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It is shown that a considerable decrease in a total cross-section of the
elastic scattering of relativistic electrons by a crystal atomic string can take
place at certain values of particle incidence angles. This effect is similar to the
Ramsauer-Townsend effect of slow electrons scattering by an atom. It is
shown that the decrease in the angle of particles incidence on the atomic string
essentially changes the process of particles scattering. The phenomena of the
particle rainbow scattering and orbiting may occur in this case.
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1. Introduction

When a fast charged particle is incident on a crystal atomic
string under a small angle iy to its axis (z-axis) a correlation
between successive collisions of the particle with string atoms
are essential. This correlation leads to the fact that the particle
motion in the field of the crystal atomic string is mainly
determined by the continuous potential of the crystal atoms - the
crystal atomic string potential, averaged over z coordinate [1]. A
particle momentum, component parallel to the z-axis is conserved
in such field and the scattering of the particle takes place only
along the azimuth angle q> in the plane (x,y), which is orthogonal
to the string axis. As a result, we come to a two-dimensional
problem of the particles scattering in the plane orthogonal to the
string axis. Such a problem was considered in connection with
the phenomenon of the axial channeling of fast particles in
crystals at the angles of particle motion with respect to one of the
crystal axes of order of the axial channeling critical angle

vj/c = v4Ze2 led , where Z e is the charge of atomic nucleus, 8 is

the particle energy and d is the distance between atoms of the
crystal atomic string (see, e. g., [1-3]). The main attention was
then paid to the peculiarities of the positively charged particles
scattered in the field of crystal atomic string.

The present work deals with the investigation of the features
of the relativistic electrons scattering by the crystal atomic string
when an angle \\J of the particle incidence on the string is less
than the critical angle of the axial channeling. It will be shown
that this problem is similar, in many respects, to the problem of
slow electrons scattering by an atom. In particular, we show that
at the relativistic electron scattering by the crystal atomic string
the effect similar to the Ramsauer-Townsend effect of the
considerable decrease in the total cross-section of slow electrons
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scattering by an atom (see, e. g.,. [4-6]) can take place. It is
shown that the decrease in the angle vj/ of particles incidence on
the atomic string essentially changes the process of particles
scattering. So, starting with a certain value of the angle \j/ (less
than the critical angle of the axial channeling), the azimuth angle
of the electron scattering by the crystal atomic string can exceed
180°. The phenomena-of the particle rainbow scattering and
orbiting may occur in this case.

2. Scattering cross-section and deflection function

A differential cross-section of a relativistic electron scattering
by a cylindrically symmetrical continuous potential U(p) (where

p = ̂ jx +y ) of the crystal atomic string at the small angle \y

of particle incidence on the string can be represented as [3]
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where T)/ are the phases of scattering in the field U(p), cp is the
azimuth angle of the scattering, L is the length of the atomic
string and pi = siy ' is the transverse component of the particle
momentum (we use the system of units where h = c = 1). Here
the summation is taken over the integer values of the angular
momentum in the transverse plane.

The total cross-section of the elastic scattering of relativistic
electrons by an atomic string is related to the scattering phases
T}/ by the relationship
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In the quasi-classical approximation the scattering phases r\[

are given by [3]

Po

where

, (3)

is the root of the corresponding radical (at 1=0

Po = 0) and e is the electron charge.

At v|/>\|/c
 a * a r § e number of terms in Eq.(l) make a

comparable contribution to the scattering cross-section. In this
case the summation over / in (1) can be replaced, taking into
account the equation 1 = p±b, by the corresponding integration
over the string impact parameter b. In this case in the classical
limit (% -> 0), Eq. (1) reduces to the corresponding result of the
classical scattering theory

(4)
db

n
where cp = <p(b) is a function of the particle deflection in the
field U(p) in the plane orthogonal to the string axis

oo -Ml

(5)

Here e^ = e\j/ /2 is the energy of particle transverse motion

and po is the minimal distance between the particle and the
string axis. The summation over n in (4) is taken over one-valued
branches of the deflection function with the account of the
scattering at the angle exceeding 180 °(see [3,7]).



The continuous string potential'in-(3) has a rather complex
form. So, approximations of this potential by the functions of
more simple form are used to investigate the interaction of
particles with the atomic string. In the channeling theory the
function \eU(p) - cc/p, where a = UQCI {a is the Thomas-Fermi

screening radius of the atomic potential) and UQ =%Ze I2d, is
often used (see [1,3]). At large and small distances from the
atomic string the function a /p overestimates the potential.
Therefore, it is necessary to cut off this potential at small and
large distances p from the string.

Thus, we come to the problem, of the electron scattering in
the field

f

(6)

0, p>R
The quantity R can be equated to.,.the half of the distance

between the crystal atomic strings. The quantity pn^n is of order
of the averaged displacements of the atoms in the string, caused
by the thermal oscillations of the crystal atoms. Note that the
function of the form (6) but with different values of a, R and
Pmin w a s a*so u s e c^ t 0 investigate the slow electron scattering by
an atom (see [4,8,9]).

The function of the form (6) permits, sometimes, to simplify
essentially. the! calculations. So, in-the range of impact parameters
for which the value of p 0 in (5),. exceeds' p ^ , the electron
deflection function in the field (6) takes the form
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(p(b) - 2 arcsin

v-1/2'

A - 2 arcsin

where A •
R

and \\fg =

(7)

. For p ^ -> 0 this

formula is valid for all impact parameters b<R. For /?—»«> the
formula (7) gives the corresponding result of the Rutherford
theory of scattering.

The plots of the function <p = (p(b) for different values of the

particle incidence angle \\i are represented in Fig. l(a). The
quantity b/R is laid off on the abscissa axis and the deflection
angle (in radians) does on the ordinate axis. Calculations are
performed for pm jn = 0.

Fig. 1. The deflection function <p = q>(b/R) of electrons, which are scattered
on the <100> silicon crystal axis (a) in the field (6) and (b) in the field (8) for
different values of the angle i|/: 1- v/ = 0. li|/c, 2 - vj/ = 0.2\|/c, 3 - v/ - 0.25vj/c,

4 - \\i - 0.3v[/c, 5 - vj/ = 0.5\\ic, 6 - \y - \\rg .

The presented plots show that the deflection function is a
monotone decreasing function of the impact parameter b for
\\>>\yg.



When \\J = \\irr for any impact parameter the scattering angle

is <p(&) = %. This effect is similar to the giant glory effect in the

slow electrons scattering by an atom [10],
For u? < Wp. the deflection function is a monotone increasing

function of the impact parameter.
The electron trajectories in the plane orthogonal to the string

axis for \\i - 0.5 \yc (a\ \\i - \\jg « 0.28v|/c (b) and \\i - 0,2i[/c (c)

are represented in Fig. 2.

Fig. 2. The electron trajectories in the plane orthogonal to the <100> silicon
crystal axis in the field (6) for \\i = 0.5\\>c(a), \j/ = \yg « 0.28\yc (b) and

Therefore, the cutoff of the potential a / p at large distances
from the string axis leads to the essential change of the electrons
scattering pattern for VJ/ < \\ig as compared with the case

\\f>M/g. The value of the angle \yg = ^na I SR\\ic is small in

comparison with the critical angle of the axial channeling.

3, Phenomena of the rainbow scattering and orbiting

The more exact approximation of the crystal atomic string
potential at small and large distances from the string axis is given
by the following function [3]
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0,
where Uu «i, A and UQ are detennined from the condition of the
best approximation of the real crystal atomic string potential by
the function (8). For instance, for the silicon crystal atomic string
directed along the <100> axis, a good approximation is achieved
at £/j= 51.5 ev,f/2 -4.05 ev, cti=2.035 and A=0.119 A. Next,
consider the characteristic properties of the electron scattering in
such field and compare it with some properties of the particles
scattering in the field (6).

The numerically calculated deflection functions and the
typical electron trajectories in the field (8) are shown in Fig. \{e)
and Fig. 3 for different values of the angle i|/. It can be seen that
o(b)\ --> 0 when b -> 0 for the potential (8), unlike (6), for any

value of the angle if/. For \\> ~ \\fc the electron deflection function
in the field (8) has a maximum at some value of the impact
parameter. It means that the phenomenon of the electron rainbow
scattering by the crystal atomic string takes place in this case,
being absent for the potential (6). As shown in Fig. 1 (s), the
rainbow scattering angle increases with the decrease of \\t, and
exceeds 180° for i|/<0.3iyc. For the angles v|/<0.2yc the
electron deflection function is one-valued function of the impact
parameter. In this case the deflection angle can exceed 2% (see
Fig. 3 (c)). It means that the phenomenon of orbiting is possible
in this case. (The possibility of the rainbow scattering and
orbiting in scattering of the fast particles by the atomic string
was stressed in the papers [11,12].)



Fig.3. The electron trajectories in the plane orthogonal to the <100> silicon
crystal axis in the

\|/ = 0.2\|/c(c).

field (8) for \)/ = O.5\j/c(a), \i/ = 0.25\j/(.. (b) and

The classical (thin lines) and quantum (thick lines)
differential cross-section of the scattering of electrons in the field
(8) for \ji = 0.4MJC and \\J ~ 0.2\\JC are represented in Fig. 4. (The

differential cross-sections of the electron scattering in the field of
the truncated Coulomb potential (6) are represented in Ref. [13].)

Fig.4. The scattering differential cross-section for 20 MeV electron, incident
on the silicon crystal axis <100> at the angle vj = 0A\\ic(a) and y = 0.2\|/c (b).

The thin line corresponds to calculation using the equation (4) of the classical
theory of particle scattering, thick line corresponds to calculation using the
equation (1) of the quantum theory of particle scattering.

The obtained plots show that at vji = 0.4\|/c the phenomenon
of the particle rainbow scattering takes place, the scattering angle
value q> = ©r to be ultimate for electron scattering according to
the classical theory. In the region of the scattering angles cp < <pr
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the deflection function is two-valued. According: to this, fie
particle scattering at the angle (p can take place along the two
classical trajectories determined by two different values of the
impact parameter. For cp->cpr the classical cross-section of
scattering increases infinitely, because the function.d(pIdb tends
to zero at (p -»cp r.

The quantum cross-section oscillates with respect to the
classical one in the region (p<<pr and for <pxp r decreases
rapidly when q> increases. •. .-.".•,

4. The scattering at ultra small angles of the particle v _
incidence on the string - ' "\ \

The phenomenon of the rainbow scattering is absent for
i|/ = 0.2\|/c. In this case the deflection of the particle by the

atomic string can be at the angle (p, exceeding 180°. THe
scattering angle q> for electron can change, however, in the range
3t > cp > -7t. Therefore, for cp(&)| > n there exist several

trajectories, leading to the scattering at the given angle (p. In this
case the situation, similar to the one considered in [6] in
investigation of slow electrons scattering by an atom, may arise
when the impact parameter b of the trajectories leading to the
scattering at the given angle. q> can be both positive and negative.
In this case the quantum scattering cross-section oscillates with
respect to the classical one. These oscillations are similar to the
oscillations observed in the generalized Ramsauer-Townsehd
effect for slow electrons scattered from an atom at large angles
[4-6]. They are due to the fact that at small VJ/ the main
contribution to the cross-section (1) comes from several first
terms with low index values / .



The dependence of the total cross-section of elastic scattering
on the angle of particle incidence on the string for two close
values of the electron energy is represented in Fig. 5. The results
of calculation show that the cross-section has a complex
structure in the region of small i[/. The sharp changes of the
cross-section are caused by.-successive dropping out of the
individual terms from the sum over./ in (2) with decreasing \\J.
For vy -» 0 the only term with / = 0 contributes to the cross-
section.

The obtained results show that the total cross-section has a
deep minimum m the region of the small values of \\J. This effect
is similar to the Ramsauer-Townsend effect of the total cross-
section decrease for scattering of slow electrons from an atom in
a certain range of particle energies [4,5]. In the considered case
the effect takes place for the relativistic electrons and depends
not only on the electron energy (see, Fig. 5(a) and 5(b)) but on
the angle of particle incidence on the atomic string as well.

Fig. 5. The total elastic scattering cross-section for electron energy 9 MeV (a)
and 10 MeV (b) in the silicon crystal as function of the angle \]/ of particle
incidence on the axis <100>.

Notice in conclusion that the presented in Fig. 4 and 5 plots
are obtained in the quasi-classical approximation of the quantum.
scattering theory when the scattering phases are determined by
Eq. (3). Unlike the case of slow electrons scattering from an
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atom, these scattering phases contain the relativistic particle
energy instead of electron mass. Therefore, the condition
imposed by the quasi-classical approximation can be written in
our case as [14]

~«U (9)
PL

where F is the force acting on the particle in the atomic string

field. Estimating that F -U^ald1, the inequality (9) can be
rewritten in the form

Uo 1 a (10)
e ± p±d d . :,

For s=10 MeV this inequality is satisfied for-the crystal
atomic string of silicon even for \\i ~ 0.1 \\ic.
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