

Occasionally it is possible to grow monocrystalline
targets of the size and thickness required for particular
channeling measurements. More often, targets must be
prepared either by sectioning a piece from a larger bulk
crystal or by epitaxial growth. Samples prepared from
bulk crystals can usually be obtained with high purity,
low defect concentration, and small mosaic spread. How-
ever, it is often difficult to make them thin enough for
transmission measurements. Epitaxially grown crystals,
on the other hand, can be made thin and uniform, but
tend to suffer from larger mosaic spread, twinning, and
difficulties in mounting.
~ In cases where a sample can be obtained by cleaving a
bulk crystal, the resulting planar surface is usually ade-
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quately clean and free of damage for channeling meas-
urements. In other cases, e.g., when samples are sectioned
from bulk crystals by techniques such as sawing, abrasive
cutting, spark erosion, and acid etching, the resulting
surface is usually uneven and damaged. The surface
quality can be improved by lapping and mechanical
polishing. The damage left by these processes can then be
removed by one or a combination of various techniques
such as vibratory polishing, anodic oxidation and disso-
lution, chemical- or electro-polishing, ion bombardment,
and annealing. The final quality of the surface can be
checked by a variety of methods but it is worthy of note
that one of the best and possibly the most appropriate for
the purpose is through use of the channeling effect (see
Sec. 6.4).

Electrochemical thinning techniques (see e.g., [Bu71;
Me71b] and references contained therein) frequently
offer a means of obtaining self-supporting, large-area,
uniformly thin monocrystalline films. With such tech-
niques, Meek ez al. [Me71b] have obtained highly uni-
form Si crystals with thicknesses in the range 5000-
10000 A and areas of a few square millimeters. Anodic
oxidation followed by chemical stripping (see, e.g.,
[McC63; Pr69]) provides a method of accurately remov-
ing uniform layers of material in a very well-controllable
fashion.

Those channeling measurements that require extremely
clean surfaces must be performed in ultra-high vacuum.
The surfaces must then usually be prepared either by
cleaving in vacuo or by low-energy inert gas bombard-
ment followed by annealing.

The thinnest crystals, typically a few hundred to a few
thousand angstroms thick employed in channeling exper-
iments have been epitaxially grown. The great majority of
these have been gold crystals grown either on a silver-
rocksalt substrate ({100) orientation) or on a silver-mica
substrate ({111) orientation) (see, e.g., [Bas59; And66b;
Gi68a; Zigb68; Ch69a; Da69; No69; Hog70; Rei7l;
Kir72] and references contained therein). One of the
principal difficulties with the use of rocksalt as a sub-
strate lies in the steps in the cleaved surface which cause
tearing of the epitaxially grown crystals upon removal
from the substrate. Mica surfaces, on the other hand, do
not have this difficulty, but crystals grown on them are
frequently badly twinned; i.e., two orientations grow
epitaxially at the same time. A twinned crystal of this
type is believed to consist of a collection of crystallites on
the order of a few microns in size and existing in one of
two orientations which differ by a rotation of 180° about
the (111) axis of epitaxial growth. The boundaries be-
tween these crystallites are thought to be only of the type
perpendicular to the crystal surface; thus each incident
beam particle in a channeling measurement traverses
only one crystallite. By careful growth and annealing
techniques, it is possible to obtain untwinned crystals of
gold grown on mica. The extent of twinning in epitaxially
grown crystals can be determined using channeling as a
tool (see, e.g., [Gi68a; Kir72]).

Unless great care is taken in the preparation of epitax-
ially grown crystals, mosaic spreads with full widths at
half-maximum of a degree or more can result. Noggle
(e.g., [No67; Da69; No69; Ap72a,b; No72]) has been
able to reduce the mosaic spread of thin crystals grown
on rocksalt to about 0.1° for gold and to about 0.03° for
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silver. Electron-microscope observations on these sam-
ples indicate that there are discrete defect-free crystal
regions approximately 0.5-1.0 p in diameter which are
slightly misoriented from adjacent regions. These perfect-
ly crystalline mosaic blocks constitute over 95% of the
volume of the target samples. The orientation distribu-
tion of these blocks (mosaic spread) is measured by x-ray
rocking curves. For gold crystals grown epitaxially on a
silver-mica substrate. Gibson ez al. [Gi68a] have reported
mosaic spreads of less than 0.05°. Similarly, Reichelt and
Lutz [Rei71] have reported mosaic spreads of 0.07° for
Au crystals grown in this manner.

To conclude this section, we stress the great impor-
tance of adequate characterization of monocrystalline
targets. All too often this topic is neglected or carelessly
treated in published accounts of channeling experiments.
It is especially important when the target crystal is thin
as in the transmission measurements described in Sec.
4.3. In this connection the careful work of Noggle (e.g.,
[Da69; No72]) in using electron-microscope and x-ray
diffraction techniques to characterize dislocation densi-
ties and mosaic spreads may be cited as worthy of
emulation.

4. CHANNELING WITH HEAVY (M, > m,)
POSITIVE PROJECTILES

In this section we survey several types of channeling
and blocking measurements performed with positive par-
ticles having masses large compared with that of the
electron. '

4.1. Surface effects

It is well known that many surface phenomena ob-
served in the bombardment of single crystals with low-
energy heavy ions, e.g., sputtering, surface scattering, and
secondary electron emission, are strongly orientation
dependent. Strictly speaking, these effects, of course, are
not truly surface effects. Although the sputtered atoms,
secondary electrons, etc. do indeed come from the crystal

surface, the channeling mechanism responsible for the
" orientation dependence hinges upon the fact that the
crystal has some depth to it.

These effects have been discussed extensively in the
literature (e.g., [Ne68a; Mash72; Col69] and references
contained therein) and will be mentioned here only in
passing. The orientation dependences observed in single-
crystal sputtering experiments (e.g., [Rol60; Alm61;
Flu64]) played a central role in the discovery of channel-
ing. Since then, many authors have pointed out the
significance of channeling effects in sputtering (e.g.,
[Ne68a; On68; Fi69; Eli70; Fi70; Fr70; Chap72]) and in
surface scattering (e.g., [Yu68, 72; Mash70, 72; Shu71;
Ari72]) with low-energy heavy ions. Measurements on
these phenomena provide one of the most important
methods of studying the ¢, region; see Eq. (2.28). Using
H, He, and N ions in the energy range 20-100 keV,
Reuther and Bradford [Reu69] have made simultaneous
measurements of the orientation- and energy-dependence
of sputtering and backscattering from Au crystals. They
found values of iy, for the sputtered particles somewhat
smaller than the corresponding values of 4,,(0) for
backscattered particles. The difference was attributed to
dechanneling effects influencing the value for sputtering
(see also [Wij69]).
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F1G. 40. Diagram of the experimental arrangement used by Farmery
et al. [Fa70] in their surface reflection experiments. The spot drawn on
the screen occurs at a scattering angle of 2¢. The {(111) axis lies at a
slightly greater angle; its associated blocking pattern is also shown
sketched on the screen.

At the University of Sussex, the glancing-angle scatter-
ing of alpha-particle beams from surfaces of monocrys-
talline and amorphous tungsten has been studied [Far70;
Marw71, 72]. The beam energies ranged from 30 keV to
2 MeV. The experimental arrangement is illustrated in
Fig. 40. These measurements are technically rather diffi-
cult. They require beam-spot diameters of 100 u or less
and vacuum conditions that have to be stringently con-
trolled to prevent the buildup of amorphous surface
layers, even a few angstroms of such surface layers can
be extremely deleterious because of the small incidence
angle. In the arrangement shown in Fig. 40, the highly
polished scattering surface lay close to a (110) planar
direction in the W crystal. In the initial measurement
[Far70], an angle § was chosen (see Fig. 40) so that a
major axis (e.g., the {(111)) lay in the plane containing the
incident beam and the # axis. The angle ¢ was varied
from zero up to a few degrees, and data on the scattered
beam were recorded by photographing a fluorescent
screen; later measurements [Marw72] also employed a
solid-state particle detector. For small angles of incidence
(¢ < i) the scattered beam exhibited two components:
an intense low-energy-loss specularly reflected spot and a
higher-energy-loss blocking pattern. On the screen drawn
in Fig. 40 these are indicated for the {111) case. The data
showed that the spot was due to reflection not from the
atomic rows but from the plane of the crystal surface.
For the case depicted in Fig. 40, the authors postulated
that the spot was due to planar channeling effects. The
results observed in measurements of this type depend
rather delicately on the relative orientations of the crys-
tal’s symmetry directions and its surface and also on the
relative magnitudes of the (usually small) angular differ-
ences involved and the critical angles for axial and planar
channeling. Marwick et al. [Marw72] have made exten-
sive measurements on the distributions both in energy
and in angle for the scattered particles. They point to the
possible significance of semichanneling, i.e., a process
whereby particles penetrate two or three layers below the
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F1G. 41.

Axial and planar channeling dips obtained in the backscattering of 10-MeV “He ions from W [Dav68a]. The solid dots are results when

the incident beam direction lies in the (100) plane, and the open circles are data obtained when the direction of scan does not lie in any close-
packed lattice plane. The yields shown are for a scattering zone about 3 p beneath the surface.

surface before being reflected back out of the crystal. It
is interesting to note the role of dechanneling in surface
reflection experiments. In conventional channeling meas-
urements, particles that acquire transverse energies great-
er than the critical value for channeling are fed into the
random beam, but in surface scattering experiments
many of them can rapidly reemerge from the crystal and
can be studied directly (see also [Rau73]).

4.2. Bulk effects
4.2a. Rutherford scattering

The first direct evidence for the strong influence of
channeling on Rutherford scattering yields was found by
Nelson and Thompson [Ne63]. They observed sharp
minima in the scattering of 50-keV H*, He", Ne™, and
Xe* ions from a Cu crystal whenever the incident beam
lay in a channeling direction. Later, Bogh and Uggerhgj
[Bo65a, b] measured the orientation-dependent yields for
Rutherford scattering of 400-keV protons from crystals
of Al and Ta. Since then, Rutherford scattering (usually
backscattering) has become the most commonly used
tool in channeling studies. It has the advantage of high
cross sections, small impact parameters, and the availa-
bility of a wide variety of particle species and energies.

A typical experimental arrangement for backscattering
is illustrated in Fig. 2 and some measurements on axial
channeling dips are given in Figs. 6, 12, 51, 57, 66, 89,
107, and 108. Figure 41 shows the result of scanning the
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incidence angle along a major plane. Many axes with
high Miller indices are observed indicating that care
should be taken to avoid their effects when measuring a
planar channeling dip; the yields shown in Fig. 41
correspond to a scattering depth of 3 u where effects due
to yet higher-order axes have been washed out by de-
channeling.

For axial channeling, the measured shape of the dip in
yield at zero depth, i.e., the depth-dependent yield x(x)
that has been smoothly extrapolated to x = 0, averaging
over any surface oscillations and avoiding complications
due to the surface peak, is generally in fairly good
agreement with theoretical calculations of the type dis-
cussed in Sec. 2.4dl. Figure 42 shows a comparison
between calculated and measured values of y,/,(0) for the
axial channeling of protons in several materials and at
several temperatures. For planar channeling, the situa-
tion is somewhat less satisfactory. However, the value of
Y,2(0) can usually be predicted quite accurately with the
expression due to Barrett [Ba71]; see Eq. (2.81) and Fig.
23. Although there is presently no simple formula capa-
ble of predicting xmin(0) in the planar case, there has been
success in some instances in fitting the measured planar
dips with calculated curves. An example is shown in Fig.
43 (see also Sec. 2.4d2).

There have been comparatlvely few channehng meas-
urements on backscattering in the low-energy ¢, region;
see Eq. (2.28). This is in part attributable to experimental
difficulties with surface layers and with detection prob-
lems. Figure 44 shows some results obtained by Berg-
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F1G. 44. Values of v, determined from backscattering, as a function of E/Z, for ?C, ®Ne, and *Kr ions channeled in the {(111) direction of W
[Berg68). The values of y4 and ¢, are also plotted (y, is not strictly a universal function of E/Z;; it is plotted here for “Ar). Curve I is a straight
line with the same slope as ¥, but fitted to the data in the low-energy region. Curve Il is an extrapolation of the curve that fits the data.
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strtom et al. [Berg68] on the variation of iy, with the
parameter E/Z, for low-energy heavy ions axially chan-
neled in W. Most of the data shown in Fig. 44 fall in the
Y, region (i.e., Y1 > a/d), but it is only for very low values
of E/Z, that the data show the E~* energy dependence
characteristic of ¥,. Channeling and semichanneling ef-
fects have been reported by Feijen et al. [Fei73] for 3-keV
H" ions scattered from a Cu crystal. Morita et al.
[Mor71c] have measured values of y, for axial channel-
ing in Si and Ge for protons in the energy range 20
keV-1.5 MeV. They find that the measured values are
always about 0.8 times the values calculated by Andersen
[An67] (Sec. 2.4d1).

For low incident velocities, Z, oscillations in the chan-
neled stopping power are observed (see Secs. 2.6b, 4.2¢,
and 4.3b) These are attributable to shell effects that
modify the electron density and thus affect the electronic
stopping power. Since the electron distribution also af-
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F1G. 45. Oscillatory behavior of xmin as a function of Z, measured for
various ions (E = 80keV) channeled in the (110} axial direction of Au
[Ne69al].
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fects the potential governing channeling, it might be
expected that shell effects should be seen in other charac-
teristics of channeled motion. Figure 45 illustrates some
evidence for such effects seen in Z, oscillations in xmi» for
various ions axially channeled in Au [Ne69a].

The surface oscillations discussed in Sec. 2.4el are
readily observable in Rutherford scattering measure-
ments. They are most prominent in planar channeling.
An example is shown in Fig. 46. For the first few hundred
angstroms in depth before straggling effects begin to
dominate, a considerable improvement in depth resolu-
tion can be achieved by using a magnetic spectrometer
instead of a solid-state detector to measure the energies
of scattered particles. This technique has been employed
by Begh [Be67a, 68a, b, 72]. Figures 47-49 show some of
his results. Axial alignment is illustrated in Fig. 47. The
surface peak corresponds to scattering from about the
first two atomic layers of the target (c.f. Fig. 20), and thus
the shape of the peak is essentially the instrumental line
shape. The surface oscillations are not as pronounced as
for the planar case (Figs. 46 and 48). This is consistent
with the discussion of Sec. 2.4el and with the Monte
Carlo calculations of Barrett [Ba71] (see Figs. 25 and 26).
Figure 48 shows a planar case. The two curves are
recorded for beam incidence 5° either side of the {111)
axis. In the two cases the conditions of incidence are the
same, but, for a given scattering depth the exit paths
differ; the exit path lies in a random direction. Thus, for
example, the peaks occurring at about 3190 G in Fig. 48
both correspond to scattering at a depth of Au/2, where
A is the classical wavelength of the planar channeled
trajectory. The stopping power on the ingoing portion of
the path for these particles is expected to be abnormally
large. Using the data from two curves such as those in
Fig. 48 one can determine this stopping power and also
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the wavelength Ay. Figure 49 shows planar dips measured
at depths corresponding to the first and third minima in
the backscattering spectrum, i.e., dips measured for par-
ticles that have suffered one and three collisions. The
most striking feature is the pronounced shoulders ob-
served for the single-collision case and the large multiple
scattering to which the particles must be subjected since
the shoulders are strongly reduced already after three
collisions (c.f. Fig. 22). It is remarkable too that after one
collision, yy,, is approximately 20% larger than the value
observed after three collisions; the latter corresponds to
the value usually observed when a solid-state detector is
used. It is evident that multiple scattering effects play a
very significant role in planar channeling even at small
depths. Further evidence for this is provided by data and
calculations on the variation of the value of xma as a
function of planar spacing (Fig. 50).

Figure 51 shows a typical example of backscattering
data obtained with a solid-state detector and a thick
target crystal. For progressively deeper scattering regions
within the crystal, multiple scattering causes the shoul-
ders on the channeling dip to disappear and the value of
Yy, to get smaller. Similar effects are seen for low-energy
heavy-ion bombardment (see, e.g., [Berg68]). The varia-
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tion of y,,, with depth is a consequence of the increase in
the rate of dechanneling as the direction of beam inci-
dence deviates from being parallel to the channeling
direction: the initial transverse energy distribution moves
to higher values. Campisano et al. [Ca72b] have made
experimental and theoretical studies of the depth and
temperature dependence of iy,. Some of their measure-
ments are shown in Fig. 52.

The first detailed studies of dechanneling were the
backscattering measurements of Davies et al. [Dav68a]
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F1G.49. Planar dip measured for 0.5-MeV « particles scattering at 90°
from a Si crystal [Be72]. Angular scans were made across the (110)
planar direction and data were recorded for particles that have made
only one collision (solid dots) and for those that have made three
collisions (open circles). The dashed line represents a calculation based
on a planar continuum potential (Sec. 2.4d2).
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F1G. 50 Plot of (1 — xm) versus (1/d,) for planar channeling of 1-
MeV protons in a 500-A-thick Au crystal [Po72a]. The value of Xmin
refers to the whole depth of the crystal, not just the surface value, and
d, is the planar spacing. The dashed line shows the result of calculations
excluding nuclear multiple scattering, and the solid line shows the
calculated results with nuclear multiple scattering included.
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and the transmission measurements of Appleton ez al.
[Ap68]. Since then, dechanneling has been the subject of
fairly intense investigation at several laboratories. Fig-
ures 53 and 54 show some typical backscattering data
and illustrate the dependence of the channeling dip on
depth and temperature. The fitted curves in Fig. 54 are
calculated from the expression of Ellegaard and Lassen
[E167], c.f. Eq. (2.105), modified to take into account
surface scattering effects. Several authors (e.g., [Fuj70;
Kon70a; Fot71; Howe71; Ca72; Mor72]) have been able
to fit their measured temperature-dependent axial de-
channeling rates with simple linear or exponential func-
tions of u3, where u, is the thermal vibration amplitude
defined in Egs. (2.44) and (2.51). However this is by no
means a universal rule (see, e.g., the data of [Dav68a,
72a)). Similar diversity exists in abilities to fit the depend-
ence upon the incident energy E. At the University of
Catania, extensive experimental investigations have been
carried out on the dechanneling of H and He ions in Si
and Ge [Fot69, 70a, 71; Ca70, 71, 72a, b]. It is found that,
for these materials, the dechanneling in a given axial
direction as measured by xXmin(x) — xmi(0) is a simple,
almost linear function of the single parameter xu3/E,
where x is the depth determined according to Eq. (2.114).
Figure 55 shows some of the Catania data plotted in this
way for two major axes in Si. The simplicity of this
functional dependence and the vast amount of data it
correlates are remarkable. There is no obvious theoretical
reason why such a simple relation should exist (see Sec.
2.4¢e2). Data obtained at some other laboratories (e.g.,
[Dav72; Fon72]) do not obey this simple rule. In Sec
2.4¢2 a list is given of some reasons why there is often
poor agreement between dechanneling theory and exper-
iment, and sometimes between the results of experiments
conducted at different laboratories. Various methods
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have been used to overcome the problem of the uncer-
tainty in determining the depths at which dechanneling
and backscattering occur; see item (g) in the list given in
Sec. 2.4¢2. We have already alluded to the techniques
used by Jack [Ja72] (Sec. 2.4e2) and by Bogh [Bo72] (see
Fig 48). By varying the angle of detection, one is able to
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Fic. 53. Temperature and depth dependence of the {110) axial
channeling dip obtained for backscattering of 100-keV protons from
Au [Howe71]. The curves (a), (b), and (c) are for detected proton
energies in the ranges 25-35 keV, 50-60 keV, and 75-35 keV,
respectively.

vary the outgoing path length traversed in the crystal by
the detected particles. The information obtained in this
way can greatly reduce the uncertainty in the scattering
depth. Another approach to this problem has been em-
ployed by Edge and Dixon [Ed70] who used the (p,a)
reaction to measure the escape of 0.5-MeV protons from
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axial channels in CaF, and LiF. They also were able to
show that the channeled stopping power for those par-
ticles that later dechanneled was about the same as the
random stopping power.

Backscattering measurements on planar dechanneling
have been reported by Davies et al. [Dav68a, 72] for W
and by Campisano et al. [Ca72a] for Si and Ge. It is
found that the quantity 1 — xmn(x) decreases approxi-
mately exponentially with x and that x,, varies roughly
linearly with E; see Eq. (2.111). Both of these functional
dependences are in accord with theory based on the
diffusion model (Sec. 2.4¢2). The agreement is, however,
a little bit surprising since for the planar case the
discrepancy between 1 — xmin(x) and f.(x) is known to
be large (e.g., [Alt70a]). The temperature dependence of
planar dechanneling is very slight, certainly much less
pronounced than for the axial case. This is illustrated in
Fig. 56. A qualitative explanation of this has been given
by Davies [Dav68a] (see also Sec. 2.4e2). These authors
point out that even without thermal vibrations a planar
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channeled particle already encounters rather large force
fluctuations in the steering process since relative to the
particle’s trajectory, the atoms are distributed randomly
in the planes. The extra force fluctuations introduced by
lattice vibrations therefore make a relatively smaller
contribution to the rate of dechanneling for the planar
than for the axial case. A further consideration is the fact
that for major axial directions, the potential minimum in
the channel tends to be shallow, and therefore even
particles with fairly small transverse energies can ap-
proach close to the channel walls and so be strongly
affected by changes in the thermal vibration amplitudes.
The potential minima for planes tend not to be shallow
(an example is shown in Fig. 9), and so only particles
with high transverse energies approach the walls closely.

It was stressed in Sec. 2.4e2 that the divergence of the
incident beam and the conditions at the crystal surface
are of crucial importance in measurements on dechannel-
ing. A group at Caltech [Rim71, 72a; Lug73] has made a
series of experimental investigations of these effects.
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Some of: their data showing the influence of amorphous
surface layers upon the shape of the channeling dip are
reproduced in Fig. 57. The authors obtained good agree-
ment between their data and the results of calculations
based on Meyer’s treatment [Mey71] of plural scattering.

Morita and Itoh [Mor71a] and Morita [Mor72] have
found a strong dependence of dechanneling rates on the
mass M, of the incident ion (Fig. 58). They were able to
fit the dechanneling rate, expressed as a probability per
unit energy loss, to a linear function of 1/L., a relation-
ship predicted by their diffusion model treatment of
dechanneling [Mor71b], where L. is defined in Eq. (2.88).
Their result is shown in Fig. 59.

A different type of mass-dependent effect has been
found by Grasso and co-workers [Fot70b, Gr72]. These
authors detected small differences in the shapes of the
shoulders of channeling dips (measured near the crystal
surface) depending on whether the incident particles were
protons or deuterons. These differences have been inter-
preted [DeW70a; Gr72] as evidence for quantum effects
in channeling (see the discussion in Sec. 2.5).

In addition to the articles already cited in this section,
the reader is referred to the following, by no means
complete, list of further papers on measurements on the
depth and temperature dependences of Rutherford scat-
tering [Far65; An68; Pal68; Pi69b; Mor70a; Beh68, 71,
72; Fuj71a, b; So7la, b, 72a, b; Bel72c; Del73; He73;
Kub73] (see also Sec. 44).
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ions backscattered from a Ge crystal [Mor72]. The aligned spectra were
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4.2b. Blocking

Following its discovery in 1965 [Do065; Ge65; Tu65a,
b], the blocking effect has been studied intensively in
connection with its applications in nuclear lifetime meas-
urements and in atom location measurements. We defer
until Secs. 6.2 and 6.6 a discussion of blocking effects in
which the emitting atom does not occupy a normal
position in the lattice. The relationship between channel-
ing and blocking has been discussed in Sec. 2.2.

Domeij [Do65a, b, 66] has studied the angular distribu-
tion of a particles emitted from radioactive **Rn ions
injected at 60 keV into a W single crystal. Figure 60
shows some of his results. The fact that xmn is larger and
Yy, is smaller than the corresponding values for a-particle
channeling is probably due to lattice damage effects
caused by the implantation and to the fact that some of
the Rn atoms may be interstitially located. Multiple
scattering and flux peaking effects may also be present
(see also [Mat67, 69a]). For comparison with the data
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Fi1G. 60. Intensity as a function of emission angle for 5.49-MeV «

particles from *?Rn implanted in W [Do65a]. The dip is centered on the
{111} axis of the W crystal. The mean depth of the Rn nuclei was
measured to be 650 A. The value of yy, is 1.7° and x. is 0.28.

shown in Fig. 60, Oen [Oe65] has made a calculation
based on the assumption that the blocking is due solely
to the nearest neighbor atom. His calculation is discussed
in Sec. 2.4d1.

An example of planar blocking effects seen in the wide-
angle scattering of a proton beam is shown in Fig. 61. It
is interesting to note the existence of a group of particles
emerging in the planar direction and having anomalously
low energy losses. These particles must have been scat-
tered into the planar channel and thereafter experienced
a reduced stopping power. This process somewhat com-
plicates the analysis of data on nuclear lifetimes (Sec 6.6).
Fujimoto et al. [Fuj71d] have made experimental and
theoretical investigations of such channeling effects in
blocking phenomena. The angular widths of the dip and
peak in Fig. 61 are approximately the same and agree
well with the corresponding value for planar proton
channeling.

The temperature and depth dependences of blocking
have been studied (e.g., [Tu65a, b; Ho68; Ana69b]) with
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F1G. 61 Distribution in energy and in angular position of protons
emerging near the (110) planar direction of a 35-u-thick Si crystal
[Ho68]. The incident 4-MeV proton beam was not channeled. The
scattering angle for the detected protons was 15°.

results similar to those found for the corresponding
channeling measurements. :

Blocking patterns are frequently recorded on photo-
graphic plates or on cellulose-nitrate film (e.g., [Ge635;
Tu65b, d; Barr68, 69a, 70; Beh68; Ho68; Maz69; En70;
Mat70; Mu70; Howe71; Pan72]). An example is shown
in Fig. 62. A careful study of such patterns has revealed
lines corresponding to planes whose Miller indices in-
clude integers as high as 9 [Ho68]. Mueller and White
[Mu70] have found marked differences in blocking pat-
terns for crystals having nearly identical structures but
differing thermal vibration amplitudes (e.g., Pt and Au).
The line intensities seen in blocking patterns have been
interpreted by Barrett [Barr69b] in terms of the geomet-
rical structure factors familiar from x-ray crystallogra-

phy.

If, in a blocking measurement, the incident beam lies -

in a channeling direction, then the yield detected for
close-encounter processes is drastically reduced. Such an
experimental arrangement is referred to as double align-
ment and was first investigated by Kulikauskas er al.
[Kul67] for the axial case and by Holland and Gemmell
[Ho68] for the planar case. Since the sensitivity to
scattering or reactions involving atoms at regular lattice
sites is minimized in double alignment, then by the same
token the sensitivity to processes involving displaced
atoms is maximized. Advantage can be taken of this in
studies of lattice disorder and in atom location measure-
ments (Secs. 6.2 and 6.3). In these measurements, it is
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FiG. 62. Backscattering blocking pattern recorded for 150-keV pro-
tons incident on a Bi crystal near the {111) axial direction [En70]. The
hole near the center of the picture is to permit the passage of the
incident beam.

often difficult to avoid causing excessive beam-induced
radiation damage to the target crystal due to technical
problems in simultaneously aligning the beam and the
detector. Feldman and Appleton [Fel69; Ap70] showed
that these difficulties can be greatly reduced if unidirec-
tional double alignment is employed, i.e., the channeling
and the blocking directions are the same. This can be
achieved using an annular detector to collect particles
scattered close to 180° from the beam direction. An
example of data recorded this way is shown in Fig. 63.

It may be expected that the minimum yield xm» in a
double alignment measurement should be proportional to
the product Xfin X&in,» Where xmn and xii. are the corre-
sponding single alignment values for the ingoing and
outgoing directions, respectively. There should also be a
dependence on the angle a. between these two direc-
tions, since the displacements of the scattering atoms
relative to the two directions involve geometrical factors.
We write

x;nin (aab) = V'((Xab )Xfmn Xrbnin . (4- 1)

For the case where the two directions concerned have the
same type of crystal symmetry, this becomes

Xmin (@) = ¥'(0) Xmin (42)

Appleton and Feldman [Ap70] have derived analytically
an expression for »’(a) based on the continuum model for
axial channeling (Secs. 2.4b and 2.4d1). They included a
modification of Lindhard’s expression, Eq. (2.47), for Xmi
that allowed for a nonuniform distribution of particle
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flux. Their result is

v(a) = 2 — 0.5 sin’a. (4.3)
From Monte Carlo calculations Barrett [Ba71] found
values of »(90°) = 1.1 = 0.1 and »(0°) = 1.2 + 0.1 for
1-MeV protons channeled in the (110) axial direction of
Au. Thus both theories predict a value of »(a) in the
range | to 2 and predict that it should be somewhat larger
for uniaxial than for biaxial geometry. Several values of
v'(a) have been measured for the axial case (see, e.g.,
[Kul67; Be68a, b, 69; Fel69; Ap70, 72c; Beh72; Pi72))
and are found to lie in the range from 2 to 10. Experi-
mental problems, such as amorphous surface layers, may
account for some part of the discrepancy, but it seems
likely that the largest part may be attributable to factors
that have thus far been neglected in theoretical treat-
ments; e.g., if an incoming channeled particle strikes a
target atom, the probability that such a particle will
emerge from the crystal along a major symmetry direc-
tion is higher than that for particles emitted in normal
single-alignment blocking.

For axial double alignment, Eq. (4.2) indicates that x/n
should be strongly temperature dependent, approximate-
ly proportional to u3; see Egs. (2.47) and (2.68). This was
experimentally verified by Appleton and Feldman [Ap70]
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who measured xmi for the (100) axis in W as a function
of temperature. They found good agreement with Eq.
(4.2) when Barrett’s value, Eq.(2.68), of xmn was used.
However a value of v'(a) =~ 9 was required. Picraux et al.
[Pi72a] have measured the dependence of x' on the
incidence angle for 1-MeV “He ions bombarding Si. The
measured value of Y, for axial double alignment is found
to be about 25% larger than the value for single align-
ment; part of this can be attributed to the reduced energy
of the scattered « particles. Double alignment measure-
ments are very susceptible to lattice damage [Kul67;
Ap70], a fact that makes them well suited to determina-
tions of such damage [Bo68a, b].

Gaillard et al. [Ga73b] have measured the dependence
on bombarding energy for the minimum yield in planar
double alignment. Their data display an oscillatory ener-
gy dependence which provides detailed information on
the oscillating particle trajectories in planar channeling.

4.2c. Nuclear reactions

In crystals the interaction rates observed for nuclear
reactions involving the absorption or emission of charged
particles are highly orientation dependent. Most of the
considerations discussed in the previous two sections
apply. The main characteristics of nuclear reactions that



Donald S. Gemmell: Channeling

are of particular interest from a channeling standpoint
are (i) the existence of reactions with high positive Q-
values permitting the identification and separation of
elements, especially light elements, which might be diffi-
cult by other means, e.g., backscattering, (ii) the existence
of narrow resonances that can be used as depth gauges,
e.g., in determining dechanneling rates, and (iii) recoil
effects associated with the finite lifetimes of compound
nuclei (Sec. 6.6). Figure 64 shows the orientation depend-
ence of the y-ray yield from the "F(p, ay)'®O reaction
measured in a CaF, crystal.

The following list indicates some of the reactions for
which channeling effects have been measured. The corre-
sponding references are also given.

SLi(n, a) *H [Bi73]

*Li( p, a) *He [Ed70]

2C(d, p) °C [Mat69a, 70]

“O(d, p) "O [Abel69, 72b; Erik69a; Mat69a, 71]
“O(*He,p) *F  [Cli72]

YF(p,ay)®O  [Ed70, 72a; Kob68, 70; He7la, b]
Al p,v) ®Si [Bo64; An65; Blan69]

Si(d, p) *Si [Ge65; Ho68]

Si( p, v) P [Bo64]

S'V( p,n)*Cr [Po68Db]

SCu( p, n)*Zn [Th64; Far65].

4.2d. Characteristic x-ray production

The influence of channeling on the rate of production
of characteristic x rays in crystalline targets was first
studied by Brandt and co-workers [Br65, 68] and was
followed by an extensive set of measurements by Khan et
al. [Kh66, 67a, b]. X-ray production is of special interest
in channeling because the impact parameters involved,
typically up to 107'° — 10~°cm, are much larger than those
in Rutherford scattering, typically 107 — 107"'cm. In
fact, the impact parameters for x-ray production can be
of the same order of magnitude as the critical distance of
closest approach p. to the channel walls. Where two-
particle Coulomb collisions are the dominant mechanism
for ionizing a particular atomic shell in the target atoms,
a semiclassical impact-parameter treatment (e.g.,
[Bang59]) is known to reproduce the observed ionization
cross sections in the region where Eq. (2.10) is satisfied.
Under these conditions Bohr’s adiabaticity criterion, Eq.

RELATIVE y—RAY YIELD

(110)

A S S T RS
o] 50 100 150
ROTATION ANGLE (DEGREES)

FI1G. 64 Variation of the y-ray yield from the “F(p, ay)'*O reaction
when a CaF, crystal is rotated so that the beam direction follows a cone
around the {110) axis [Kob70]. The cone angle is 5° and the proton
energy is 896.1 keV.
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(2.127), provides an estimate of the maximum impact
parameter for ionization by a particle of velocity v:

bmax = FU/AE
~ 93(E/M)"*/AE A,

(4.4)
(4.5)

where the energy E and the mass M, of the bombarding
particle are given in units of MeV and amu, respectively,
and the binding energy of the shell in question, AE, is
given in eV. The validity of this estimate in the cases of
ionization of the K shells in Cu, Se, and Ag by protons of
about 2-MeV energy has recently been demonstrated by
Laegsgaard and co-workers [Laeg72a, b; Br73a] (Fig. 65).
One might expect that if bm.x were much less than p,
typically about one or two times u,, the thermal vibration
amplitude defined in Egs. (2.44) and (2.51), then the
corresponding x-ray yield should vary with orientation in
the same way as backscattering or nuclear reaction
yields. If, on the other hand, bm.« and p. are comparable
in size, the channeling dip for x rays might be expected
to be shallower and narrower than those for backscatter-
ing or nuclear reactions. These expectations have been
verified by Davies and co-workers [Dav69; Pi69a]. Figure
66 shows some of their data for 1.4-MeV “He ions
incident on W. For the case shown in Fig. 66, bmax is
about 0.005 A for the L shell and about 0.02 A for the M
shell. For W at room temperature, u, = 0.07A if a Debye
temperature of 310°K is assumed [Lo62]; for a Debye
temperature of 400°K [Gray63], v, = 0.05 A. Thus, the
channeling dips for the L x rays and for backscattering
should be the same, whereas one might expect the dip for
the M x rays to be slightly different as is observed in the
data shown in Fig. 66.

When the incident beam consists of heavy ions, quasi-
molecular excitation (Pauli excitation) of inner-shell va-
cancies in both the beam and the target atoms may occur
[Fa65; Bar72]. This type of process is known to dominate
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F1G. 66. Comparison of Rutherford scattering and L and M x-ray yields in W as a function of incidence angle relative to the (111) axis for 1.4-
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1200 A. In (a) is also shown (open circles) the Rutherford scattering curve for a depth of 5000 A. In (b) the points shown represent the L x-ray

yield and in (c) the points show the M x-ray yield.

in the keV/nucleon energy range (see, e.g., [For69;
Br70b]). Recent experiments [Ste70; Da71] have indicat-
ed that this mechanism may still play a dominant role
even at bombarding energies in the MeV/nucleon range.
Under these circumstances, a better estimate of the
maximum impact parameter for ionization to occur may
be the level-crossing distance as calculated, for example,
from the model of Barat and Lichten [Bar72]. This
estimate gives a good fit to the measured impact-param-
eter dependence of the probability of L-shell vacancy
production for bombardment of Te with 30-MeV '¥'I ions
[Ste70]. It is not too different from the sum of the radii of
the two interacting electronic shells.

The interpretation of channeling measurements on
characteristic x-ray production can be complicated by
the rapid variation of the cross section with bombarding
energy, by dechanneling effects and by the absorption in
the target of the emitted x rays. All of these complica-
tions can be minimized by using thin targets. For the
thick target data shown in Fig. 66, the 1.4-MeV *He beam
lost energy in the W sufficiently rapidly that 95% of the
L and M x rays originated within 6000 A of the surface.
The dechanneling in this distance is negligible (< 1%) for
the {111) axis. The strong self-absorption of the M x rays
further limited the effective measured depth for them to
about 2000 A. This situation is to be contrasted with, say,
an angular scan across the (100) plane of a thick Ge
crystal using 4-MeV protons. In this case the x-ray

Rev. Mod. Phys., Vol. 46, No. 1, January 1974

absorption distances together with the dechanneling and
energy loss of the beam combine in such a way that
scarcely any dip is observable for the K x rays (10 keV)
whereas quite a pronounced dip is seen for the L x rays
(1.2 keV).

Measurements comparing the effect of channeling on
backscattering and on x-ray production have been per-
formed by several authors (e.g., [Dav69; Pi69a; Ge72a, b;
Ja72]). In some instances (e.g., [Pi69a; Roth70; Ge72a,

b]), characteristic x rays have been used to study sublat-
tices in polyatomic crystals (see Sec. 4.4). For this appli-
cation the high efficiency and good resolution of the
Si(Li) detector are of great value. Cairns ef al. [Cai72]
have studied the production of L x rays in a Cu crystal
bombarded by low-energy (150-350 keV) Ne*, Ar*, Kr*,
and Xe* ions. The values of y,,, that were found for the
{110) axis exhibit a dependence on (Z,/E) that is inter-
mediate between the dependences expected for Y1 and v,
(c.f. Fig. 44). Saris ef al. [Sar69] found a peak in the yield
of Ar L x rays observed in a {110) axial channeling
direction when they bombarded a Cu crystal with 35-keV
Ar” ions. These results, suggestive of flux peaking, were
interpreted as being due to collisions between the beam
and Ar ions that had become implanted interstitially in
the {110 direction. When the bombarding energy was
raised to 90 keV the yield displayed a dip instead of a
peak, possibly because at this energy the x rays were
predominantly due to Ar—Cu collisions.
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4.2e. Ranges injected along the (100> axis of W. It can be seen that the

Because channeled particles experience an anomalous-
ly low rate of energy loss their maximum ranges in
crystalline solids are abnormally large. This phenomenon
led initially to the first observations of channeling
[Dav60a, b; Pie63; Lu63]. Since then the topic has been
studied intensively particularly with respect to applica-
tions in ion implantation in semiconductor materials
(Sec. 6.1). In this section we give a few illustrative
examples of the influence of channeling on ranges. For
more detailed discussions and reviews of the extensive
literature on this subject, the reader is referred to [Se66;
Da67; Dav67a, 68b, 72b; Wh67, 68; Ne68a; May70;
Mar71b; Dem?72].

A common technique for measuring range profiles is
that of bombardment with radioactive ions followed by
anodic oxidation and chemical stripping (Sec. 3.2). Fig-
ure 67 shows data obtained in this way for *P ions
channeled in Si (see also [Ei68a; Red72]). The detailed
shape of the range profile depends on the dechanneling
rate, which in turn, for a given crystal orientation,
depends on factors such as temperature (see Fig. 68),
lattice defects which can be produced by the ion bom-
bardment itself, incidence angle with respect to the
channeling direction, and the many other factors dis-
cussed in Sec. 2.4e.

By differentiating a curve of maximum range versus
incident energy, the stopping power for channeled ions
can be derived. This is illustrated in Fig. 69 for Xe ions
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velocity-proportional electronic stopping dominates
down to energies of about 4 keV; for amorphous W, the
corresponding value is about 2.5 MeV. The electronic
stopping power measured at constant velocity was found
by Eriksson ef al. [Erik67a] to exhibit the Z; oscillations
discussed in Sec. 2.6b. An example is shown in Fig. 70.

4.2f. Radiation damage

Since atomic displacements are caused mostly by close
collisions, the rate of radiation damage in single crystals
bombarded by ion beams is strongly orientation-depend-
ent. This was first observed by Noggle and Oen [No66).
These authors found a factor of 14 reduction, as deter-
mined by spot densities in electron micrographs, in the
damage induced in thin Au crystals when an incident
beam of 51-MeV ?'I ions was aligned with the {110 axis
as compared with a random direction of incidence. The
damage rate showed a characteristic channeling dip as a
function of incidence angle (see also [No69]). Merkle
[Me68] saw similar effects in the bombardment of Au
crystals at 4.2°K with 120-keV protons and 120-keV Xe™
ions. Schober and co-workers [Schob68, 69a, b; Tho69]
have observed the formation of vacancy clusters caused
by the dechanneling of keV Au ions in Au. To ensure
that only channeled ions entered the Au, these authors
used an epitaxial layer of Ag as a filter.

A striking example of the orientation dependence of
radiation damage in Si bombarded by 80-keV Ne* ions
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has been given by Nelson and Mazey [Ne67b, 68a, b]. At
high doses the damaged surface of Si assumes a milky
appearance. The data shown in Figs. 71 and 72 demon-
strate how this is reduced when the beam is channeled.

For further discussion on the effects of channeling on
rates of radiation damage, the reader is referred to
[Ei68b; Kum68b, 69; Ne68a; Jo69; No69; May70;
Mor70b; Roth70; Bulg71; Mat71b; Ge72a, b].

4.2g. Response of scintillating crystals

In 1968 Luntz and Bartram [Lun68] calculated the
stopping powers for well-channeled ions (‘He — *Ne)
over the velocity range 1-10 MeV/amu in crystals of
Nal(Tl) and CsI(Tl). They predicted that since the scin-
tillation efficiency in these crystals is a decreasing func-
tion of dE/dx at large values of dE/dx, the luminescent-
response should show a maximum when the incident ions
are channeled. The reduced ionization density for chan-
neled particles favors radiative recombination of elec-
trons and holes at T1" sites over competing nonradiative
recombination. This effect was verified experimentally in
1970 by Altman et al. [Alt70b] for the cases of 7.5-MeV
“He and 10-MeV 'O ions planar channeled in Nal(TI).
Similar effects have been seen for protons in CaF,(Eu)
[At070] and KCI(Tl) [Hu71], for a particles in CsI(TI)
[Kul72; Sh73], and for *He and '®O in Nal(Tl) and KI(TI)
[Alt73; Mas73]. The theory has been further developed
by Luntz and Heymsfield [Lun72].

For comparison, it is interesting to note that the optical
fluorescence yield measured for 5.48-MeV « particles in
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F1G. 71. Schematic drawing of the experimental arrangement used by
Nelson and Mazey [Ne67b, 68a, b] to produce the data shown in Fig.
72. The 2.5-cm-diam Si target was rotated continuously about the ¢
axis. The angle @ was stepped in such a way that the entire crystal
surface received a uniform dose. The incident beam of 80-keV Ne™ ions
was collimated to a diameter of 0.8 mm and to an angular divergence
of ~0.01°. (Reproduced with permission of J. Mat. Sci., Chapman &
Hall, London.)

a pure anthracene crystal shows a minimum under chan-
neling conditions [Berk64; Wick67; Br68]. In this case,
the fluorescence yield is an increasing function of dE/dx
[Bir64].

4.3. Transmission effects

The anomalous transmission of ions due to channeling
effects was first seen by Nelson and Thompson [Ne63] for
the case of 75-keV H* and He" ions incident on an Au
foil ~ 3000 A thick. Sharp maxima in the transmitted ion
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(a)

F1G. 73. Star pattern recorded in
transmission for 2.43-MeV protons
incident along the (110) planar di-
rection and approximately 1.6°
from the {110) axis of a Ge crystal
7 p thick. The dark region corre-
sponds to high particle intensities.
(The range of 2.43-MeV protons in
amorphous Ge is approximately 43
p [Gor69].)

-2 0 +2°

current were observed when the beam was aligned with
the {110} axial direction. The maxima disappeared after
prolonged bombardment with He* ions. This was attrib-
uted to the formation of dislocation loops which blocked
the axial channels.

Dearnaley [De64] made measurements on the energy
losses of 2.1-MeV protons transmitted through Si crystals
in major axial channeling directions. This was followed
by similar measurements by Wegner and co-workers
[Wegé4; Er64; Ap65; Gi65], who also found evidence for
some transmitted particles that had suffered anomalously
high energy losses.

4.3a. Star patterns

When the range of the incident beam in the target
material exceeds the target thickness, characteristic chan-
neling patterns may be observed as the transmitted beam
strikes a photographic plate or a phosphor screen located
as shown in Fig. 2. These star patterns were first reported
by Schiffer and Holland [Sc65]. Examples are shown in
Figs. 4 and 73. The characteristic intersecting planar
patterns associated with the major axes are a valuable aid
in the alignment of crystals in channeling measurements.
The general appearance of these patterns and the distri-
bution of intensity in them are dependent (often in a
complicated way) on the magnitudes of several interrelat-
ed parameters, e.g., the mass, charge, and energy of the
bombarding ions, the beam divergence, the target thick-
ness, the rms multiple scattering angle, the dechanneling
rates and critical angles for the various axes and planes
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F1G. 72. (a) Photographic reproduction of a
{111) Si crystal surface after programmed
bombardment with 80-keV Ne* ions using
the arrangement shown in Fig. 71 [Ne67b].
The dark areas show a minimum of radiation
damage where the beam is channeled. (b)
Radial projection of the (111) face of an fcc
crystal showing the low-index planes for
comparison. (Reproduced with permission of
J. Mat. Sci., Chapman & Hall, London.)

(b)

involved, and the angle of beam incidence relative to
these directions. Thompson [Th68b] has made a detailed
theoretical analysis of the dependence of star patterns on
many of these factors. The simplest patterns are usually
those for fairly thick targets. In these cases, only the high-
symmetry directions can be seen. Multiple scattering in
the crystal establishes a pseudo-equilibrium between es-
cape from and feeding into the major channeling direc-
tions and this results in a “well-behaved” pattern such as
that shown in Fig. 4. As the target crystal is made
thinner, lower-symmetry directions become observable,
the multiple scattering decreases, and, toward large scat-
tering angles, blocking becomes apparent. It is notewor-
thy that for planar incidence (Fig. 73) the multiple
scattering of the channeled beam in the direction along
the plane is much less than the normal multiple scatter-
ing. Hence the dark planar channeling streak in the
center of Fig. 73 turns to a white blocking line well inside
the mean angle for random multiple scattering. For
crystals thin enough that the multiple scattering of the
channeled beam is small compared to the critical angle,
the planar channeling pattern exhibits a streak perpen-
dicular to the plane. For very thin and highly perfect
crystals, the transmitted patterns observed with tightly
collimated incident beams tend to become complex and
depend sensitively on the finer details of the channeled
trajectories inside the crystal. (These patterns are dis-
cussed in Sec. 4.3d).

Star patterns have been investigated by several authors
(e.g., [Geb65; Sc65; Ne67a, 68a; Rem67; De68a, b; Ho68;
Th68b; Ace68, 70; Ap69; Mark71; So72c]). Perhaps the
most extensive studies to date are those of Dearnaley et
al. [De68a, b]. Nelson et al. [Ne67a] were able to obtain
some semiquantitative energy analysis as well as the
spatial distribution of transmitted ions by using color film
to record the star pattern. After developing, the color
obtained depended on the depth the ions had penetrated
into the different layers of film.

A couple of the features displayed in Fig. 73 are
worthy of comment. It can be seen that there is a white
spot corresponding to blocking along the {110) axis even
though the incident beam direction lies fairly close to this
axis. Dearnaley et al. [De68a, b] have explained this as
being the consequence of a potential barrier existing
between the axial direction and the planar direction. In
the data shown in Fig. 62 the multiple scattering of the
planar channeled beam is not sufficient to overcome this
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barrier. Furthermore, the crystal is thin enough that there
is negligible feeding of the random component of the
beam into the axial channels by multiple scattering.

It was noticed early in the study of star patterns
[De68a, b; Ho68] that when a major crystal plane lies at
an angle within the region of normal (random) multiple
scattering, the corresponding planar streak observed in
the transmission pattern on a photographic film becomes
asymmetric. The line becomes dark on the side away
from the beam direction and light on the side towards the
beam. If one follows the white blocking line observed at
large angles through the region near the beam direction,
it appears that the blocking line bends inward towards
the beam direction as it passes by the dark streak, whose
length is proportional to the width of the multiple
scattering distribution. The resemblance between these
patterns and the Kikuchi patterns seen in electron mi-
croscopy led to the suggestion (e.g., [Ch66]) that the
channeling data could be interpreted in terms of proton
Kikuchi patterns. Theoretical analyses by Thompson
[Th68b] and by Appleton and Feldman [Ap69] demon-
strated that the phenomena seen for protons can be
readily understood in classical mechanical terms.

4.3b. Anomalous energy losses

As the list given in Table I indicates, there have been
many measurements on the energy losses suffered by
channeled ions transmitted through single crystals. In
this section we are mostly concerned with measurements
on targets thick enough for the channeled beam to reach
statistical equilibrium (see Sec. 2.4e). More detailed
measurements on thinner targets, noted with the com-
ment fine structure in Table I, are discussed in Sec. 4.3c.

We discuss firstly measurements performed at high
incident particle velocities (Region I in Fig. 37). Figure
74 shows typical energy-loss spectra for energetic protons
transmitted through a crystal (~50 p thick) in random
and axially aligned directions. Reductions in stopping
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power by factors of up to 3 for major channeling
directions have been reported by several authors. There
is also good evidence (e.g., [Er64; Gi65; Sa65; Ap67;
Rem67]) for the existence of a group of particles trans-
mitted in a channeling direction and having a stopping
power higher than the random value. These particles are
most probably the ones with transverse energies near to
or slightly higher than the critical value for channeling.
Evidence for this comes from their dependence on the
beam incidence angle (see Fig. 75).

For crystals thick enough for dechanneling to be
significant, the spectrum of transmitted energies displays
a continuum between the channeled and random peaks.
An example is shown in Fig. 76. From the rate of rise of
the continuum, one can extract information on the
dechanneling rate. In the planar case, this continuum
rises approximately exponentially as is predicted by the
diffusion model of dechanneling (see, € g., [Ap68; Fel68;
Th68b; Mor72]; see also Sec. 2.4e2). Altman et al.
[Alt70a] have deduced the initial channeled fraction
fa(0) from a calculation fitting their measured energy
distribution for 5-MeV protons transmitted through a
60-u-thick Si crystal in the (110) planar direction. Their
results give a value of [1 — £4(0)] = 0.12 at room tem-
perature. The corresponding value of xmin(0) determined
from backscattering experiments is 0.31 [Dav68a]. The
large difference between these values is ascribed to
initially unchanneled particles with trajectories that yield
abnormally high scattering probabilities. The result indi-
cates that substantial errors may be incurred if one
simply assumes that 1 — xmia(0) is the initially channeled
fraction (see Secs. 2.4¢2 and 4.2a). For target thicknesses
large compared to the dechanneling distance x,, , feed-
ing-in of particles from the random to the channeled
component of the beam occurs. This process has been
discussed by Appleton et al. [Ap67, 68] and by Morita
and Itoh [Mor71b]. .

The angular half-widths measured' for the low-loss
component of the transmitted beam as either the inci-
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Fi1Gg. 75. Fractions of high-loss and low-loss transmitted particles plotted as functions of the
incidence angle relative to the (111), (110), and (100) planes for 2.8-MeV protons bombarding a
33-p-thick Si crystal [Ap67].

of the incident beam, (b) protons transmitted
parallel to the (111> axis, and (c) protons
transmitted in a random direction.
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TABLE I. Transmission measurements on energy losses of channeled ions.
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Reference Ion Energy Crystal Thickness Remarks?
Alt 70a ? 5 MeV Si 60 u Deduced planar channeling
probability
And 65 d 13 keV Au 700 A Angular dependence
And 66a da 15 keV Fe 1000 A Angular dependence
And 66b d,'He 8—25 keV Au 275—600 A 'Angular dependence; damage ef-
fects; charge exchange
Ap 65 P 4,85 MeV Si 50 1 Comparison of axial and planar
effects
Ap 67 ? 3—11 MeV Si 25—50 u Angular dependences; comparison
of axial and planar effects
160 10 MeV 2 .
Ap 71 121y 15—22 MeV Au 5000 A Fine structure
Bgtt 69 7=Z; =54 0.2—1.1 MeV Au 500—5000 A Z, oscillations
Ch 68c P 30 keV Au 92 A Fine structure
Cl 69 ? 4 MeV Csl 90 u Comparison with calculations of
[Ap 67] and [Lun 68]
Cl 70 ? 4—8 MeV Si, Fe, Mo,Ge, W, 20—100 pu Comparison of insulators, semi-
NaCl, MgO, CsI conductors and metals
Da 65a,b  "Br,1271 20—80 MeV Au 4000 A Energy and angular dependence
Da 69 He, 3 MeV Au 7000—9000 A Fine structure
1217 60 MeV
Da 70 1271 15—60 MeV Au 5000—7000 A Energy dependence;
Fine structure
De 64 p 2.1 MeV Si 37 First experiment with energy
analysis
De 68a,b p 1—5 MeV Si, Fe,Al,y, O;, 1—100 u Angular dependence
MgO
Del 71; 72 p.d, "He 0.9—5 MeV Si 1.5—36 u Energy dependence
Ei 66 ? 375 keV Si 2 u Comparison of axial and
planar effects
Ei 68a 5=Z; =19 100—500 keV Si 0.24—1.5pn Angular dependence; damage ef-
fects; comparison of axial and
planar effects; Z; oscillations
Ei 71a P 0.4 MeV Si 5000—7000 A Fine structure
Ei 72a ‘He 0.1—18 MeV Si 0.3—11 p Energy dependence
Er 64 ) 3 MeV Si 25 u First observation of high-loss
particles
Far 65 ? 2.5 MeV Cu 10pn Angular dependence: temperature
dependence
Fuj 69 ? 1.5 MeV Si 26 u Temperature dependence
Ge 72a,b p 3.8 MeV BaTiO, 3—20 Angular dependences; effects of
ferroelectricity
Gi 65 ? 5 MeV Si 50 p Angular dependences of low-
and high-loss components
Gi 68a f 0.4 Mev Au 1200—1650 A Angular dependences; some
“He 0.8 MeV .
fine structure
Gi 72a ‘He 1.8 MeV Au 2750 A Fine structure
Ham 66 P 3.55 MeV Mica 30 u Small axial channeling effect
Hi 70 d 20—28 keV Au 200—300 A Energy dependence
Hog 70 {’JI’{Z Li 2—54 keV Au 200—1500 A Straggling measurements; some
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Reference Ion Energy Crystal Thickness Remarks?
Ib 68 Pb, T1 116—169 keV Au Zg'?OAf\ Electronic versus nuclear
stopping
Kon 69 p 6.72 MeV NaCl 80 u Temperature dependence
4 .
He 3 MeV 2 .
Lu 66 1271 60 MeV Au 5000—7000 A Fine structure
Lu 71 ‘He 2 MeV Au 1600—3000. A Fine structure
Mach 68 ? 85 keV Au 350 Z\, 1050 A Angular dependence
Mach 70 ? 92 keV Au 500 A Angular dependence
Man 68 p 1.5 MeV Si 10—35 p Dependence on target thickness
Man 70 ? 1.5 MeV NaCl, KCl, 10—20 p Angular dependence
KBr, KI
Rem 67 ? 2 MeV Si 20 u Angular dependences of high-
and low-loss components
¥4 4.25—7.75 MeV .
Sa 65 d 7 63 MeV Ge 90 u Observed high-loss component
Sa 67 p,d 3.3—7.8 MeV Si, Ge, GaAs . 100—150 p Angular and velocity dependences
Sa 68a p.d,*He 2—13 MeV Si0, 30—60 Dependences on ion type and
energy
Sa 68b p,d,*He 2.5—14 MeV AlSb, GaSb,InAs, 25—125pu Study of zinc-blend lattices;
InSb dependences on mass, charge and
energy of incident ion
Sh 68a ) 6.72 MeV Ge T7 u Angular dependence
Sh 68b p 4.7—6.72 MeV NaCl, KCl, KBr 80—100 p Angular dependence; temperature
dependence
b 3 MeV, . e
Weg 64 He 40 MoV Si 25 Implications for detectors

discussed

2 In all the work cited here energy losses were measured. We remark

only on additional features of the measurements. The comment

Fine structure means the measurement is of the type discussed in

Sec. 4.33.

dence angle or the exit angle is varied tend to be
somewhat lower than the values of 4, found from
backscattering; this was predicted by Lindhard [Li65].
The actual values of the half-widths depend very much
on the width and position of the window set on the
detected energy spectra; Fig. 89 shows an extreme exam-
ple where the half-widths for transmission and backscat-
tering differ by a factor of 7 or 8. Where highly perfect
target crystals and very small beam divergences are used,
the least energy loss observed in axial channeling corre-
sponds to hyperchanneled particles (see Sec. 4.3¢). Unless
great care is taken, hyperchanneling effects are usually
not observed in transmission experiments with moderat-
ely thick targets. In the absence of hyperchanneling, the
measured energy losses for axial channeling are typical of
particles that are free to migrate between axial channels.
Under these conditions, the least energy loss in a given
axial direction is usually found to be equal to the energy
loss characteristic of particles channeled in the most open
of the planar channels intersecting in the particular axial
direction being studied (e.g., [Ap635, 67; Ei68a; Ge72b];
see also the discussion in Sec 2.6b).

It is interesting to note that, in the (110> axial and
(111) planar channels in Si the channeled stopping power
for protons in the MeV range is very nearly the same as
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for Ge. Clark ef al. [C169, 70] suggest that this is because
the valence-electron gas density is about the same for
crystalline Si and Ge and that the channeled energy loss
is predominantly due to interactions with valence elec-
trons. The difference in the values of ¢ then would come
about because the random stopping power is about 1.5
times greater for Ge than for Si at the same incident
proton energy.

The temperature dependence of the channeled stop-
ping power has been measured in transmission by several
groups (e.g., [Far65; Sh68b; Fuj69; Kon69]). Although
dechanneling effects in such measurements are marked,
the dependence of € on temperature is found to be quite
weak.

Eisen et al. [Ei72a] have studied the energy dependence
of the stopping power for “‘He ions transmitted through Si
crystals in channeling and random directions. Their
results are summarized in Fig. 77. The authors express
the view that the energy losses determined from the
leading edge of the channeled energy spectra correspond
to the values for the best-channeled ions. Using the
leading-edge values, the stopping power for the {110)
axis is lower than for the (111) planes. Using the peak
values, however, the two stopping powers are found to be
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about the same. Eisen ef al. find that the values of ¢ for
the various crystal directions all go through a maximum
at the same energy as the maximum in the random
stopping power. This variation is in sharp contrast with
results obtained by Appleton ez al. [Ap67] and Clark er
al. [C170] for 3- to 11-MeV protons in a variety of
crystals. For these proton data, ¢ is found to decrease
only slightly if at all with increasing bombarding energy.
Eisen et al. attribute the different behavior for *‘He ions to
the influence of shell corrections (see Sec. 2.6a).

Della Mea et al. [Del71, 72] have measured, in trans-
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F1G. 76. Spectra of protons incident at 6.75 MeV transmitted through
a Ge crystal 90 p thick [Sa65]: (A) proton beam along <110 axis,
detector in beam direction; (B) proton beam along {110} axis, detector
0.86° off the beam direction; (C) protons incident in a random-
direction, detector in beam direction.
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mission, values of ¢ for Si bombarded by p, 4 and “He
ions in the energy range 0.9-5.0 MeV. They express the
measured stopping powers in terms of an effective stop-
ping number (see also, e.g., [Sa67; C170]) defined by

B(E)/E = —(dE/dx). (4.6)
The experimental value is found from
T\ — 1 E ’ ’ 2 2
B(E) = ?fsc., E'dE’ = (E*— E3)/2t, (4.7)

where E is the average energy of the particles traversing
the crystal, E, is the energy of the transmitted channeled
particles, and ¢ is the target thickness measured in the
beam direction. Values of B(E)/M, Z}**, where Z;* is the
effective charge of the incident ion, are shown plotted
against E/M, in Fig. 78. When the abscissa is plotted on
a logarithmic scale, the data show an approximately
linear relationship, c.f. Eq. (2.131), up to some critical
incident energy after which the stopping power increases
somewhat faster. The authors identify these critical inci-
dent energies as the values above which the L shell in Si
begins to be ionized even for the best channeled ions (see
the discussion in Sec. 2.6b). Using the adiabaticity rela-
tion, Eq. (2.137), and the known values of the channel
radii, these energies are 6.5, 3.8, and 2.8 MeV/amu for
the (110), {112, and {111) axes, respectively.

The transmission of low-energy 10- to 30-keV protons
and deuterons through various crystals has been studied
by Hines and co-workers [And65, 66a, b; Hi70]. These
technically difficult measurements have been performed
with target crystals a few hundred angstroms thick. Well-
defined reduced energy losses were found in major
channeling directions, and the channeled stopping pow-
ers were observed to exhibit the expected EV? depend-
ence on the bombarding energy. Other transmission
measurements in the lJow-energy range (Region III in Fig.
37) have been made using heavy ions (e.g., [Da65a, b;
Ei68; Ib68; Bett69; Hog70]). Eisen [Ei68] has measured
the least energy losses for a variety of heavy ions
transmitted through thin (~1 pm) Si crystals along the
{110) direction. He found a strong oscillatory Z, depend-
ence of the stopping power for ions incident at a fixed
velocity. Additionally Eisen determined that the stopping
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power showed a dependence on E’, where the index p
was found to oscillate (about the value 0.5) with Z,, but
in opposite phase to the stopping power itself. Later
measurements by Bettiger and Bason [Bett69] on thin
(~1000 A) Au crystals extended this type of measure-
ment to higher Z, and to a wider range of Z,. Their data
are shown plotted in Fig. 79. It is worthy of note that the
minima and maxima in the oscillations occur at values of
Z, that do not depend much on the value of Z, or on
whether the target is crystalline or amorphous. The
minima occur at Z, ~11, 30, and 50. The maxima occur
at Z, ~8, 20, and 42 (c.f. Fig. 70, see also [Or64, 65;
Mac66; Fas66] and Sec. 2.6b). Experiments in which Z;
is kept fixed and Z, is varied are more difficult to
perform. There is, however, evidence also for Z, oscilla-
tions (see, e.g., [Hv71]).
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4.3c. Detailed measurements of trajectories and
potentials

If the experimental arrangement in a transmission
measurement is such that the trajectories of the detected
particles do not attain statistical equilibrium in passage
through the crystal, then detailed studies of the distribu-
tions in emergence angle and energy allow determination
of the potentials that govern the channeled motion.
Pioneering work in this area has been performed by a
group at Oak Ridge National Laboratory (ORNL) (see,
e.g., [Lu66; Da69, 70; Ro69, 71a; Ap71]) and has been
followed by related studies at several other laboratories
[Mach67, 70; Ché68c; Ei68, 71a; Gi68a, 72a; Rog69;
Hog70; So70; Lu71]. The ORNL group has measured
energy spectra for a variety of ions transmitted through
thin (~1000-9000 A) Au crystals in planar channeling
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F1G. 79. The Z, oscillation in stopping power for various heavy ions
channeled in the {110) axial direction of Au [Bett69]. The line through
the points is merely to guide the eye. The curve labeled Firsov is found
from Eq. (2.135) using impact parameters, 5 = 2.03A and b = 1.44A.
(The distances from the center of the {110) channel to the rows form
the channel walls).

directions. Most of the data have been recorded with a
tightly collimated detection system measuring particles
transmitted in the direction of the incident beam. Figure
80 shows some results for 60-MeV '7'I jons channeled in
the (111) planes of Au. The energy spectra display
pronounced structure that varies as the target thickness ¢
is changed by rotating the target about an axis normal to
the (111) plane and carefully avoiding axial channeling
effects. The peaks in the spectra are ascribed to particles
that have made an integral number of oscillations in the
crystal. Figure 81 illustrates schematically the principle
by which selection of trajectories occurs (see also Fig.
21). For the collinear geometry depicted in Fig. 81, only
particle trajectories with wavelengths given either by

A = t/n (4.82a)

or by

A = (¢t + 2|x0|)/n

reach the detector. In Eqs (4.8a, b) n is an integer, and xo
is a length associated with the phase shifts at the entrance
to and exit from the crystal. If the trajectory were
sinusoidal with a wavelength 27X, i.e.,

(4.8b)

z = A sin(x — xo)/Xa, 4.9)
the value of x, would be given by
Xo = Ren €08~ (Ren Y0/A4), (4.10)

where A is the oscillation amplitude.

The fact that several values of n can contribute to the
spectrum of detected particles is a consequence of the
anharmonic nature of the interplanar potential. The
larger the amplitude of oscillation, the higher the oscilla-
tion frequency, and the shorter the wavelength of the
associated trajectory. The average stopping power en-
countered by the planar channeled particles increases
with the oscillation amplitude. Since the experimental
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FiG. 80. Energy-loss spectra for 60-MeV '”'I ions transmitted in the
beam direction after being channeled in the (111) planes of a thin Au
crystal [Da70]. The spectra are shown for four different target thickness-
es ¢ measured in the beam direction. (The value of A E/Ax for a random
orientation for a crystal ~1.1 pm thick is roughly 22 MeV/um.) The
spectra shown were obtained for various values of the entrance angle
so that the relative peak populations have no significance.

arrangement selects discrete values of AY and A%, Eq.
(4.8), it also, therefore, selects discrete values of the
oscillation amplitude and of the average stopping power.
This is the reason for the peaks observed in the transmit-
ted particle spectra. The relative population of the peaks
in the energy spectra depends among other things on the
incidence angle yo. When ¢ = 0, A& = ¢/n, and A\®
= t/(n + }). The energy losses for the b groups are then
intermediate between the values for the a groups and this
results in a filling in of the spectra between the peaks due
to particles with type a trajectories. For yp = 0, this
causes the spectra to exhibit much less pronounced
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structure than shown, for example, in Fig. 80. When
Yo = Y. # 0, the values of A2 remain unchanged, but the
values of A? split into two components. In this connec-
tion, the influence of mosaic spread in the target is also
significant. The mosaic spread (see Sec. 3.2) in effect gives
rise to a spread in incidence angles yo. This does not
affect the values for A?, but does smear out the already
split values of A9. The finite angular divergence of the
incident beam has a similar effect. As a result, the energy
spectra obtained for Yo = Y. # 0 only display sharp
peaks for the type a trajectories. In the remainder of this
section, we restrict the discussion to the type a trajecto-
ries ‘and drop the use of the superscript. The determina-
tion of the values of n for the various peaks in the
spectrum is made by varying the thickness ¢ until the
stopping power for the n + 1 peak at 1 = ¢, is the same
as that for the n peak at 1 = #. The wavelength for the n
group is then given sufficiently accurately by Ao, = £, — 1,
to permit a unique assignment of n using Eq. (4.8a). The
group labeled A, in Fig. 80 is a minimum energy-loss
group corresponding to particles confined to trajectories
near the channel center, where the potential is almost
harmonic. The intensity and definition of the 4, group
depends on both the incidence angle and the angular
acceptance of the detector. Within the angular range of

t
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A" COLLIMATED
i 4%% DETECTOR
INCIDENT /
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FiG. 81. Possible trajectories of planar channeled particles illustrating
the anharmonic nature of the oscillations. The entrance and exit angles
are equal. Particles with the trajectories labeled type a and type b would
enter a collimated detector in line with the beam. The dotted curve
shows a trajectory for which particles would not be detected.
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the latter, particles in the 4, group are accepted without
regard to integral wavelength conditions.

The ORNL group has made measurements of the type
described above for 15- to 22-MeV I jons, 60-MeV '¥I
ions, 10-MeV 'O ions, and 3-MeV “He ions in the (111)
and (100) planes of Au. All of these data exhibit the
following linear relationship between the channeled stop-
ping power, corrected to the incident beam energy, and
the corresponding channel oscillation “frequency”;

(—dE/dx)s = @.11)

where o and B are empirical constants. The oscillation
“frequency” w is determined from the wavelength meas-
urements and is approximately equal to 2v/E /A« Figure
82 shows some results for "I ions. The I data are
recorded in the velocity-proportional stopping region
(Region III in Fig. 37). It is remarkable that a similar
relationship also exists for data recorded in velocity
regions I and II (Fig. 37), (for the ‘He and O data,
respectively). Although the reason for the simple relation-
ship given in Eq. (4.11) is not yet understood, Robinson
[Ro71a] has shown that it implies a definite relationship
between the planar channel potential and the distribution
of stopping power in the channel. Thus, if the potential
were harmonic, Eq. (4.11) would require the stopping
power in the channel to be everywhere constant inde-
pendent of z. For a potential

o + B,

U,(z) = Uscosh(bz), (4.12)

the corresponding stopping power distribution must be of
the form

S(z,E) = 5o + si[cosh(bz/2) — 1].  (4.13)

Here, U,(z) is a potential like that given in Egs.
(2.41)(2.43); b is a screening parameter (the cosh func-
tion corresponds to the long-range part of the Moliére
potential), U, is a constant, and s, and s are energy-
dependent stopping-power parameters determined from
experiment. The expressions in Egs. (4.12) and (4.13)
were found by Robinson [Ro69] to give a good fit to the
experimental data. It was originally conjectured [Lu66]
that S(z, E) should be proportional to the local electron
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density 7n.(z) in the channel and that n.(z) should, in turn,
be related to the potential U,(z) through Poisson’s equa-
tion. This would lead to S(z, E) « cosh(bz), which is at
variance with the large body of experimental data now
available. The fact that the stopping power rises more
slowly than the potential as the channel walls are ap-
proached may be due to the low probability for nonadia-
batic interactions of the ions with the more tightly bound
target electrons. Ohtsuki and Kitagawa [Oh72b] have
calculated S(z, E) using Firsov’s theory [Fi59] [see also
Eq. (2.135)] and, for the case of 60-MeV "I ions,
obtained a result in good agreement with Robinson’s
expression, Eq. (4.13). Based on Eq. (4.11) Robinson has
shown that a curvature parameter,

y = 47’ (s0 — @)’/ (Bd}),

evaluated from the experimentally determined values of
a, B3, and s (d, is the interplanar spacing), is related to the
second derivative (with respect to z) of the potential
evaluated at midchannel as follows:

y = 2U%(0)/d,.

Thus data of the type shown in Fig. 82 immediately yield
the (harmonic) form of the potential at the channel
center. If the ion-atom potential is of the screened
Coulomb type, the curvature parameter is

(4.14)

(4.15)

y = —8aNZ® Z3 &by (bd,/2), (4.16)

where N is the atomic density of the target, Z*e and ZS e
are the effective charges of the incident ions and target
atoms, respectively, and @ is the atomic screening func-
tion as given in Eq. (2.1) et seq. Using a screening
function

@(br) = 0.35 exp(—br), (4.17)

that is, the long-range term of the Moli¢re potential, Eq.
(2.21), and comparing the curvature parameters for the
(111) and (100) planes in Au, Appleton et al. [Ap71] were
able to deduce ionic charges, defined as Z* Z>/79, that
are in fair agreement with the equilibrium ionic charges
measured for the transmitted beam.

A direct method for determining the planar continuum
potentials from measurements of the type described
above has been given by Gibson and Golovchenko
[Gi72a]. Their method is based on the fact that the form
of the potential U,(z) may be deduced from a knowledge
of the oscillation period as a function of the transverse
energy E, (see, e.g., [Lan60]). In their approach, no
relation of the type given in Eq. (4.11) is invoked. In fact,
the stopping power only enters insofar as it permits the
identification of trajectories with different wavelengths.
The transverse energy associated with a given detected
wavelength, identified with the index, j, is found by
varying the incidence angle y» while keeping the thick-
ness ¢ fixed. The population of the jth group is propor-
tional to (dU./dz)*; where the derivative is evaluated at
the point z,,, at which particles in this group enter the
planar channel. As Yy is increased from zero, zo; decreas-
es from Zm.;, the maximum amplitude of the jth group
(see Fig. 21) until, when ¥ = i, the value of z,, reaches
zero. The population of the jth group then reaches a
strong maximum and thereafter, for ¢o > Yo ;, abruptly

Rev. Mod. Phys., Vol. 46, No. 1, January 1974

Donald S. Gemmell: Channeling

vanishes. This sharp angular behavior, in practice
smoothed somewhat by effects due to mosaic spread and
multiple scattering, has been observed by Gibson and
Golovchenko for 1.8-MeV *He ions incident along the
(111) planar direction in 2750-A-thick Au crystals. The
transverse energy for the jth group is then found from

E.;, = Ey,. (4.18)

The wavelength A, is a function of both E, and U,(z).
The inverse of the potential can be obtained via the
transformation [Lan60]

U

0

2(U) = 87 M) ™ [ Aa(Ev, Un)(Us — E.)dE. |
(4.19)

For Aa,(E ., U,), Gibson and Golovchenko chose a func-

tional form such that the transformation, Eq. (4.19),

yields the physically reasonable potential
U,(z) = $ai 22 + Say 2*.

(4.20)

The constants a; and a, were determined by a least-
squares technique giving the best fit of the function
Aa(EL, U,) to the measured wavelengths and transverse
energies. A good fit was found indicating that the poten-
tial form in Eq. (4.20) is indeed a reasonable one. The
resulting coefficients of the potential are a = 71.6
+ 4.6 eV/A and a, = 179 = 26 eV/A". The value of a is
in good agreement with the value 75.4 + 3.3 eV/A? ob-
tained from the curvature parameter deduced by Apple-
ton ef al. [Ap71] from energy-loss measurements and the
relations given in Egs. (2.11)—(4.16).

4.3d. Measurements with super-collimated beams

Measurements on the angular distributions of chan-
neled ions transmitted through very thin (< 1 pym) crys-
tals can provide information of a type that is not obtai-
nable with thicker crystals or in Rutherford backscatter-
ing. Studies of this type have been performed by Arm-
strong ef al. [Ar71b, 72] using super-collimated beams of
4-MeV H™ ions. The techniques for producing these
beams with an angular divergence of *1.5 mdeg and a
spot size of 25 um, have been described in Sec. 3.1.
Related experiments have been performed by Chadder-
ton and Eisen [Ch69b] and Ecker er al. [Ec70]. Some of
the data recorded photographically by Armstrong et al.
(with an experimental arrangement like that illustrated in
Fig. 2) for the {100) axial direction in Si are reproduced
in Fig. 83. Unlike the star patterns observed with thicker
crystals (Sec. 4.3a), the patterns are now ring-shaped, the
radius of the ring corresponding to the angle between the
beam direction and the "axial direction of the target
crystal. The ring patterns also display azimuthal structure
with symmetry properties characteristic of the axis. These
patterns are observed when the angle of incidence vy is
less than the critical angle y. for axial channeling.

The main features of the rings can be readily described
in terms of the continuum model [Ar72]. The transverse
energy E, of a particle entering the crystal is simply
Ey? + Ux(w), where Uz(n) is the continuum potential, as
defined in Eq. (2.30), evaluated at the position of en-
trance K on the plane normal to the axis under consider-
ation. There is, therefore, at the entrance to the crystal a
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ANGLE (DEGREES)
BETWEEN <100> AXIS
AND BEAM .51 1 Si

Fic. 83. Photographic recordings of the angular distributions of
protons transmitted through a 0.51-pm Si crystal for various entrance
angles (Yo < y.) relative to the {100) axial direction [Ar71b]. The
incident beam energy is 4 MeV. The value of y. is approximately 0.35°.
The particle intensities were measured on x-ray film 1.4-m downstream
from the target. The exposure times for the different cases are not
always the same. In each case, the {100 axis was tilted to the left (L)
or right (R) of the beam direction by the angle indicated.

distribution in E, with values ranging between Ey§ and
Ev? for channeled particles. This distribution is sharply
peaked towards the lower limit EyY§ because of the
geometry at the entrance to the crystal and because of the
flat-bottomed nature of the potential Uk(r) at positions
between rows. In passage through such thin crystals the
initial distribution in transverse energy is approximately
preserved. Thus, just before the exit from the crystal the
values of E, remain concentrated near. Eyj. After emer-
gence, the angle of emission . relative to the axis for a
particle leaving at a transverse position r is {[E.
— Ur(r)]/E}"*. Again, because of the geometry and the
shape of the potential at the exit, the values of . are
concentrated around (E,/E)"? and thus around . The
angular distribution of emerging particles is therefore
peaked at an angle (relative to the axis) equal to the
entrance angle (relative to the axis). That is, the particles
emerge mainly on the surface of a cone centered on the
axis and with half-angle y. = 4. This produces ring-
shaped patterns of the type shown in Fig. 83.

The distribution of intensity in the radial direction of
the rings is determined primarily by surface transmission
effects, mainly at the entrance for ¢. > o and mainly at
the exit for Y. < ¢o. In principle, the distribution in . is
sufficient to determine the continuum potential. There
are, however, contributions to the distribution in . from
multiple scattering effects (which change E.) and from
the finite angular divergence of the incident beam. Arm-
strong et al. have measured the influence of surface oxide
layers and of target thickness on the ring patterns. These
authors have also measured the emergence patterns by
scanning them with a well collimated surface-barrier
detector.
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The azimuthal distribution, i.e., around the circumfer-
ence of the ring, in the patterns depends on the extent to
which the transverse momentum vector p, is rotated
from its initial direction with respect to the axis. As a
channeled particle progresses through the crystal, it col-
lides with many atomic rows, continuum strings, each
time changing the direction of p,. If the crystal is thick
enough for statistical equilibrium to be reached, a suffi-
cient number of collisions with rows will have occurred
to make all orientations of p, equally likely. In this case
no structure in the azimuthal direction of the emergence
pattern would be expected. For the thin crystals consid-
ered here, however, this stage is not reached. The data of
Fig. 83 show that even after many collisions, some
azimuthal directions are favored over others. This is
explained by Armstrong et al. as blocking in the trans-
verse plane. That is, when an axially channeled particle is
scattered so that p, points into a low-index direction in
the transverse plane, it will be blocked, i.e., p,. will be
rotated away from the low-index direction. Thus, the less
intense sections of the azimuthal distributions in Fig. 83
correspond to these low-index directions in the transverse
plane; these are planar directions in the three-dimension-
al crystal.

Another feature of the observed patterns is that for
thin crystals and large transverse energies, the intensity
around the ring concentrates strongly in the original
beam direction. This suggests that there are not enough
collisions with rows to randomize the direction of p,. The
measurements indicate that statistical equilibrium is not
achieved in crystals with thicknesses as much as ten times
the mean free path for equilibration estimated by Lind-
hard [Li65]. Quite possibly the system could be noner-
godic, and equilibrium would never be achieved in any
distance.

4.3e. Hyperchanneling

The critical value Uz(p.) of the continuum potential for
normal axial channeling is usually much larger than the
value Uy of the potential at the saddle point between
rows; an example is shown in Fig. 8. Consequently, in
most axial channeling measurements the majority of the
channeled particles have sufficient transverse energy to
mount the low potential barrier between adjacent axial
channels and to wander freely between channels during
passage through the crystal. A few particles with E;
< Uy will be confined to one axial channel. These two
modes of axial channeling were found by Robinson and
Oen [Ro63b] in their early computer calculations. Lind-
hard [Li65] referred to motion entirely within one chan-
nel as proper channeling. In this sense all planar chan-
neled trajectories are proper. To emphasize the distinc-
tion for the axial case, Appleton et al. [Ap72b] introduced
the term Ayperchanneling meaning proper axial channel-
ing. Eisen [Ei66] observed that a small fraction of an
incident beam of 375-keV protons was transmitted
through a 2.2-um-thick Si crystal in the {110) axial
direction with an energy loss lower than that for the (111)
planar direction, the most open planar direction inter-
secting in the {110) axis. He attributed these extra-low
energy losses to what are now called hyperchanneled
particles.

Since the critical angle for hyperchanneling

yu ~ (Un/E)"* (4.21)
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is much lower than the normal critical angle ., hyper-
channeling can be observed only for very small angles of
incidence, small beam divergences and very thin defect-
free crystals. Appleton er al. [Ap72a, b] found that,
whereas hyperchanneling is difficult to observe for light
ions in the Bethe-Bloch stopping region, for heavy-ion
beams in the velocity-proportional stopping region hy-
perchanneling effects can be very pronounced. Some of
their data for I ions in Ag are shown in Fig. 84. For
incidence within about 0.12° of the {011) direction there
is a sharply peaked (in angle) group corresponding to
hyperchanneled ions. Their rate of energy loss, about
3.15 MeV/um, is markedly less than that, about 3.8
MeV /um, for (111) planar channeling. The data shown in
Fig. 84 indicate that the (111) planar energy-loss distribu-
tion is obtained for |yo| > 0.45° = iyy),.

Appleton et al. have made a theoretical interpretation
of their results. They used the continuum potential
illustrated in Fig. 8 and assumed that the ions achieve
statistical equilibrium in their passage through the crys-
tal. The measured data are affected by electronic multiple
scattering, beam divergence, surface contaminants, mo-
saic spread, and the acceptance angle of the detector.
These factors were therefore also included in the theoret-
ical description. Defects were believed to be of such a low
concentration as to have a negligible influence on the
results. A good fit to the data was obtained, but it was
necessary to assume that there is considerably more
multiple scattering than simple estimates give and also
that the value of Uy is 120 eV, instead of the 60 eV shown
in Fig. 8. The authors conjecture that this latter difficulty
could be overcome if Wigner-Seitz, rather than free-
atom, boundary conditions were applied to the electron
wavefunctions.

4.3f. Charge states of transmitted ions

When fast ions are incident upon an amorphous solid,
an equilibrium distribution of ionic charge states is
rapidly established (see [Betz72] for a recent review of

(W ~ (1)

\0447

\o.358 ,4, ‘ \

ANGLE OF
INCIDENCE

(deg)

460 420 380 3.40 300
DE/AX (MeV/um)

FiG. 84. Energy-loss distribution (normalized for equal numbers of
incident ions) measured at various incidence angles Y, relative to the
{011) axis for 21.6-MeV '”'I ions transmitted through an Ag crystal 0.85
u thick [Ap72b]. The incident beam direction lies in the (111) plane. The
insert shows the angular extent of the measurements (dotted line) and
of the hyperchanneling region (central circle). The widths shown for the
planar channels are twice the half-angles calculated from Eq. (2.81).
The calculated value, Eq. (2.66), of 4, for the {110} axis is 1.2°.
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this topic; see also Sec. 2.6a). This distribution is inde-
pendent of the initial ionic charge and is achieved after
penetrating distances usually on the order of only a
hundred angstroms or so. At a given ion velocity, the
equilibrium charge-state distribution is maintained by a
dynamic balance of the electron capture and loss cross
sections. The most probable charge state is that for which
the capture and loss cross sections are approximately
equal. For higher charge states, the capture cross section
dominates and for lower charge states the loss cross
section dominates. When the incident ion beam is chan-
neled, it is constrained to move in regions of the target
crystal where both the local electron density and velocity
are low. As a result, both the capture and the loss cross
sections are much reduced, and the distance required to
reach equilibrium is correspondingly longer. This effect
was first reported by Martin [Mart69] in measurements
on charge states of C and '*O ions (E =~ 5 — 35 MeV)
transmitted through Si and Ni crystals. Lutz et al. [Lu70]
found that 60-MeV '*'I ions require approximately 1200
A to reach charge-state equilibrium when channeled
between the (100) planes in Au. The effect of channeling
on the most probable charge in the equilibrium distribu-
tion depends rather sensitively on the relative reduction
factors for the capture and loss cross sections. Thus
Martin observed that for C and 'O ions the most
probable charge increased slightly, whereas for 60-MeV
27T ions in Au, Lutz et al. found that the most probable
charge was reduced from about 21 (in random orienta-
tion) to about 18 for (100) planar channeling. Martin’s
results showed that for major axial directions in Si, the
slower *C and '®O ions, below about 2-MeV/nucleon,
and those incident in low charge states emerge approxi-
mately in equilibrium. However, 35-MeV '*O ions inci-
dent as 8* ions emerge far from equilibrium indicating
that the charge-changing cross sections are less than
2 X 107" cm?,

Datz et al. [Da72] have studied charge-state distribu-
tions of '°O ions (4.45-40 MeV) channeled in Au crystals.
They find that for incident energies above 20 MeV, no
true equilibrium_is observed even for channeled path
lengths of 6000 A. Some of their data are shown in Fig.
85. The random distribution shown in Fig. 85 is represen-
tative of charge-state equilibrium since it is independent
of path length (in the range 0.143-0.663 um) in the crystal
and is independent of the input charge state, 6%, 7%, or 8*.
The channeled distributions are clearly nonequilibrium
cases. Using the techniques described in Sec. 4.3¢c, Datz
et al. have determined that the larger the oscillation
amplitude of planar channeled 'O ions in Au, the closer
the measured charge-state distribution approaches the
random distribution. By varying the path length for the
planar channeling case, they were also able .to measure
the depth-dependence of the charge-state distributions
and so could extract values for the charge-changing cross
sections. The results show that all of the cross sections
are reduced, but that the electron capture cross sections
for 7* and 8" ions are particularly small. This is the
principal cause of the higher charge states for channeled
%O ions and is interpreted by Datz ef al. in terms of shell
effects. In cases such as these where the charge-changing
cross sections are so small, it is not possible to achieve
true charge-state equilibrium in a distance short enough
so that energy loss of the ions does not significantly alter
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Fi1G. 85. Charge-state fractions ¢; measured for oxygen ions transmit-
~ ted through a Au crystal in a random orientation (dashed line) and in
" the {110) axial channeling direction (solid lines) for various incident
ionic charges [Da72]. The incident beam energy in each case was 40
MeV.

the values of the cross sections. (For further work on
charge states of channeled ions, see [And66b; Ande70;
Kami70].)

4.3g. Light emission from channeled ions

Since channeling can modify the charge-state distribu-
tions of channeled ions (Sec. 4.3f), it might be supposed
that there could also be an influence on the yield of
optical transitions in the ion beam either during or after
passage through a crystal. Khan er al. [Kh67a] found a
channeling dip in the yield of the 1216-A hydrogen line
observed for 25- to 80-keV protons incident near the
{110 axial direction of a thick Cu crystal. Similar results
were obtained for the 584-A line of helium. The results
were attributed to a reduction in the cross section for
electron capture into excited states of the beam ions
under channeling conditions. Andersen et al. [Ande70]
reported strong channeling dips in the integrated spectral
intensity of optical transitions observed for beam-foil
excited He" ions transmitted through Au crystals ~1700
A thick. The incident He* energies lay in the range
200-400 keV. The dominant line observed was believed
to be the 1460-A Heu line. Subsequent experiments
using a variety of He" ion energles in the range 60-940
keV and Au crystal thicknesses in the range 80-1500 A
found no evidence for a channeling effect in the light
emission from beam-foil excited ions observed down-
stream from the target crystal [Po71b, 72b; As72;
New?72]. Newton et al. [New72] also found that there was
no effect upon the polarization measured for the 4686-A
line of He1.

Okorokov et al. [Oko72] have measured the depend-
ence on the bombardmg energy of the yield of the 4686- A
line in Hern for He* ions transmitted through an 1100-A-
thick Ag crystal under conditions both of random inci-
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dence and of <{100) axial channeling. For random inci-
dence (3-5° off axis), the yield is a smooth function of
bombarding energy in the range 565-590 keV. Under
channeling conditions the yield function shows a sharp
peak at a bombarding energy of 570 keV. At this energy
the channeled ions emerge with an energy of about 530
keV. The authors attribute the peak to the coherent
excitation of the 51 eV (n = 4) level in He* by virtue of
a matching between the collision frequency v/d and the
transition frequency (Ew, — Ega)/h; the 4686-A line aris-
es from transitions between the n = 4 level and the
n = 3 level at 48.4 eV. The incident ion energy at which
this match is expected is 526 keV. The fact that the peak
occurs when the exit energy of the ion is near this value
is in accord with the expectation that if the excitation
were to occur inside the target crystal, i.e., at bombarding
energies between 526 and 570 keV, the ion would almost
immediately be ionized because of the high-loss cross
sections for excited electrons (see also [Ga73al).

4.3h. Channeling of molecular ions

Van de Graaff accelerators can produce intense beams
of the molecular ions H; and Hj and it is of interest to
compare channeling effects seen for these beams with
those seen for H* beams of the same velocity. Caywood
et al. [Cay71; Tomb73] have compared axial channeling
dips obtained for the backscattering from Si of beams of
H*, H7, and H3 ions with energies of 0.8, 1.6, and 2.4
MeV, respectively. The dips measured for the molecular
ions are slightly narrower and shallower than those for
protons, and the dechanneling rate for molecular ions is
significantly larger than the rate for protons. Eisen and
Uggerhgj [Ei72b] have observed that axial flux-peaking
effects in Si (Yb) are reduced when molecular ion beams
are employed. All of these results are in harmony with
the idea that the molecular ions are stripped of their
binding electrons extremely rapidly (~107'¢ sec) as they
enter the crystal and that there is correspondingly a rapid
jump in the transverse energy of the individual protons
due to their mutual Coulomb repulsion (the binding
energies of HY and Hj ions are approximately 3 and 4 eV,
respectively). Dechanneling and flux peaking effects are
expected to be particularly sensitive to such changes in
transverse energy.

Poizat and Remillieux [Po72b c] have measured the
transmission of 1-MeV Hj ions through an Au crystal
940 A thick. In a random orientation the transmission
probability for undissociated molecular ions is ~107".
Planar channeling strongly enhances the transmission.
The transmission probability increases with planar spac-
ing and reaches a maximum of ~107° for large spacings.
The mechanism for this process is as yet unclear. It seems
likely that the two protons dissociate inside the crystal
and that they emerge close enough together that there is
a relatively high probability of picking up a binding
electron near the exit surface.

4.4. Channeling in nonsimple crystals

Throughout most of this article we are concerned with
channeling effects in crystals with simple lattice struc-
tures such as those of the bee and fcc metals and of the
common semiconductor materials Si, Ge, etc., having the
diamond fcc structure. In this section we briefly consider
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channeling in more complicated crystals such as those
having complex lattice structures, those with a basis of
more than one atom (Si and Ge already fall into this
category), polyatomic crystals, and polar crystals. A list
of references to measurements on nonsimple crystals is
given in Appendix B. It is important to be able to
understand the channeling properties of complex crystals
since they present a stringent test of any channeling
theory. A successful theory would then be able to de-
scribe channeling in simple crystals as a special case.
Some of the complicating effects that can arise even in
fairly simple monatomic structures may be illustrated by
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FiG. 86. Atomic arrangements for the {100}, {110), and <111) axial
directions in cubic BaTiO; [Ge72b]. The arrangements shown on the
left are end views of the channels and the letters refer to the individual
rows shown on the right.
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considering the Si lattice. In the (111) axial direction in
Si all rows are identical. In each row, there are two
atomic spacings, d@ and d®, that alternate (d® = 3d©@).
In the continuum approximation the nuclear and elec-
tronic charges are treated as smeared out continuously in
the row direction and thus one can use an average
spacing, d = 2d®, to calculate quantities such as Yy,
using, for example, the formulas given in Appendix A.
Consider now {111 axial blocking in Si. One knows (see,
e.g., Sec. 2.4d1) that the angular width of the blocking
pattern is determined mostly by blocking at the nearest-
neighbor atom in the row. (For a system consisting only
of two stationary atoms a distance d apart, the angular
half-width of the blocking pattern is (4Z, Z,e*/dE)"*
= /21.) Thus, one expects the {111) blocking distribu-
tion to be the sum of two distributions whose widths
correspond to the spacings d@ and d®. The rule of
reversibility implies that the channeling dip should corre-
spondingly be composed of two contributions. Although
thermal vibrations tend to blur the distinction, there is a
definite difference between the angular distributions ex-
pected in the cases of equal and unequal atomic spacings.
This difference has not yet been observed in experiments.
A related effect is expected for planar channeling. For the
(111) planes in Si there are two interplanar spacings, d®
and 49, that alternate (d® = 3d{”) and that separate
equally densely populated planes of atoms. (A similar
situation obtains in Si whenever all three Miller indices
are odd.) One would expect therefore to be able to
observe two components in (111) planar channeling. One
of these components should have a smaller value of ¢,
a faster dechanneling rate, etc. than the other. Thus far,
the only reported observation of an effect of this type is
the evidence for two dechanneling rates in the transmis-
sion of protons through the (111) planar channels of Si
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[Ap68]. From these observations it was not clear whether
protons leaving the narrower planar channel became
random or whether they entered the wider channel (see
also [Whi69]).

A further stage of complexity is reached when channel-
ing in polyatomic crystals is considered. In an axial
direction in such a structure, not only can each row
contain several atomic species and several different spac-
ings between atoms, but there may also be several types
of row parallel to one another. Similarly in planar
channeling, there may be several types of plane, each
type being a particular coplanar mixture of atomic spe-
cies, and several interplanar spacings. In this connection
it is useful to characterize each type of row or plane as
weak or strong according to its ability to reflect particles
incident at small angles. These considerations are illus-
trated in Figs. 86-88 for the case of cubic BaTiO;
[Ge72a,b]. (This material has the Perovskite structure
which is simple cubic with a basis of 5 atoms. A Ba atom
is located at each corner of the unit cell. A Ti atom is in
the center, and an O atom is at the center of each face.)

Figure 89 shows a set of data recorded for {100) axial
channeling of 3.8-MeV protons in a thin BaTiO; crystal.
A striking feature of these data is the fact that the
angular width of the backscattering dip measured for
oxygen is less than one half that for barium. Thus it is
apparent that the incident beam can be channeled with
respect to a strong row, such as the (100> barium rows
shown in Fig. 86, while traveling randomly with respect
to weak rows, e.g., those (100> rows containing oxygen.
An even more pronounced difference in backscattering
from oxygen and barium is observed in the (110) planar
direction of BaTiO;. Here the barium data show a
pronounced channeling dip, whereas in the data for
oxygen no evidence for a dip is seen. A reasonably good
fit to the measured values of v, and Xmn for BaTiO; was
obtained [Ge72b] based on an extension of Barrett’s
formulas [Ba71] (see Sec. 2.4d) and with the assumption
that each type of row or plane has its own characteristic
critical angle. The results show that the channeling
characteristics of the weak rows or planes are very much
influenced by the presence of the strong ones. Similar
conclusions have been reached in channeling studies in

STATIC CONTINUUM-APPROXIMATION POTENTIALS (MOLIERE)
FOR PLANES IN CUBIC BaTiO,
(100) (110) (1
Ba+0 Ba+O Ba+Ti+0 Ba+Ti+0
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Fic. 88. Continuum-approximation potentials calculated for the (100),
(110), and (111) planes in cubic BaTiO; [Ge72b). A static lattice is
assumed, and the Moliére ion-atom potential is used, Eq. (2.2).
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crystals of CaF, [He71a], quartz [Abel69, 72b, 73], ThO,
[Cli72], UO, [Erik69a], and U, O, [Mat71a].

Another feature of interest in the data shown in Fig. 89
is the small angular width of the peak observed for
channeled particles in transmission. Similar widths were
seen for planar channeling. The results can be explained
as being a consequence of the rapid'dechanneling rates
encountered by all but the best channeled particles.
These high rates are primarily due to encounters with
weak rows or planes. Note that in the axial case there are
several modes of channeling possible depending on the
transverse energy of the particles. For example, in the
{100y direction of BaTiO; (see Fig. 87) protons will be
hyperchanneled if E, < 2.7eV. For 27eV < E,
< 4.6 eV, the particles can circulate about the weak rows
of oxygen. For E;, > 4.6 eV, the particles will be normal-
ly channeled, i.e., free to wander between rows. For
E, = 33 eV, the protons will be dechanneled with re-
spect to the weak oxygen rows. And so on. For a given
initial distribution of transverse energies there will ob-
viously be a rather complex evolution of the relative
populations of these various modes as the beam progress-
es into the crystal. These effects have been studied further
by determining the dechanneling rates from measure-

40000 100> (@)
’
LOW-LOSS .
20000~ TRANSMITTED Y ]
PROTONS S .
(DETECTOR ;o007 ]
ol—MOTION) — S
40000 ~ g
. (b)
LOW-LOSS . 1
TRANSMITTED .
20000~ PROTONS C\ .
(CRYSTAL S N o
ROTATION) . L 008
e
T T T T T
150000* * "‘\\ //""' b
» ﬁx rd
100000 -. o S 4
= .. 0.33° ¢ ()
3 LOW-ENERGY % s
© 500001~ X-RAYS . 5 B
T T T T T
4001 oo .,
R koSN
PROTONS ~ “ 0?
200/~ BACK-SCATTERED o187 B
| FROM OXYGEN %, 7 (d)
~~
o— T - T T
6001 Ny JeL
PROTONS o :
400 BACK- - ~, . .b‘ -1
SCATTERED 0.48° ¢ (e)
200~ FROM ’-‘ ,E .
BARIUM s
. e
e -05° o 05 1o
ANGLE

Fic. 89. Angular dependences for channeling of 3.8-MeV protons.
along the {100) axis of a 4-um-thick BaTiO; crystal at 140°C [Ge72b].
The data show (a) low-loss transmitted protons as a function of exit
angle, the incident beam being exactly on axis; (b) low-loss transmitted
protons measured in the beam direction as the incidence angle is
varied; (c) dip obtained for the Ba L and the Ti K x rays (4-6 keV); (d)
and (e) dips obtained for backscattering (1574°) from oxygen and
barium, respectively; the scattering region selected is about the first
micron of penetration into the crystal.
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ments on backscattering from the individual elements in
BaTiO;. [Ge72b]

Roth et al. [Roth70] have used measurements on
characteristic x-ray production to study differences in the
channeling behavior of 75-to 200-keV protons along the
<100) and {110) axial directions of alkali-halide crystals.
In the (100> direction each row consists of an alternating
sequence of cations and anions. In the {110) direction
there are two types of row each containing only one
atomic species. For the (100) direction both x-ray yields
showed identical channeling dips. For the {(110) direc-
tions, the x rays from the element having the lower
atomic number showed a shallower and narrower dip
than did those from the higher-Z element. These results
are in keeping with the ideas outlined above, viz., that the
weaker rows have smaller critical angles and that beam
particles can become dechanneled with respect to them
while remaining channeled with respect to the stronger
rows.

Channeling experiments have been performed on a
wide variety of polyatomic crystals. The lattice structures
studied most frequently have been those homomorphous
with the rocksalt structure [C170; Dav69; De68a,b; Ec70;
Ed70; Fuj71a; Kon69; Man70; Mat67,69,70,71b; Miy72;
Mor70b,72; Roth70; Sh68b], with the fluorite structure
[Cli72; Dav68,69; Ed70, 72a; Erik69a; He7la,b;
Mat67,69,71b], and with the zinc-blende structure [An72;
Mor72; Pi69a,b; Sa67, 68b]. Except as noted above most
of these studies have chosen channeling orientations that
avoid the complications inherent in the existence of
several types of row or plane, and of unequal interplanar
spacings. In crystal directions where all of the rows, or
planar sheets, contain the same mix of atomic species, the
experimentally determined values of i, and xmn can be
fairly well fitted with formulas based on the continuum
model (e.g., those given in Appendix A) if one uses
average values of Z,, a, d, w, etc. Several different meth-
ods of averaging have been used. The results are not very
sensitive to the choice of method unless the rows or
planes contain mixtures of atoms with widely differing
values of these parameters. Varelas and Sizmann [Var72]
have made analytical computer calculations on the criti-
cal angles and distances of closest approach to rows
‘containing mixtures of atoms and having unequal spac-
ings. Their results give good agreement with measured
data even when the atoms in a row differ markedly in Z,,
as, for example, in the {100 direction in UC.

There have been relatively few theoretical studies of
channeling in complex crystals. Martynenko [Mar71a]
and Varelas and Sizmann [Var72] have examined analyt-
ically the conditions under which transverse energy is
conserved in the scattering of particles from axial rows
having nonsimple configurations of atoms. The calcula-
tions of Varelas and Sizmann indicate a method for
determining the appropriate averages along the row
direction and are successful in accounting for the temper-
ature dependent values of iy, measured in many different
experiments. Torrens et al. [T068,69] have made Monte
Carlo calculations on the channeling of protons and of
several heavy ions in alkali-halide lattices. Edge et al.
[Ed72b] have examined theoretically the channeling and
blocking of protons along polar lattice directions such as
the {111) axial direction in the zinc-blende structure.
They suggest that a difference in dechanneling rates
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should be distinguishable in the two opposite directions.
Experiments performed thus far have been unable to
detect any difference in channeling behavior for opposing
polar directions in crystals such as AlSb, GaP, and GaSb
[Sa68b; Pi69al. : _

It has frequently been speculated that in channeling,
for example, along the {100) axial direction of NaCl, the
alternating sequences of anions and cations might give
rise to some sort of electrostatic strong focussing effect.
Nelson [Ne66] has calculated such effects for the (100>
axes of NaCl and of CsCl and found them to be
negligibly small in both structures. Kononov and Struts
[Kon69] have suggested that for the channeling of pro-
tons in ionic crystals a dipole interaction between the
protons and the anions and cations of the crystal should
be important. We conclude this section by remarking that
channeling effects have also been measured in crystals
that are ferroelectrically polarized [Ge72a,b] and ferro-
magnetically polarized (see Sec. 6.7).

5. CHANNELING WITH ELECTRONS AND
POSITRONS

For electrons and other particles carrying a single
negative charge the continuum potential is simply the
negative of that governing the motion of protons and
positrons. Figure 90 illustrates schematically the differen-
ces between the continuum potentials U*(z) and U™ (2)
for planar channeled positrons (8*) and electrons (87),
respectively. The minimum of the potential well for
electrons lies in the rows or planes of crystal atoms while
for positrons (as for protons) it lies between them. Thus,
while classically behaving positrons may be expected to
exhibit channeling characteristics similar to those of
protons, the situation for electrons should be quite differ-
ent. For example, if a beam of classically behaving
electrons is incident on a crystal in a direction parallel to
a major plane, most of the beam will become trapped in
potential wells of the type shown in Fig. 90(b). A small

Fi1G. 90. Schematic illustration of the planar continuum potentials for
(a) positrons and (b) electrons. The shaded areas correspond to the
potential wells in which channeled particles can move. U." and U, are
the potentials evaluated at the critical distance p. from a plane. Note
that U.” represents a lower limit for the transverse energy at which
stable electron channeling is possible, while U* is the corresponding
upper limit for positrons.
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fraction of the beam, those electrons incident at distances
< p. from a plane, will rapidly be scattered into random
trajectories. In the remaining channeled fraction of the
beam, each electron may be expected to oscillate to and
fro through a single plane of atoms. These electrons will
therefore experience an anomalously high rate of close
encounters with crystal atoms. There will be an associat-
ed high rate of multiple scattering leading to pronounced
depth-dependent effects. Thus, one expects to see, as a
function of angle between the beam direction and the
planar direction, a peak in the yield of close-encounter
processes and a dip in the transmitted beam intensity.
There should be a similar inversion, as compared to the
case for positive particles, in electron blocking. For axial
electron channeling, there is the added possibility of a
rotational bound-state motion about atomic rows (this is
discussed further below).

Many of the expected channeling characteristics out-
lined above for classically behaving electrons have been
observed in experiments with electrons having highly
relativistic velocities (E > 1 MeV, say). However, as has
been well established over the last 50 years and as was
emphasized in Sec. 2.5, charged particles with masses as
light as that of the electron exhibit strong diffraction
effects in their interactions with crystals. These effects are
especially evident at low velocities.

The relationship between electron diffraction and elec-
tron channeling has been examined by several authors
(e.g., [B0067,70; Ch68b,70a; DeW68b,c,70b; Fer70;
Fuj72a; How66,68,70a,b; Hum70; Ler67; Li70; New71;
Ni72a,b,c,d; Sp70; Whe70a,b] see also Sec. 2.5). At
electron energies below about 100 keV, diffraction effects
dominate. For thin target crystals the kinematical theory
of electron diffraction (see, e.g. [Gev70] for a review)
predicts the behavior of the scattered beams. For thicker
targets where absorption effects are significant, the dy-
namical theory based on a Bloch-wave description must
be employed (see, e.g. [Whe70a,b] for reviews). When the
incident electron velocity is low, usually only two Bloch
waves are excited with appreciable intensity. One of these
waves has nodes at the atomic sites in the crystal and is
thus anomalously transmitted; the other has antinodes at
the atoms and is anomalously absorbed. The intensity
with which the Bloch waves are excited depends on the
match to the incident wave at the crystal surface and thus
depends on factors such as the crystal orientation and the
incident beam energy. For electrons of 100 keV or less,
the best transmission through thick crystals usually oc-
curs at or slightly above the Bragg angle. For electrons
and positrons the Bragg angle is given, in degrees, by

65 ~ 0.355 (E* + 1.022E)™?d;", (5.1)

where the incident energy E is given in MeV and d,, the
distance between equivalent planes, is given in Ang-
stroms.

Bloch waves with large intensities at the atomic sites
can be expected to give rise to anomalously high yields in
electron backscattering and in x-ray production. Such
effects are indeed observed, the first evidence having
been found by Duncumb [Duné2] who used 25-keV
electrons to bombard 200-A-thick gold crystals (see also,
e.g., [Bell65; Hal66; Gra68; Kor70]). A related effect is
the appearance of bands of contrast superimposed on the
normal topographical image obtained in scanning elec-
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Fic. 91. Low magnification electron scanning micrograph of a thick
GaAs crystal [Coa67]. The incident 20-keV electron beam was scanned
about the (111) crystal axis. (Reproduced by permission of the
Director, RRE, copyright Controller H.B.M.S.0.).

tron micrographs of bulk monocrystalline samples at low
magnification [Coa67]. An example is shown in Fig. 91.
The width of the bands corresponds to twice the Bragg
angle for (110) planar reflections. The intensity distribu-
tion in the bands can be explained (e.g., [Boo67,70]) in
terms of anomalous absorption and transmission of
Bloch waves on the two sides of the Bragg angle; there is
a superficial similarity between the star patterns in imag-
es of the type shown in Fig. 91 and those seen in heavy
positive particle channeling, e.g., Fig. 4. Effects of similar
origin are seen in the bend-contour images obtained in
transmission electron microscopy. Because of the asso-
ciated anomalous transmission and absorption, these
patterns have come to be known as electron channeling
patterns. Their geometrical interpretation has been dis-
cussed by Boswarva and Pirouz [Bos72]. Although the
patterns look rather like Kikuchi bands their physical
origin is quite different (see, e.g., [W069]). As the incident
electron energy is raised, several Bloch waves can be
excited. For 1-MeV electrons it may then happen that,
for low-index planes, the best transmission occurs for a
high-order Bloch wave excited when the beam is incident
parallel to the plane (e.g., [Hum?70]).

Effects such as those discussed in the preceding para-
graph in which one or two particular Bloch waves are
anomalously absorbed or transmitted are frequently re-
ferred to as Bloch-wave channeling effects. They are of
great importance in high-voltage electron microscopy
with thick specimens. They are very definitely diffraction
effects and generally do not exhibit any of the behavior
(such as that described at the beginning of this section)
expected of classically channeled particles. Precise com-
parisons between theory and experiment for low-velocity
Bloch-wave channeling are frequently precluded because
of difficulties in taking into account multiple scattering
effects. At higher electron energies, these problems be-
come less severe. Furthermore, as many Bloch waves
become excited the channeling behavior becomes more
nearly classical. At the same time, computational difficul-
ties with the many-beam diffraction theory tend to re-
strict the regions where comparisons with the classical
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theory can be made. For a recent review of the multi-
beam dynamical theory of electron diffraction, the reader
is referred to an article by Howie [How70b].

In Sec. 2.5 the criteria governing the applicability of
classical and diffraction descriptions of channeling were
discussed. It was pointed out there that a necessary
condition for a classical model to be valid is that the
number of quantum states, np (planar case) or nz (axial
case), available to the channeled particles, be large.

The number of states can be estimated by determining
semiclassically the total phase-space available to the
channeled particles and then dividing by the appropriate
power of Planck’s constant. That is,

np = 2ah)” f p(2)dz, (5.2)

and
ne = @uh)” [ [p(p)f 2 p dp.

where the momentum p is derived classically from the
appropriate planar or axial continuum potential. In the
planar case it may suffice for the purposes of an estimate
of np to assume that the interplanar potentials are para-
bolic in shape. If one does this for positrons and takes as
the maximum height of the potential well the value ¥zs(0)
given by Eqgs. (2.21) and (2.26), the result is

(5.3)

nt = (0.3yZ7° Nd})"*, (5.4)

where vy is the ratio of the relativistic electron (positron)
mass to its rest mass, Z, is the atomic number of the
target atoms, and N is the number of atoms per unit
volume. Note that this is very similar to the estimate
given in Sec. 2.5, viz., n} = /05, where y. is the planar
critical angle and 6 is the Bragg angle. If one sets
Y. = ¢, given by Eq. (2.23), then Eq. (5.4) results except
that the numerical constant is 1.1 instead of 0.3. In terms
of the incident positron energy E (given in MeV), Eq.
(5.4) becomes

ny = [0.6(E + 0.511)Z7"° Nd2]"*. (5.5)

Assuming an inverted parabolic potential for the elec-
tron case and taking the depth of the potential well to be
V45(0), one obtains

ny = (0.03yZZ> Nd3)"
= [0.06(E + 0.511)Z7° Na;3]"*,

(5.6)
(5.7)

where E is given in MeV. That is, there are about a factor
of 3 fewer quantum states available for planar channeled
electrons than for positrons.

For axially channeled positrons a reasonable estimate
of the number of states is given by

nk = Q2uh)”(p)’(Nd) ™, (58)

where p is the momentum of the incident beam, Yy is
defined in Eq. (2.12), and 4 is the interatomic spacing
along the rows. (Strictly speaking, nx can only have a
well-defined meaning in connection with proper-chan-
neled positrons. However, the expression given in Eq.
(5.8) may still serve as a useful parameter in estimating
the extent to which normal positron channeling, in which
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particles are free to wander between rows, may be treated
classically.) This then gives

nk = yZy(mNd*a,)™'
0.62(E + 0.511)Z:(Nd?a) ™",

(5.9)
(5.10)

I

where E is in MeV and a, is the Bohr radius (0.529 A). It
was suggested in Sec. 2.5 that an estimate for the number
of states in the axial case can be found from the relation
nr =~ n» where np is the number of states in the most
open plane intersecting in the axis. A comparison of Egs.
(5.4) and (5.9) lends support to this. Since the estimates,
Egs. (5.4) and (5.6), for np and n» differ by a factor of 7,
we shall take as an estimate of the number of quantum
states available to axially channeled electrons,

ng = nk/m (5.11)
= yZ,(7*Nd*a,)™' (5.12)
= 0.063(E + 0.511)Z,(Nd?ay)~", (5.13)

where E is given in MeV. This estimate differs somewhat
from that derived by Lindhard [Li70] using a Hartree
potential. It is identical with an estimate obtained by
Fujimoto et al. [Fuj72a] based on a different set of
considerations.

An experimental investigation of the relationship be-
tween electron diffraction and classical electron channel-
ing has been performed by Fujimoto e al. [Fuj72a)]. Some
of their transmission patterns recorded photographically
for 1-MeV electrons incident on Cu are shown in Fig. 92.
The authors classify the axial patterns in terms of two
types; flower patterns (like chrysanthema) representative
of classical channeling and geometrical patterns repre-
sentative of the lines and bands typical of diffraction
effects (see, e.g., [Tho70]). Data obtained for 0.5 and 1.0-
MeV electrons incident on Si, Cu, and Au crystals
indicate that the division between the two types of
patterns occurs when the number of quantum states nxz,
Eq. (5.12), is about three. Thus, the data shown in Fig. 92
for Cu indicate a classical channeling behavior for the
{110) axis and a diffraction-like behavior for the {111)
axis. The <{100) and {211) axes exhibit an intermediate
behavior. For Au crystals all of the axes studied showed
a classical effect, as is to be expected because of the high
values of the crystal potential. For Si, where the potential
is weaker, only the {110) axis showed a classical pattern
and even then, only at the highest of the three bombard-
ing energies used, 0.1, 0.5, and 1.0 MeV. Comparing the
data for thin and thick crystals (e.g., Fig. 92), one finds a
contrast reversal. For example, the (110} axial peak in
intensity shown in Fig. 92(a) becomes a deep minimum
in the data for the thicker crystal, Fig. 92(b). This type of
contrast reversal from excess to deficit Kikuchi bands is
well known in electron diffraction measurements and is
thought to be caused by Bloch-wave absorption effects.
The classical explanation for the reversal is not so
evident. The patterns expected on a classical model
correspond to the flower patterns seen with the thicker
crystals and, in fact, Fujimoto ef a/. find that the angular
half-widths for the axial dips in these cases are always
about 0.65 i, where y is calculated from Egs. (2.12) and
(2.45).
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(a)

(b)
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F1G. 92. Transmission patterns recorded for 1-MeV electrons passing through (a) thin (~1 pm) and (b) thick (~5 um) Cu crystals [Fuj72a]. The
data in (a) were recorded with the incident beam a few degrees off axis and in (b) the beam was on axis. Bright regions in the photographs
correspond to regions of high electron intensity. The number of quantum states nz excitable in the four axial cases are estimated to be
approximately 9, 5, 3, and 2 for the {110}, {100), {211}, and {111} axes, respectively, Eq. (5.13).

It is possible that the central spot seen for thin crystals
in cases like the (110) axis for Cu shown in Fig. 92(a) is
a manifestation of an effect observed by Kreiner et al.
[Kr70; Bell72; Kumm?72] at higher electron energies.
These authors have recorded the forward intensities of
electrons transmitted through thin (~8 um) MgO crys-
tals as the {100) axis is rotated through the beam
direction. At the incident energies (5-20 MeV) that were
‘used, nz is large. Furthermore, the experimental angular
resolution contributed an uncertainty larger than 65 for
the (200) planes. Thus, a classical behavior is expected.
Figure 93 shows some results for 20-MeV electrons. The
data exhibit the dip expected classically and with a half-
width not too different from y,. But a striking feature of
the data is the presence of a sharp peak in the center of
the dip. Kreiner ez al. attribute this peak to electrons that
are trapped in a spiral motion about the atomic rows and
thus have a high transmittivity. They point out that the
particle motion in the plane normal to an isolated atomic
row is governed by the equivalent one-dimensional po-
tential

W(p,2) = V(p) + £*/(ym.p*), (5.14)

where p is the distance from the row, £ is the angular '
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momentum of the particle with respect to the row, Ik is
the row continuum potential, and ym. is the relativistic
electron mass. The transverse energy of a particle is then
given by

E, = }ijym.p* + W(p,R). (5.15)

The values of E, and £ are considered to be conserved
and are determined by the entrance conditions for the
particle at the crystal surface. For positive projectiles E,
is always positive. However, for negative projectiles ¥z(p)
is negative, and E, can assume positive and negative
values. For small distances p the potential W (p,2) be-
comes positive (repulsive) because the p dependence of
V2 (p) is weaker than p~2 This led Kreiner et al. to suggest
that for a certain range of the angular momentum £ the
potential W(p,£) is negative and has a minimum in the
range p > p.. Particles entering the crystal with angular
momenta in this range and with negative transverse
energies will be trapped in this potential well. That is,
they will perform a spiral motion along the row. Project-
ed onto the transverse plane, the motion will execute
rosettes, i.e., bound orbits that precess (because of the
deviation of the attractive force from a pure p~ law). In
this motion the particles do not approach closer than a
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distance p. to the row, and they therefore enjoy a much
reduced scattering. Computer calculations by Kumm et
al. [Kumm72] indicate that as much as 50% of the
incident beam can be captured into this spiral motion.
The calculations also show that the mean penetration
depths of such particles can be several microns. For
smaller values of £, the rosette motion at its perihelion
approaches the row closer than p. and is therefore
strongly scattered. For larger values of £, the potential
W(p,) becomes always positive, and there is no bound
state. An estimate of the maximum incidence angle
Yo(max) for which bound motion is possible can be found
by letting £, = 0 and setting p = p.. This then gives
Yo(max) = ¢ if Lindhard’s continuum potential is used.
The minima in the transmitted intensity do, in fact, occur
at incidence angles of about Y, (se¢ Fig. 93). This
theoretical description also predicts for the rosette mo-
tion a minimum incidence angle equal to ¥.(p./p0), where
po = (Ndm)™'. For the case shown in Fig. 93, this angle
(¢ ~ 0.01°) is so small that the angular resolution does
not permit another minimum in the transmitted intensity
to be observed near Yo = 0; a central minimum has
however recently been reported by Bobudaev er al.
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F1G. 93. Intensity of electrons transmitted in the beam direction as a

function of the angle o between the {100) axial direction of an 8-pm-
thick MgO crystal and the incident beam direction [Kumm72]. The
bombarding electron energy was 20 MeV, and the beam divergence was
+ 0.05°. The small dots are data obtained with a scintillation detector
and the large ones are obtained from photographs of the transmitted
patterns. The value of , is 0.21°.
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[Bob73] for 2-MeV electrons transmitted through 110
-um-thick crystals of NaCl. Further evidence for effects
like that shown in Fig. 93 has been found by Walker ez
al. [Walk70] in the small-angle scattering of 20-MeV
electrons by Si crystals and by Vorobev ez al. [Vor72a,b;
Bob73] in both transmission and wide-angle scattering
measurements with 2.26-MeV electrons incident on NaCl
crystals. (See also the theoretical discussions of Nip er al.
[Ni68,70,71a,b,72a,b,c,d] and of Schiebel et al. [Schie72].)

In 1965 Astner et al. [Ast65] reported results on the
angular dependence of K- and L-conversion electrons (45
and 76 keV, respectively) emitted from '**Xe implanted in
a Ta crystal, analogous to the experiments of Domeij and
Bjorkquist [Do65a,b] on a-particle emission (see Fig. 61).
The data showed pronounced peaks in major crystalline
directions. This was the first evidence for a classical
behavior in electron channeling, and it demonstrated the
expected inversion as compared with the data for positive
particles. This was followed by the work of Uggerhgj
[Ug66] and Uggerhej and Anderson [Ug68] who per-
formed rather similar measurements on a Cu crystal
doped with *Cu. Since *Cu is both a 8~ and a 8* emitter,
it was possible to separate these magnetically and to
record data simultaneously for both electrons and posi-
trons. Some results are shown in Fig. 94. If one corrects
for the B~ and B* energy differences, the peaks for 8~ are
about a factor of two narrower than the corresponding
dips for 8*. Another direct comparison of measurements
with electrons and positrons has been made by Ok
[Ok70]. Transmission measurements were performed with
148-keV B~ and 275-keV B* particles incident on thin
crystals of Si in the (110> axial direction. The data
yielded angular half-widths y,,, = 0.53y, for both 8~ and
B particles. Similar results were obtained for anthracene
crystals.

Several authors (e.g., [Gra66,68; Ug68,70; Kor70;

- Kr70; Ok70; Walk70; Kumm?72; Nis72; Vor72a,b; An-

ders73] have studied electron channeling by means of
transmission and Rutherford scattering measurements.
Figures 95, 96, and 97 illustrate some of the data ob-
tained. It is found that where a classical model is
expected to be valid (e.g., nz or ny > 1), the data do in
fact follows the classical behavior; for example, in the
axial case, Yy, is found to be proportional to Y, with a
constant of proportionality of about 0.6. Conversely,
when the diffraction picture is expected to be valid, the
data do indeed exhibit wave effects; for example, in the
planar case, the angular width is found to be proportional
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to d,', rather than to d;¥? as in the classical theory, and
the data are well reproduced by multibeam dynamical
diffraction calculations. Depth-dependent effects have
not yet been investigated very much although obviously
they play a prominent role in electron channeling (see
Figs. 92, 96, and 97). Thus, for example, data obtained in
the same fashion as that shown in Fig. 97, but with a
thinner crystal (~0.3 um ) exhibit only a single dip
instead of the sharp twin peaks, due to Bloch-wave
transmission, seen for the 6-um-thick crystal. Andersen et
al. [Anders73] have determined that the channeling peaks
measured for Rutherford scattering (as the incidence
angle is varied) and for electron emission (as the exit
angle is varied) are closely the same, indicating that the
rule of reversibility (Sec. 2.2) holds for electrons (see also
[Pog68]).

Other things being equal, the number of quantum
states available for channeled positrons is higher than
that for electrons; see Egs. (5.4) through (5.13). Thus
positrons can be expected to behave somewhat more
classically than electrons. The first channeling measure-
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F1G. 95. Normalized Rutherford-scattering yield of 1.5-MeV electrons
incident on a 2400-A-thick Si crystal [Anders73]. The range of scatter-
ing angles covered extended from 5° to 10°. Data are shown as a
function of the angle between the beam direction and the {100 axial
and (100) planar directions.
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ments to be made with an external positron beam were
those of Behnisch ef al. [Behn69]. They used a collimated
beam from a **Co source to study the orientation depend-
ence of the rate of production of characteristic K x rays
from a RbBr crystal. The results (Fig. 98) show a very
pronounced channeling dip with a half-width approxi-
mately equal to y4. The authors postulated that the data
indicate an anomalously low rate of dechanneling for
positrons, about a factor of 10 lower than for protons of
the same energy. Vorobev and collaborators [Vor71;
Di70; Voro72; Kud73] have also used collimated beams
from sources to study the effect of channeling, and also
of temperature, on the backscattering and annihilation
rates for positrons incident on various alkali-halide crys-
tals. Andersen ef al. [An71b] and Pedersen et al. [Ped72]
have studied the orientation dependence of Rutherford
scattering from thin Au and Si crystals using a beam
obtained by accelerating positrons emitted from a *Co
source in the terminal of a 1-MeV Van de Graaff. This
technique has the advantages, as compared to a colli-
mated source, of low background, high intensity, and a
small relative energy spread. Some of their data are
shown in Figs 99, 100, and 101. The number of quantum

- states for 1-MeV positrons channeled along the {110)

axial direction in Au is large (nk =~ 290). It is therefore
gratifying to see the close correspondence between the
positron and proton data shown in Fig. 99; the differen-
ces in the shoulder regions are thought to be due to the
influence of detector acceptance angles. For the positron
data shown in Figs. 100 and 101, the values of n}, Eq.
(5.4), are 1.5 and 0.14, respectively. Thus while the data
for the (110) planes might be expected to bear some
resemblance to the classical curve, a classical description
should be totally inappropriate for the (115) case. These
expectations are fully borne out by the measurements;
the classically calculated dip for the (110) case is similar
to the diffraction curve shown, but without the “wiggles”
In addition, Pedersen er al. studied the axial dechannel-
ing rates for positrons in Si and found them to be close
to the rates for protons of about the same energy.
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F1G. 96. Target-thickness dependence of the normalized Rutherford-scattering yield for 1-MeV electrons incident on Au crystals [Ug70]. The
data are shown as a function of the angle between the beam direction and the {110 crystal axis. The scattering angles covered extended from 15°

to 25°.
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mitted in the forward direction as a
function of the rotation angle ¢ about
the (110 axis of a 6-um-thick Si crys-
tal [Anders73]. The incident beam
energy was 1.5 MeV. The axis was
tilted off the beam direction a few
degrees so that the rotation brought
the (110) plane through the beam di-
rection. In terms of the angle between
the beam direction and the (110)
plane, the angular separation of the
two peaks in the data is about 26,
where 65 = 0.095°.
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crystal [Behn69]. The inserted stereogram shows the line of measured
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Walker er al. [Walk70] have made channeling measure-
ments on the scattering in Si crystals of positrons and
electrons in the energy range 16-28 MeV. The axial
angular scans exhibit strong (classical) minima for posi-
trons, while for electrons there is a broad peak with a
central depression suggestive of the spiral motion re-
ferred to earlier in this section. These authors also
measured the channeling dependence of the bremstrah-
lung intensity in the forward direction. This is shown in
Fig. 102. Walker et al. suggest that the low-energy part of
the bremsstrahlung spectrum, contributing to the data in
Fig. 102(a), but not 102(b), has a component caused by
coherent bremsstrahlung effects. This may cause the
broad humps for both 8* and B~ particles in Fig. 102(a).
Such effects would occur in addition to channeling
effects. The mechanism for coherent bremsstrahlung pro-
duction does not necessitate the particles being chan-
neled. Morokhovskii et al. [Mor72] have made similar
observations (Fig. 103) at the very much higher energy of
1 GeV. (For discussions on the orientation dependence of
bremsstrahlung produced in crystals, see, for example,
[Bc;ly71; Ni71a; Kal72] and references contained there-
in.

Following the first measurements by Duncumb
[Dun62], the orientation dependence of production rates
for characteristic x rays arising from crystals bombarded
by electrons has been studied by several groups (e.g.,
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Fi1G. 99. Comparison of dips in Rutherford scattering measured for
the (110> axial channeling in Au of 1-MeV positrons and 0.670-MeV
protons; i.e., positrons and protons with the same value of kE, Eq.
(2.45), [An71b]. The proton data were obtained by appropriate scaling
of data measured for 1-MeV protons.
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FiG. 100. Channeling dip measured for Rutherford scattering of 1.2-
MeV positrons incident along the (110) planes of a Si crystal (~1 pm
thick) [Ped72]. The solid line represents the result of a 9-beam dynam-
ical diffraction calculation into which the experimental energy spread
and angular resolution have been folded

[Bell65; Gra66; Hal66; Bro69,72; Kor70]). All of these
measurements, except for those of Bronder and Jakschik
[Bro69, 72], were performed at incident energies of less
than 100 keV and consequently are dominated by diffrac-
tion effects. The data of Bronder and Jakschik (an
example is shown in Fig. 104) were recorded for electrons
incident at 350 keV and exhibit somewhat more classical
features (cf. Fig. 98).

Makin [Mak70] has examined the orientation depend-
ence of the damage rate in Cu crystals bombarded with
600-keV electrons and finds a marked decrease in chan-
neling, i.e., anomalous transmission, directions. The in-
fluence of lattice vacancies on the channeling of 25-keV
electrons in NaCl has been studied by Choudhury ez al.
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[Cho71]. The measurements were made by determining
the depths of F-center coloration along various axial
directions. The results indicate that negative-ion vacan-
cies induced by heat treatment cause a reduction in the
range of channeled electrons.

6. APPLICATIONS

A variety of practical uses have been found for chan-
neling effects. By far the most widespread application is
presently in the area of semiconductor physics, where
channeling techniques have become an essential tool in,
for example, determining the lattice location of dopant
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atoms, and studying defects. In this section, we briefly
outline some applications, the intent being to illustrate
the diversity of the various fields in which channeling has
found a use, rather than to provide a complete catalogue
of all known applications. In particular, it is not feasible
to give here more than a cursory review of the very
extensive literature concerning applications in semicon-
ductor physics. Fortunately there do exist already some
comprehensive reviews of this topic (see, e.g., [De69a;
May70,72; Dav72b] and references contained therein)
and also several conference proceedings to which the
reader may refer [e.g., Proceedings of the Second Interna-
tional Conference on Ion Implantation in Semiconductors,
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F1G. 102. Effect of channeling on the forward (+ 0.1°) bremsstrahlung intensity produced by 28-MeV positrons (left-hand set of data) and
electrons (right-hand set of data) incident on a 53-pm-thick Si crystal [Walk70]. 8 is the angle between the {110 axis and the beam direction.
Curves (a) are for the unfiltered bremsstrahlung; curves (b) are measured with 1/2 in. lead absorber between target crystal and detector. The beam
divergence was approximately 0.2°.
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Fic. 103. Bremsstrahlung energy flux as a function of the angle
between the direction of 1-GeV beams of (a) positrons and (b) electrons
and the {110) axial direction of a Si crystal 0.64 mm thick [Moro72)].
The beam divergence was approximately 0.2 mrad. The measured value
of 4, is ~0.3 mrad (1 ~ 0.5mrad).

edited by I. Ruge and J. Graul (Springer, Berlin, 1971)
and Hyperfine Interactions in Excited Nuclei, edited by G.
Goldring and R. Kalish (Gordon and Breach, New York,
1971)] .

6.1. lon implantation

In the last few years there have been rapid advances in
the technology and understanding of electronic devices
prepared by ion implantation in semiconductors
[May70]. Ion implantation offers the advantages, as com-
pared, for example, with thermal diffusion, of permitting
the doping of semiconductors with a large variety of
elements and to concentrations exceeding the solubility
limit. The depth and distribution of dopant atoms can be
flexibly controlled by adjusting the bombarding energy,
incident beam direction, temperature, etc. Devices can be
fabricated with a high packing density by “writing” in a
very precise fashion, in depth as well as across the
surface, with tightly collimated ion beams. The chief
disadvantage associated with the technique is the radia-
tion damage accompanying the implantation. This dam-
age can easily produce a high enough concentration of
electrically active defects to completely mask the effects
due to the implanted ions. Thus some annealing treat-
ment is almost invariably required in order to reduce the
defect concentration to an acceptable level.
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Channeling effects find their use much more in the
characterization of implanted materials (see Secs. 6.2 and
6.3) than in their actual preparation. However, by chan-
neling the beam during implantation, the final depth
reached by the ions can be increased for a given incident
energy. Furthermore, the radiation damage in the region
traversed by the beam is very much reduced for channel-
ing, as compared with random incidence directions.
Figures 67 and 68 illustrate the range distributions ob-
served for various implantation conditions. For a well-
aligned beam incident along a major axial direction in a
crystal at low temperature, i.e., good channeling condi-
tions, the range distribution frequently exhibits two
peaks, one due to those ions initially' dechanneled and
one due to ions remaining channeled for a large part of
their path in the crystal. The range distribution obtained
is very sensitive to dechanneling effects; Fig. 68 illustrates
the strong influence of temperature on the dechanneling
rate. Since these effects are both large and to some degree
unpredictable (e.g., as when dechanneling is caused by
defects introduced during implantation) they represent
one of the most significant factors limiting the usefulness
of channeling during ion implantation.

For further discussion of the channeling process in ion
implantation, the reader is referred to the following, by
no means complete, list of references: [Gi68b; May68,
70,71,72; De69a,b; Ne69d; Goo70; Jo70; Ch7la,b;
Ei71b; Wh71; Dav72b; Pav72] (see also [Sea73] for a
recent selective bibliography on ion implantation).

6.2. Location of dopant and impurity atoms

Following the discovery of the channeling effect, it was
quickly realized that it represented a unique new tool for
determining the lattice location of dopant and impurity
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FiG. 105. Two-dimensional model illustrating how the channeling
effect can be used to locate foreign atoms in a crystal [Dav72b]. As
shown by the table, three typical sites for a foreign atom indicated by
the crosses, solid circle, and square can be uniquely distinguished by
studying the channeling behavior firstly along the {01) and then along
the {11) axial direction. The atoms of the host crystal are indicated by
the open circles. The 50% entry in the table is intended to point out that,
when located in the lattice positions shown by the crosses, only half of
the impurity atoms are shadowed in the {01) direction. The comments

in the table are over-simplified; for example, flux-peaking effects are

ignored.

atoms in crystals. The principle of the method (illustrated
in Fig. 105) is that interstitial impurity atoms experience
a particle flux that depends, often very strongly, on the
channeling orientation, whereas substitutional impurity
atoms experience approximately the same flux as that
experienced by the atoms of the host crystal for all crystal
orientations. The first measurements implementing these
ideas were the blocking experiments (alpha-particle emis-
sion from *’Rn implanted in W) of Domeij and Bjork-
quist [Do65a,b, 66]. These were followed by measure-
ments using external beams. For example, Bogh [Be67c]
studied the location of '“Tm implanted into Si, and
Matzke and Davies [Mat67] studied the backscattering of
3-MeV protons from KCl in which 40-keV **Xe ions had
previously been implanted. Since then, the technique has
been extensively developed and is now in widespread use
as one of the standard tools of solid-state physics re-
search. The method can make use of any close-encounter
process that shows a strong channeling effect. The choice
is usually determined by the relative masses of the host
and impurity atoms. Thus, for impurity atoms much
heavier than the host atoms, Rutherford backscattering is
normally the most attractive possibility since the energy
differences due to kinematical effects permit one to
distinguish between scattering from host and impurity
atoms; sometimes a heavy-ion beam is necessary in order
to make this distinction. An example is shown in Fig.
106. If the impurity atoms have a mass lower than that of
the host atoms, nuclear reactions, especially those with a
high positive Q value, such as the ''B (p, a) reaction, for
example, offer a means of distinguishing some of the
more common dopants (see, e.g., [Gi68b; Fis69; Nort
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F1G. 106. Energy spectra of backscattered C ions incident at 2.0
MeV in channeling (open circles) and nonchanneling (closed circles)
directions on an Fe single crystal implanted with 2 X 10" Pb atoms/cm?
at 100 keV [Fel71].

70a; F170; An72b]). Characteristic x rays may also be
used (e.g., [Cai68, 71]) although the depth resolution
obtained is usually poor. If the host crystal can be
implanted with radioisotopes that emit charged particles,
this offers another possibility. Several authors have used
this technique to study alpha emission (e.g., [Do65a,b,
66; Mat67,69]) and electron and positron emission (e.g.,
[Tom68; Ug69; How70al]).

In order to be able to locate impurity atoms accurately,
it is essential to know the distribution of the flux of beam
particles inside the crystal. As has been discussed in
previous sections, this flux distribution depends sensitiv-
ely on such factors as depth within the crystal, beam
incidence angle, beam divergence, shape of the channel-
ing continuum potential, the presence of crystal defects,
and surface layers. (see Secs. 2.4¢, 2.4f, and 4.2a). If all of
these various factors are taken into account to the fullest
extent possible and if detailed angular scans are made for
both the host and the impurity atoms, then present
channeling techniques are capable of determining the
lattice location of impurity atoms to an accuracy typical-
ly of one or two tenths of an angstrom. One of the most
significant factors limiting measurements of this type is
the production of defects by the incident beam used in
the channeling analysis. For low concentrations of impu-
rity atoms, large incident beam fluxes are necessary to
obtain adequate counting statistics. The attendant high
concentrations of beam-induced defects modify both the
flux distribution and the dechanneling rate in a manner
difficult to assess. Another important factor limiting the
sensitivity of the method is the rate-dependant back-
ground due to pulse pile-up in the detector. Usually
antipile-up circuits in the associated electronics are essen-
tial. The importance of measuring the complete angular
dependence for a given channeling direction is of partic-
ular significance; this is demonstrated by the calculations
shown in Fig. 36. The shape of the angular dip or peak,
or sometimes both, measured for the impurity atoms can
often be very narrow or exhibit a complicated shape for
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certain interstitial positions or for certain mixtures of
positions. The first experimental evidence for the large
and sharply peaked (in angle) yields associated with flux
peaking effects was observed by Iferov er al. [If67] for
interstitially dissolved deuterium in Nb. An example
from some more recent work is shown in Fig. 107.

In the absence of experimental limitations, such as
radiation damage and pulse pile-up, the sensitivity of the
channeling technique is limited by the value of Xmn for
the host atoms. For major axial channeling directions this
is on the order of 1%. The sensitivity can be improved by
using double alignment techniques (see Sec. 4.2b). This
then permits lattice-location measurements for impurity
atom concentrations about 10™ to 107 of the host atom
concentration. Figure 108 shows a comparison of angular
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Fi1G. 107. Example showing how flux peaking influences the backscat-

tering yield of 1-MeV alpha particles from Yb atoms (solid dots)
implanted in Si (crosses) [Ei72b]. The data shown are for a depth 0-500
A. The abscissa represents the angle between the beam direction and
the {110} axis of the Si crystal. 3 X 10" Yb ions/cm® had previously
been implanted at 80 keV and at a temperature of 450°C.
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scans obtained with single and double alignment. The
reader is referred to the following work on lattice loca-
tion: [Dav67b; Be69; Erik69b; Fel69,70b,71,72a; Fis69;
F169, 70; Ap70,71; Bj70; Do70; May70,72; Al71,72;
An7la; Ei7lc,72b; Fuj71¢,72; Gy71; Si71; Dav72b;
Ed72b; Iu72; Rim72b; Kau73; Poa73]. See also Hyper-
fine Interactions in Excited Nuclei, edited by G. Goldring
and R. Kalish (Gordon and Breach, New York, 1971).

6.3. Studies of lattice disorder

A naturdl extension of the applications discussed in the
previous section is to the case where the impurity atoms
are identical with the atoms of the host crystal. That is,
the channeling effect may be used to study lattice disor-
der and imperfections in crystals. It has been pointed out
earlier (e.g., Secs. 2.4d, 2.4e, 2.4f, and 4.2) that several
channeling characteristics, such as dechanneling rates,
minimum yields, and flux-peaking effects, depend sensi-
tively upon the degree of crystallinity of the sample. It is
not surprising, therefore, that channeling techniques are
currently in widespread use in studies of lattice disorder,

“especially in connection with ion-implantation applica-

tions. The reader is referred to the following recent
reviews of the rather extensive published literature on the
subject: [Be69; Ne69b; May70,72; Dav72b]. See also
Proceedings of the Second International Conference on Ion
Implantation in Semiconductors, edited by 1. Ruge and J.
Graul (Springer, Berlin, 1971).

Figure 109 shows the effect of various doses of im-
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F1G. 109. Aligned ({111} axis) and random backscattering spectra for
1-MeV “He ions incident on Ge crystals implanted at room temperature
with various doses of 40-keV In ions [May68]. To simplify the figure,
data points have been omitted except in the more important regions of
the spectra. The high-energy part of the spectra, corresponding to
scattering off the In atoms, is not shown.
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planted In ions upon the backscattering spectra obtained
for axially aligned Ge crystals. The damaged region near
the crystal surface causes a higher surface peak and also
results in a higher dechanneled fraction of the beam
entering the deeper regions of the crystal. There is also a
higher dechanneling rate because in the damaged region
the transverse energy distribution is modified towards
higher values. The data shown in Fig. 109 were obtained
with a surface-barrier detector. The resolution, ~10
— 15 keV, is not sufficient to separate scattering in the
region of high damage near the end of the range of the
In ions from the normal surface peak. Bagh [Be68a,b,71]
has overcome this limitation by using as a detector a
magnetic spectrograph with resolution about a factor of
ten better than that obtainable with solid-state detectors.
Figure 110 shows some of his data. The magnetic spec-
trograph is particularly useful for examining small
depths, e.g., damaged regions caused by ions implanted
at low energies, where energy straggling does not spoil
the depth resolution attainable.

Methods for quantitative analysis of data of the type
shown in Figs. 109 and 110 have been given by several
authors (e.g., [Bo68a,b,71; Wes69,70; Ei70; Fel70a;
Har70; Zi72b]). Most analyses are based upon that of
Bogh [Be68b]. In this approach, the effect of displaced

atoms is considered to increase the backscattering yield

in two ways. Firstly, they can cause channeled particles
to be deflected out of the channel and thereafter to
contribute to the yield in the same way as randomly
travelling particles. Secondly, there may be direct scatter-
ing from the displaced atoms. The relative sizes of these
two contributing factors depend upon the defect concen-
tration. The sensitivity for detection of displaced atoms
can be improved by using double alignment techniques
as discussed in Secs. 4.2b and 6.2.

Extensive studies on dechanneling caused by disloca-
tions and stacking faults in crystals have been performed
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Fic. 110. Aligned ({111) axis) and random spectra obtained for
backscattering of 1.0-MeV “He ions from Sb-implanted Si. The data
were obtained by Begh using a magnetic spectrograph. The aligned
spectrum for an unimplanted crystal (curve a) is included for compari-
son. The mean depth of the disorder peak in curve b is about 500 A
[Dav72b].
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by Mory, Quére, and collaborators [Dels70; Let71; Mo-
ry69,70,71a,b,72; Qué68a,b,70]. These authors have deve-
loped techniques using « particles and fission products
emitted from radioactive sources. A related theoretical
investigation using computer simulation has been carried
out by Van Vliet [Va70]. For further work on channeling

studies of lattice disorder, see [Ander65; Dav67b;
May68; Ne69c; Mak70; Mars70; Baru71; Cho71;
Fuj71a; Od71; Pi71,73a; Wei7l; Ca72c; Gran72;

Marc72; Mer73; Sak73].

6.4. Studies of surfaces and epitaxial layers

If the surface of the target crystal in a channeling
experiment is clean, then the scattering yield in the
surface peak (see Secs. 2.4el and 4.2a) measured in
various channeling orientations can give quantitative
information on the crystal structure in the immediate
vicinity of the surface. From the scattering yield in the
surface peak, one can readily deduce the effective num-
ber of surface layers contributing. This number may then
be compared with calculations (e.g., [Ba71]; see also Sec.
2.4d1 and Fig. 20). The measured value will normally
somewhat exceed the calculated value because of modifi-
cations of the lattice structure at the surface. By deter-
mining this difference in several channeling orientations,
the surface structure can be elucidated. Similarly, the
lattice location of impurity atoms sitting in a monolayer
on the crystal surface may be determined by measuring
their influence on the surface peak for the host crystal in
various channeling directions. These sorts of measure-
ments have not yet been applied very much, mainly
because of the technical difficulties involved in perform-
ing channeling experiments in ultrahigh vacuum. Howev-
er, such difficulties can be surmounted, and several
laboratories either are now using or have under construc-
tion apparatus capable of providing the required vacuum
conditions.

The influence of amorphous surface layers on channel-
ing has been studied by several authors (e.g., [Mat69b;
Mit71; Rim71,72a; Me72; Lug73]; see Fig. 57). Such
layers cause the minimum yield and the dechanneling
rate to increase, and thus studies of the changes in these
quantities can be used to infer properties of the surface
layers. If the amorphous surface layer is thick enough to
give an observable peak, or peaks, in the spectrum of
backscattered particles, both the stoichiometry and the
thickness of the layer can be deduced (see, € g., [Gy70]).
The sensitivity of this technique can be greatly improved
by using double alignment [e.g., Bo68al.

An important application of channeling is to the study
of epitaxial layers. This has recently been elegantly
demonstrated in the work of Picraux [Pi72b,73a,b] who
has examined heteroepitaxial layers of Si grown on
polished substrates of spinel (Al, Os - MgO) and of sap-
phire (a-alumina). Some of his data are shown in Fig.
111. From an analysis of data of this type, the crystalline
quality of the Si can be determined. It is found that the
density of defects is greatest near the Si/spinel or Si/
sapphire interface and that the Si more nearly approach-
es perfect crystallinity as the distance from the interface
increases. By correlating the results of channeling and of
electron microscopy, not only the depth profile of the
density of imperfections but also the nature of the
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energy is 960 keV.

imperfections, in this case, mainly stacking faults and
microtwins, can be determined. (For further work on
surface studies, see [Fuj7la; Zi71; Dav72b; Dal72;
Hub72; May72; Po72b; Lin73; Sko73].)

6.5. Crystallography

Crystallographic applications of channeling effects
vary from simple uses in ascertaining crystal orientations
to more complex problems of structure determination.
Orientation techniques have been developed using trans-
mission patterns (e.g., [De67]), backscattering yields (e.g.,
[Bord70]) and blocking patterns (e.g., [Ne67c; Liv6s;
En70]). Several authors have demonstrated the usefulness
of radioactive sources in such applications (e.g.,
[Mory69; Je70,72; Sk70; Dels71; Ni72¢]) Although chan-
neling techniques do not presently match x-ray diffrac-
tion as far as precision and richness of detailed informa-
tion about crystal structure is concerned, there are some
applications where channeling provides information dif-
ficult to obtain otherwise. For example, x-ray techniques
often encounter problems in locating light atoms in
crystals containing many heavy atoms which dominate
the x-ray scattering. In such instances, channeling meas-
urements can provide a useful supplement to the x-ray
data. An example of structure determination by channel-
ing techniques is the work of Matzke er al. [Mat71a] on
U, O,, a compound that can be reached by dissolving
excess oxygen in the fluorite structure UO,. Using back-
scattering of He ions from uranium and the reaction
"0 (d,p) "O to identify oxygen, Matzke et al. were able
to measure the lattice position of the excess oxygen and
to determine its influence on the UQO, structure. Akhme-
tova et al. [Ak69] used the blocking effect to measure the
change in the structure (from cubic to tetragonal) of
BaTiOs as it is cooled through the Curie temperature
(120° C). Miyagawa et al. [Miy72] have studied lattice
distortions in mixed single crystals of KCI-KBr by
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measuring the dechanneling rates for 1.5-MeV protons.
Considerable structure information can be extracted
from the study of blocking patterns (e.g.,[Barr68,
69a,b,70; En70; Mu70; Gv72] see also Sec. 4.2b). Thus,
for example, SiC is known to exist in over 50 different
structure types. Yet, by recording a blocking pattern
photographically, Barret ef al. [Barr70] were able to make
positive identifications of the particular structures exist-
ing in spots irradiated by a beam of 100-keV protons.
Figure 112 shows a comparison of proton blocking
patterns obtained by Barrett et al. [Barr69a] for the hcp
structures, { Cu-Ge and Co, and for the wurtzite struc-
tures, CdSe and CdS. It was found that the planar
blocking intensities in data of the type shown in Fig. 112
could be well explained in terms of the structure factors
commonly used in x-ray crystallography [Barr69b] Muel-
ler et al. [Mu70] have studied blocking patterns obtained
for crystals of nearly identical structure (e.g , Pt and Au)
and have attributed the rather pronounced differences in
planar blocking intensities to differences in thermal vi-
brational amplitudes. Huber e a/. [Hub72] have studied
the structure of ice at various temperatures by employing
backscattering techniques with 100-keV protons.

6.6. Measurement of nuclear lifetimes

When the blocking effect in crystals was discovered, it
was immediately suggested [Ge65, Tu65a] that the phe-
nomenon could be applied to the measurement of short
nuclear lifetimes. Figure 113 illustrates the principle
involved. When a compound nucleus is formed by inter-
action of the incident beam with one of the nuclei in the
target crystal, it recoils from the lattice site with a
velocity typically in the range 10® — 10° cm/sec. If the
compound nucleus decays by charged-particle emission
and if the lifetime is so short that the decays occur before
the compound nucleus has recoiled more than about 0.1
A, i.e., about the thermal vibration amplitude, the full
blocking effect will be observed with a detector measur-
ing particles emitted in directions close to a major axis or
plane of the crystal (c.f. Figs. 5, 6, 60, and 61). If, on the
other hand, most of the decays occur at a time when the
compound nucleus has recoiled into the open channel
between atomic rows or planes, the blocking effect ob-
served in the detector will be much weaker. A rough
upper limit on the lifetimes for which the blocking effect
may be used as a measuring tool is set by the lattice
spacing. Thus, the technique should be applicable in the
approximate range -of lifetimes, 107'® — 107! sec. This
range is of considerable interest in nuclear physics and is
one for which other measuring techniques are not readily
available. Doppler-shift measurements on electromagnet-
ic transitions presently extend down to about 107 sec.,
and lifetimes inferred from energy-width measurements
and application of the uncertainty principle extend up to
about 107'"® — 107" sec. Melikov et al. [Mel68] have dis-
cussed methods of extending the technique to shorter
lifetimes by measuring asymmetries in axial blocking
patterns.

Several years before channeling effects in crystals were
known, Treacy [Tr60] made an unsuccessful attempt to
measure a compound nuclear lifetime in the “C (d,p)
reaction by a recoil technique. He used as a target a thin
hexacosane (Cz Hss) crystal. Unfortunately, such organic
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F1G. 112. Blocking patterns for 100-keV protons incident on thick single crystals of CdSe, CdS, {Cu-Ge, and Co [Barr69a). The beam was incident
a few degrees off the normal to the (1120) or (0001) surfaces, and the film positioned closely parallel to these surfaces. The black spots near the
center of the photographs are due to holes in the film to permit passage of the incident beam.

crystals are extremely susceptible to radiation damage,
and this is the probable reason for the negative result.
The first successful application of blocking techniques to
lifetime measurements was that of Brown ez al. [Brow68].
These authors studied blocking patterns for fission frag-
ments emerging from UO, crystals irradiated by thermal
neutrons and by 12-MeV protons. The patterns, meas-
ured with plastic-sheet detectors (see Sec. 3.1), were
closely the same for both neutron and proton beams.
From this, it was deduced that for the proton-induced
fission, the lifetime must be less than ~ 2 X 107" sec.
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Further work on proton induced fission in UO, crystals
was performed by Gibson and Nielson [Gi69, 70] who
found that at bombarding energies of 9 and 12 MeV, the
effective lifetime was very short (< 1.3 X 107"sec), but
that at 10 MeV, the lifetime .was long enough (~ 1.4
% 107" sec) to result in a measureably shallower blocking
dip. It was postulated that this energy dependence of the
lifetime could be explained in terms of second-chance
fission. That is, at E =~ 10 MeV, the primary compound
nucleus *’Np can emit a neutron leaving a secondary
compound nucleus **Np in a state of relatively low
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excitation and thus of relatively long lifetime. At £ =~ 9
MeV, this process is not energetically possible, and all the
fission fragments come from highly excited (short-lived)
Z*Np. At E, =~ 12 MeV, the nucleus **Np is also left in
a state of high excitation resulting again in a short
lifetime.

Gibson and Nielsen developed an analysis procedure
that has been used in several subsequent lifetime meas-
urements. The procedure assumes that for particles emit-
ted at recoil distances greater than some cutoff distance,
the yield detected along an axial blocking direction is not
affected by the crystalline nature of the target. For recoil
distances less than the cutoff distance, it is assumed that
the yield measured on axis is given by a formula like Eq.
(2.67), except that a weighting factor is introduced to
allow for the exponential decay of the compound nucleus
with time and that instead of u,, the recoil distance is
used. By integrating over recoil distances and adding in
contributions from thermal vibrations and from multiple-
scattering effects, Gibson and Nielsen derived an expres-
sion that relates the difference between a “delayed” Xmin
and a “prompt” xmn to the compound nuclear lifetime,
the recoil velocity, and the cutoff distance. The recoil
velocity is easily calculated. On the basis of Andersen’s
calculations [An67], Gibson and Nielsen estimated that
the cutoff distance should lie in the range 3-5 times the
Thomas-Fermi screening distance, a.

Following these first experiments, the blocking tech-
nique has been used by several groups to measure fission
lifetimes. For example, **U(n,f) has been studied by
Melikov ef al. [Mel72] and by Noelpp et al. [Noe72].
Melikov et al. also measured **U(a,f) at E = 25 MeV.
Heavy-ion induced fission, for example, W (?Ne,f) at
energies £ = 98 and 174 MeV, has been studied inten-
sively by a group at Dubna [Kar70,71a,b; Kam72a,b] and
is now under active investigation at several other labora-
tories.

A number of groups (e.g., [Maru69,70; Cl71,72;
Fuj71d; Tem71; Gi72b]) have used the blocking tech-
nique to measure compound nuclear lifetimes in inelastic
proton scattering. The first such measurements were
those of Maruyama et al. [Maru69] who studied the
reactions *Si (p,p’), “Ge (p,p’), and "Ge (p,p’) and
found lifetimes on the order of 107" sec. In all blocking
lifetime determinations, it is important to determine the
“prompt” as well as the “delayed” blocking dips. Proton
scattering experiments have the convenient feature that
the Rutherford elastic scattering is prompt and the
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associated dip can easily be measured for reference
purposes. Figure 114 shows dips obtained for elastic and
inelastic proton scattering on a Ge crystal. The com-
pound nuclear lifetime calculated by Clark ez al. [C171]
for the inelastic reaction illustrated in Fig. 114 is (1.92
+ 0.36) X 1077sec. Clark ef al. were able to observe a
sharp reduction in the compound nuclear lifetime in the
"Ge (p,p’) reaction as the incident proton energy was
raised up over the threshold for the “Ge (p, n) reaction.
Recently Gibson et al. [Gi72b] made measurements using
very thin (~1.5 um) Ge crystals. For 5-MeV protons this
target thickness corresponds to an energy loss of about 30
keV. With these targets Gibson et al. were able to
measure such fine details as the enhancement (speeding-
up) of the decay rate for compound nuclei formed for
bombarding energies corresponding to isobaric analogue
resonances. In addition, evidence was found for the
influence of residual spin and structure factors on the
compound nuclear lifetime.

The blocking technique has also been used to study
sharp resonances in (p,a) reactions. For example, Ko-
maki et al. [Ko72] have measured the “Al (p,a) *Mg
reaction at the resonance energies £ = 0.633 MeV and
E = 1.183 MeV (see also [Na73]). From previous meas-
urements, the widths of these resonances were known to
beI' < 30eV and I' = 650 + 150 eV, corresponding to
T>2X%X10""sec and T ~ 107"®sec, respectively. The
blocking measurements gave for the 0.633-MeV reso-
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Fi1G. 114. A comparison of the {110) axial blocking dips obtained for
the reactions Ge(p,p)®Ge and ™Ge(p,p’)Ge* (1.04 MeV) at a
bombarding proton energy of 6.0 MeV [C171]. The abscissa is a measure
of angular deviation from the <{110) axial direction.
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nance 7 = 1.4 X 107* (corresponding to ' ~ 5 eV) and
showed the 1.183-MeV resonance to be prompt, i.e.,
T S 107" sec. Sharma et al. !Sha71] have made similar
sorts of measurements on the >'P (p, &) ®Si reaction at the
resonant proton energies of 0.641 MeV and 1.510 MeV.
They used a GaP crystal and found for the 0.641-MeV
resonance, 1 ~ 1.4 X 107"sec(I' ~5 eV) and found the
1.510-MeV resonance to be prompt, consistent with
width measurements that give I' ~7 keV for this reso-
nance.

There is presently considerable effort being invested.

into improving the analysis techniques for extracting
lifetime information from the blocking data. The simple
model and analysis procedures developed by Gibson and
Nielsen [Gi69, 70] have obvious limitations. For example,
flux peaking effects are not taken into account. Yet it is
known that they can be large (see Secs. 2.4f and 6.2; see
also [Has73]). Furthermore, the influences of dechannel-
ing and multiple scattering need to be incorporated in a
more precise fashion. Figure 61 shows how multiple
scattering can lead to the presence of channeled compo-
nents emerging in blocking directions (see also [Fuj71d]).
The minimum yiéld in a blocking dip is clearly not the
only quantity affected by lifetime effects. The width and
other details of the shape contain a lot of additional
information; some groups use the dip area as the meas-
ured parameter from which the lifetime is extracted.
Several authors have used Monte Carlo computing tech-
niques to determine the influence of lifetime effects on
blocking and to extract lifetimes more precisely from
experimental data. (For discussions of these and other
analysis techniques, see [Gi69,70; Ko069,70; Ma70;
Maru70; Mo70c; Son70; Cl171,72; Fuj71d; Mal71; Fu72;
Pi72; Mel72; Ry72; Ve72; Has73; Kar73))

6.7 Production of polarized beams

Kaminsky [Kami69,71] has demonstrated a method for
producing polarized deuterium beams using channeling
techniques. The experimental arrangement is shown sche-
matically in Fig. 115. A tightly collimated D* beam is
incident along the (110) axial direction of a thin
(~1-2 pm) monocrystalline Ni foil magnetized in the
plane of the foil. After transmission through the Ni, the
charged components of the beam are removed by electro-
static deflection. A set of restrictive collimators selects
the best-channeled neutral component emerging from the
foil. This neutral fraction, after leaving the foil, passes
through a weak transverse magnetic field (~10 G) and
impinges upon a tritiated titanium target. By observing
the asymmetry of the angular distribution for « particles
emitted from the reaction T (d,n)*He occurring in this
target, the nuclear polarization of the D° beam can be
deduced. The energy of the incident D* beam is chosen
so that the channeled component of the beam emerging
from the Ni foil has an energy (~100 — 130 keV) opti-
mum for employing the T(d, n) “He reaction as a polariza-
tion analyzer. The random component of the transmitted
beam then has an energy of a few keV and does not affect
the polarization measurement. The idea behind the ex-
periment is that those emerging neutrals that were chan-
neled in the Ni, will have captured electrons from the
outermost (e.g., 3d) states of Ni and that these electrons
will have spins pointing preferentially in one direction
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along the magnetic field lines. During the time of passage
(~107"sec) through the weak field region, part of the
electron polarization may be transferred to the nucleus
by hyperfine interaction. Kaminsky’s measurements gave
a value for the tensor polarization of B, = —0.32 = 0.01.
This result is remarkable in that it implies that 98% of the
analyzed deuterium atoms emerge from the foil with
electron spins oriented parallel to the magnetic field
direction.

The magnitude of the effect is somewhat surprising
since the effective magneton number of Ni is 0.6. The
experimental result therefore implies that 9.4 of the ten
possible 3d states in Ni are occupied. If only electrons in
the outermost shells (34 and 4s) were picked up to form
neutral deuterium atoms, one would expect the maxi-
mum fraction of spin-up electrons to be about 53%,
assuming that the capture probabilities for spin-up and
spin-down electrons are simply proportional to their
relative population in the crystal. Feldman er al. [Fel72b]
have also made polarization measurements with an ex-
perimental arrangement (Fig. 115) very similar to that of
Kaminsky. Their data qualitatively agree with Kamins-
ky’s. Although the effect observed was not so strong
[their result implies an electron spin-up fraction of
71(£10)%] it is much larger than the 53% expected
assuming a spin-independent capture mechanism. No
effect is seen for polycrystalline foils.

Ebel [Eb70] was able to explain the high observed
polarization by postulating that once a deuteron has
captured a spin-up electron inside the crystal, the proba-
bility of its losing that electron would be small since the
spin-up 3d-band states are filled. A captured spin-down
electron, on the other hand, could readily be lost since
the spin-down 3d-band states in the crystal are not filled.
This would give rise to a pumping of electrons from spin-
down to spin-up atomic states of deuterium. Brandt and
Sizmann [Br71], however, pointed out that there cannot
exist stable bound electronic states in deuterium atoms
passing through metals at these velocities. They proposed
instead that the electron capture takes place in the tail of
the electron density distribution at the crystal surface
where the density is low enough for bound states to be
stable. (With this assumption, it is possible to account for
the measured neutral fractions of protons and deuterons
emerging from solids over a wide range of velocities.)
Thus the electron polarization in the neutral beam would
be determined by the polarization of the electrons avail-
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FiG. 115. Schematic diagram illustrating the experimental arrange-
ment used in polarization measurements on deuterium beams transmit-
ted through thin magnetized Ni crystals in the {110 axial channeling
direction [Kami69; Fel72b].
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able at the surface. Electron field-emission experiments
[G171] on Ni have shown that the orientation of electron
spins at the surface depends strongly on the crystal axis,
e.g., electrons field-emitted along the <{100)» and <110)
directions have predominantly spin-up, but are spin-
down along the {111). Rau and Sizmann [Rau73] have
recently made measurements which lend strength to this
explanation. They have measured the polarization, also
using the T (d,n)*He reaction, of the nuclei in neutral
deuterium atoms created by electron capture during
reflection of a 150-keV D* beam incident at glancing
angles (< 0.4°) upon the surface of magnetized Ni
crystals. The results show that the electron spin orienta-
tion is predominantly parallel to the magnetizing field for
electrons in the (100), (110), and (111) surfaces and
antiparallel in the (120) surface. Rau and Sizmann found
that a vacuum of 2 X 107 Torr was necessary in order to
see polarization effects. If the vacuum was allowed to
deteriorate to 5 X 107® Torr, the polarization gradually
vanished, presumably as a result of the build-up of thin
layers of surface contaminants. Feldman ez al. [Fel72b]
also have studied the influence of surface oxide layers
and the deleterious effects of radiation damage in the
transmission arrangement shown in Fig. 115. In addition,
these authors attempted to observe an effect using thin
polycrystalline foils of Fe; Fe has an effect magneton
number of 2.2 and thus might be expected to show a
stronger polarization effect than Ni. No effect was seen,
possibly because of the presence of fairly thick (50-to
100-A) surface oxide layers.

6.8. Particle detectors

Many particle detectors operate by measuring the
energy deposited by charged particles traversing single
crystals. Such detectors range from scintillators such as
Nal (Tl) and anthracene to semiconductor counters such
as Si and Ge. Channeling effects in these devices can be
extremely important. This is particularly true in connec-
tion with thin ("dE/dx") detectors, where only a small
fraction of each particle’s energy is deposited, usually for
identification purposes. In order to minimize complicat-
ing effects due to channeling, care must be taken to avoid
crystal orientations in which the detected particles are
incident in major channeling directions (e.g., [Mad64;
Weg64]). The influence of channeling on the scintillation
response of various crystals is discussed in Sec. 4.2g.
Provided that energetic light ions such as protons and
alpha particles are completely stopped in the sensitive
volume of semiconductor counters, the number of elec-
tron-hole pairs created does not depend measurably on
whether the ions are channeled or not. This is not true,
however, for heav7y ions. Moak et al. [Moa66] have shown
that when fast I and “Ar ions are channeled in a Si
detector, the pulse-height defect normally observed for
heavy ions is reduced by more than a factor of 10 and the
resolution in the pulse-height spectrum is substantially
improved. These effects are attributed to the much lower
contribution from nuclear energy-loss processes (see Sec.
2.6a) at the end of the ranges of the ions.
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APPENDIX A: USEFUL DATA FOR QUICK
ESTIMATES OF CHANNELING PROPERTIES

We give here and in Appendix B graphs and tables of
the various quantities needed to make quick estimates of
surface values of half-angles and minimum yields for
axial channeling and of half-angles for planar channel-
ing. We use the empirical formulas of Barrett [Ba71], viz.,
Egs. (2.66), (2.67), (2.68), (2.69), and (2.81). (For an
alternative method of estimating axial half-angles, see
[Var72].) These estimates apply to the ys-region; see Egs.
(2.27), (2.28), and (2.29). At lower energies, i.e., in the -
region, the estimate given in Eq. (2.28) may be used. Note
that when relativistic effects are expected to be impor-
tant, the value kE, where k is defined in Eq. (2.45), should
be used in the following formulae in place of the incident
energy E. The estimates for the half-angles v, require the
prior calculation of the Thomas—Fermi screening radius
a, Eq. (2.3), and the one-directional rms thermal vibra-
tion amplitude u, Eq. (2.4d). From Eq. (2.3) one has

a = 046852, A, (Ala)
if the incident ion is fully ionized and
a = 0.4685(\/Z: + \/Z,)* A, (Alb)

if the incident ion is not fully ionized. The thermal
vibration amplitude may be estimated from the Debye
approximation (e.g., [Blac55]) as follows:

w = 12.1{[®(x)/x + i]/M O} A, (A2)

where ®(x) is the Debye function shown plotted in Fig.
116, M, is the atomic weight (amu) of the crystal atoms,
© is the Debye temperature (°K) and x is given by

x = 0O/T, (A3)
where T is the crystal temperature (°K). Values of M, and
® for the most commonly studied crystals are given in
Appendix B.

A.1 Axial case
From Eq. (2.66) one has

Yys = 0.80 Fas(1.2t/a) s, (A4)
where the function Fs(¢) is defined in Egs. (2.36), (2.18),
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using Moliére’s potential.

and (2.2) (Moliére potential) and graphed in Fig. 117.
The angle y1, Eq. (2.12), can be written

W =~ 0.307(Z, Z,/dE)"* degrees, (A5)

where d is the atomic spacing along the row (in ang-
stroms) and E is the bombarding energy (in MeV).

For the minimum yield, Eq. (2.68) gives, assuming no
effects due to beam divergence, surface layers, etc.,

Xmin = 18.8Ndu?(1 + ¢72)V2. (A6)

Here N is the number of crystal atoms per unit volume
and

¢ = 126w/ (Y. d), (A7)

where v, is given in degrees. At energies high enough so
that ¢y, < sin~'(u/d), Eq. (A6) becomes

Xon = 18.8Ndu. (A8)

A.2 Planar case
From Eq. (2.81) one obtains
'4/,/2 = 0.721;;’5(1.614}/0, d,,/a)\[/,,, (Ag)

where the function Fps(§&,7m) is defined in Egs. (2.43),
(2.25), and (2.2) (Moliére potential) and graphed in Fig.
118. The angle ., Eq (2.23), can be written

Ya = 0.545(nZ, Z,a/E)"* degrees, (A10)
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where 7 is the atomic density in the planes [atoms/ (A)?],
a is given by Eq. (A1), and E is in MeV.

A.3 Examples

(a) Axial channeling of 1.0-MeV “‘He ions along the
<110) direction in Ge at 20 °C.  From Table IV (Appen-
dix B) we find the lattice spacing of Ge is 5.657 A and the
Debye temperature is 290 °K. From Egs. (A1) and (A2)
the values of a and w are found to be 0.148 A and 0.085
A, respectively. Using Table II we see that_the atomic
spacing in the {110) direction of Ge is 4.00 A. Equation
(A5) then gives Yy = 1.23°. From Fig. 117 the value of
Fzs(0.689) can be read off as 0.95. Then from Eq. (A4) we
find ¢y, = 0.93° (Picraux et al. [Pi69a] measured Yy,
= 0.95°). To calculate the minimum yield, we first
evaluate Eq. (A7) and find { = 2.86. Next we compute
N = 8/(5.657)° = 0.0442 atoms/(A)’. Then Eq. (A6)
gives xmin = 0.025 (the measured value [Pi69a] is 0.03).

(b) Planar channeling of 20-MeV *Cl ions along the
(111) direction in Au at 25 °C. From Table IV (Appen- -
dix B), we find the lattice spacing of Au is 4.078 A and
the Debye temperature is 170° K. From Egs. (Al) and
(A2) the values of a and w are found to be 0.0847 A and
0.088 A, respectively. The interplanar spacing d, for (111)
planes (see Table II) is 2.354 A. The areal density of
atoms in the planes is simply Nd, = 4 X 2.354/(4.078)°
= 0.1389 atoms/(A)>. Then Eq. (A10) gives 1,
= 0.484°. From Fig. 118, one reads off for F#5(1.66,27.8)
the value 0.86. Then from Eq. (A9), we find ¢4, = 0.30°
(the value measured by Davies et al. [Dav68a] is 0.32°).
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TABLE II. Values by which the lattice constant must be multiplied to compute the interatomic spacings < in axial directions and the
interplanar spacings dp for planar directions in the simplest (monatomic) cubic structures.

Structure Atoms per Axis Plane
unit cell {100) {110) (111) (100) (110) (111)
fee 4 1 1/V2 V3 1/2 1/2V2 1/V3
bee 2 1 V2 V3/2 1/2 1/V2 1/2V3
fee (diamond) 8 1 12 V3/4,3V3/4 1/4 1/2V2 1/4V3,V3/4

TABLE IIl. Values by which the lattice constant must be multiplied to compute the interatomic spacings d in axial directions and the
interplanar spacings dp for planar directions in the most common simple diatomic compounds (atoms labeled A and B) having cubic

structures.?

Structure Atoms per Axis Plane
unit cell (100) (110) (111) (100) (110) (111)

Rocksalt 4A +4B ABAB-- pure ABAB--- mixed mixed pure ABAB---
(like NaCl) 1/2 1MN2 V3/2 1/2 1/2v2  1/2V3

Fluorite 4A + 8B pure pure BAB:*BAB*** pure ABAB+» mixed pure BAB+**BAB-*
(like CaF,) 1(A),1/2(B) 1W2Z  V3/4,V3/2 1/4 1/2V2  1/4/3,V3/4

Zinc blend 4A +4B pure pure ABeccABee pure ABAB-» mixed pure AB+AB--
(like ZnS) 1/V2  V3/4,3V3/4 1/4 S1/2v2  1/4V3,V3/4

2 For the axial case, the term pure indicates that each row contains

only one atomic species. For rows containing both species, the
ordering in the row is given. For the planar case, the term pure
indicates that each sheet of atoms contains only one atomic
species and the way in which the sheets are ordered is shown.

The term mixed refers to cases where each planar sheet of atoms
contains both atomic species.

APPENDIX B: GUIDE TO CHANNELING
MEASUREMENTS PERFORMED ON VARIOUS

TARGET CRYSTALS.

In Tables IV, V and VI we list some of the properties
of the more commonly studied crystals together with
references to published literature describing channeling
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experiments with these crystals. Because of the great
amount of work done with crystals of Si, Cu, Ge, W, and
Au, references for these materials are listed separately
below Table IV. Unless a different reference is specified,
the Debye temperatures are taken from [Lo48, 62]. The
lattice constants are taken from [Wy63] and pertain to

room temperature.
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TABLE IV. Most commonly studied elements having cubic structures at room temperature.

z, M, Name Structure 0,4685Z,-1/3 OCK)  u(293°K) Lattice _  References
(A) ) constant (A)
6 12.01 C fce 0.258 . 2000 0.04 3.567 Pi69a
(diamond) .
13 26.98 Al fece 0.199 390 0.105 4,050 An65;Barr68;Blan69;

Bg@64, 65b; Br65, 68;
Dav69;Kh66, 67b;Ko72;

Let71;Se66
14 28.09 Si fce 0.194 543 0.075 5.431 See Footnote a.
(diamond) [Bat62] ‘
23 50.94 v bce 0.165 360 0.082 3.024 Po68b
24 52.00 Cr bece 0.162 485 0.061 2.884 Barr68;Mu70
26 55.85 Fe bee 0.158 420 0.068 2,867 Abel72a;A171;An72a, b;
- And66a;Bg69;Cl170;
‘ De68b;Fel71,72a
28 58.71 Ni fce - 0.154 425 0.065 3.524 AnT2a;Fel72b;Kami69, 71;
Kau73;Mart69;Rau73
29 63. 54 Cu fce 0.152 315 0.084 3.615 _ See Footnote b.
32 72.59 Ge fce 0.148 290 0.085 5.657 See Footnote c.
(diamond) ‘
41 92,91 Nb bece 0.136 275 0.079 3.300 Beh71, 72
42 95.94 Mo bece 0.135 380 0.057 3.147 C170;Tu65d
45 102.91 Rh fce 0.132 : 340 0.061 3.803 Mu70
46 106.4 Pd fce 0.131 275 0.074 3.890. Mu70;Nis72
47 107.87 Ag fce 0.130 215 0.093 4.086 An72a;Anders73;Ap72a,
b;Bro69;How70a;Kami70;
Mu70;Tom68
73 180.95 Ta bece 0.112 245 0.064 3.306 An72a;Ast65;Barrés;
Bg65a, b;Do65b
74 183. 85 w bce 0.112 310 0.050 : 3.165 See Footnote d.
78 195.09 Pt fce 0.110 225 0.066 3.923 Mu70
79 196. 97 Au fce 0.109 170 0.087 4,078 See Footnote e.
82 207.19 Pb fce 0.108 88 0.164 4,951 How70a;Tom68
a References for Si: Ace69, 70; Alt70a; An71a, 72a; Ana69b; ¢ References for Ge: Ab69; An72a; Ap67, 70; Barr68; Bro 72;
Anders73; Ap65, 67; Ar71b, 72; Barr68; Bel72c; Bp64, 68b, Ca71, 72a, b, ¢; C170, 71, 72; Fuj 71d, 72a; Ge71; Gi72k};
69, 72; Bulg71; Ca70, 72a, b, c; Cai68; Cay71; C170; Dav67b, Ho68; Kor70; Marc72; Maru69, 70; Mor70, 71a, b, c; Pi69a,b;
68a, 69; De64, 68b; Del71, 72; Dem72; Do70; Ei66, 68a, Sa65, 67; Sh68a.
71a, 72a, b; Er64; Erik69b; Fel70a; F170; Fon72; Fot69, 70b, d References for W: Ace69; An68, 72a b; Ap70; Barr68; Berg68;
71; Fuj69, 70, 71a, b, c, d, 72a; Ge65, 71; Ger72; Gi65, 68b; B¢67a, b, 68b, 72; C170; Dav68a, 69, 72a; Do65a, b, 66;
Gr72; Gv72; Gy70; Har70; Ho68; Iu72; Je70; Jo69; Kon70; Erik67a, b; Far70; Kam72; Kar70, 71a,b; Kh67b; Kul67;
Lug73; Man68; Marc72; Mart69; Maru69, 70; Mit71; Moa66; Marw72; Mel68; Pan72; Tu65a, b, c.
Mor71c, 72; Moro72; Ne67a, b; Nort70a; Ok70; Pav72; Ped72; ¢ References for Au: An71b, 72a; And65, 55b; Ande70;
Pi69a, b, 72a, b, 73a, b; Red72; Rem67; Rim71, 72a, b; Sa67; Anders73; Ap71b; Al72; Barr68;.B¢tt69; Ché8c, 69_b; Da65a,
Shé68a; Si71; Sk70; So71a, b, 72; Walk 70; Weg64; Wes69; Wo69; b, 69, 70, 72; Dav68a; Fuj72a; Gi68a, 72a; Hi70; Hog70;
Zi73. . How70a, 71;Ib68; Lu66, 70, 71; Mach68, 70; Mark71;
b References for Cu: Al71, 72; An72a; Anders73; Barr68; Bell65; Mory71a, b; Mu70; Ne69a; New72; No66, 69; Oko72;
Br65, 68; Cai72; Eli70; Far65; Fis69;Fuj72a; Gra66, 68; Ja72; Po71b, 72b, ¢c: Reu69; Schob69a; Ug68, 70; Wh67; Wij69.

Kami70; Kh66, 67a, b; Liv68; Mak70; Mars69; Pan72; Sar69;
Shu71; Th64; Ug66, 68.
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TABLE V. Commonly studied diatomic compounds having cubic lattice structures at room temperature.
Name Structure Lattice . References Name Structure Lattice . References
constant (A) constant (A)
AlSb ZnS 6.135 Sa68b KI NaCl 7.066 Alt73;Di70;Man70;
BaF, CaF, 6.200 Ed72a;He71b Roth70;Vor71
BaTiO;  Perovskite 3.996 Ak69;Ge72a,b LiF NaCl 4.017 Ed70;Mat71b
(>120°C) MgO NaCl 4,211 C170;De68b;Ho68;
CaF, CaF, 5.463 Ato70;Ed72a, ﬁrzgﬁummn;
He71a, b;Mat67 a
CsI CsCl 4.567 C169, 70;Kule72 NaF NaCl 4.620 Mat71b
GaP ZnS 5.451 Dav69:Fel70b: NacCl NaCl 5.640 Cho71;C170;Kon69;
Man70;Mat71b;
Kob68;Mor72;
Pi69a. b:Sha71 Mor72;Roth70;
* Sh68b;Vor72a, b;
GaAs ZnS 5.654 Mars69;Maz69; Voro72
Pi69a;Sa67 Nal NaCl 6.473 Alt70b, 73
GaSb ZnS 6.118 Dav69;Pi69a; PbS NaCl 5. 936 An72a
Sa68b
InAs ZnS 6. 036 Sa68b RbBr NaCl 6. 854 Behn69
InSb ZnS 6. 478 Sa68h SrF, CaF, 5.800 Mat71b
KCl NaCl 6.293 Di70;Fuj7la;Hutl; PO CaFy 5.600 Cli72;Mars69
Man70;Mat67, 71b; UC NaCl 4,959 Mars69;Mat69a,
Miy72;Mor72; b, 70, 71b
52?‘7710;8}16%; Uo, CaF, 5. 468 Brow68;Dav68a,
69;Erik69a;Gi69,
KBr NaCl 6.600 Di70;Man70;Miy72; 70;Mars69;Mat67,
Mor70b, 72; 69, 71a,b;Mel72;

Sh68b;Vor71

Noe72

TABLE VI. References to work on non-cubic and complex

structures.

Crystal

References

Al,O4
Anthracene
Bi

Cds

CdSe

Co

Ice (H,0)
Mica
Quartz (SiO,)
SiC

Sn

Zn

ZnO

Zr

De68b
Br68;0k70;Wick67
EI67;En70
Barr69a

Barr69a

Barr69a

Hub72
Ham66;Se66
Abel69, 72b;Sab8a
Barr70;Mat71b
Mi73

Mat71a

Howe 71
Ap70,71;Fel69
Mars69
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Abel 69
Abel 72a
Abel 72b
Abel 73

Ab 69

Ace 69
Ace 70

Aka 73
Ak 69

Al 70
Al 71
Al 72
Alm 61
Alt 70a
Alt 70b
Alt 73
Am 70
Ana 69a

Ana 69b

Ander 65

An 65

An 67
An 68
An 70
An 7la
An 71b
An 72a
An 72b
Anders 73
Ande 70
And 65
And 66a
And 66b
Ap 65
Ap 67
Ap 68
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Fi1G. 112. Blocking patterns for 100-keV protons incident on thick single crystals of CdSe, CdS, {Cu-Ge, and Co [Barr69a). The beam was incident
a few degrees off the normal to the (1120) or (0001) surfaces, and the film positioned closely parallel to these surfaces. The black spots near the
center of the photographs are due to holes in the film to permit passage of the incident beam.



Fic. 4. Star pattern re-
corded in transmission (see
Fig. 2) for 2.43-MeV pro-
tons incident along the
{111} direction of a 60-pm-
thick Ge crystal. The dark
regions in the figure corre-
spond to regions of high
particle intensity. The range
of 2.43-MeV protons in
amorphous Ge is approxi-
mately 43 pm [Gor69).



FiG. 62. Backscattering blocking pattern recorded for 150-keV pro-
tons incident on a Bi crystal near the {111) axial direction [En70]. The
hole near the center of the picture is to permit the passage of the
incident beam.



F16. 72. (a) Photographic reproduction of a
{111) Si crystal surface after programmed
bombardment with 80-keV Ne* ions using
the arrangement shown in Fig. 71 [Ne67b].
The dark areas show a minimum of radiation
damage where the beam is channeled. (b)
an Radial projection of the (111) face of an fcc
crystal showing the low-index planes for
comparison. (Reproduced with permission of
N e J. Mat. Sci., Chapman & Hall, London.)

(011} PLANE

(a) (b)



F1G. 73. Star pattern recorded in
transmission for 2.43-MeV protons
incident along the (110) planar di-
rection and approximately 1.6°
from the {110} axis of a Ge crystal
7 p thick. The dark region corre-
sponds to high particle intensities.
(The range of 2.43-MeV protons in
amorphous Ge is approximately 43
1 [Gor69])
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FiG. 83. Photographic recordings of the angular distributions of
protons transmitted through a 0.51-um Si crystal for various entrance
angles (Yo < y.) relative to the {100) axial direction [Ar71b]. The
incident beam energy is 4 MeV. The value of v, is approximately 0.35°.
The particle intensities were measured on x-ray film 1.4-m downstream
from the target. The exposure times for the different cases are not
always the same. In each case, the {100} axis was tilted to the left (L)
or right (R) of the beam direction by the angle indicated.



F1G. 91. Low magnification electron scanning micrograph of a thick
GaAs crystal [Coa67]. The incident 20-keV electron beam was scanned
about the {111} crystal axis. (Reproduced by permission of the
Director, RRE, copyright Controller H.B.M.S.0.).
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Fi1G. 92. Transmission patterns recorded for 1-MeV electrons passing through (a) thin (~1 um) and (b) thick (~5 pm) Cu crystals [Fuj72a). The
data in (a) were recorded with the incident beam a few degrees off axis and in (b) the beam was on axis. Bright regions in the photographs
correspond to regions of high electron intensity. The number of quantum states np excitable in the four axial cases are estimated to be

approximately 9, 5, 3, and 2 for the (110}, {100}, {211}, and {111} axes, respectively, Eq. (5.13).



