Contribution of Incoherent Effects to Bremsstrahlung
of Fast Particles in Crystals

V. V. Syshchenko*, A. 1. Tarnovskii¢, and N. F. Shul’ga®
?Belgorod State University, Belgorod, 308015 Russia
e-mail: syshch@bsu.edu.ru

b Akchiezer Institute for Theoretical Physics, Kharkiv Institute of Physics and Technology National Science Center,
Kharkiv, 61108 Ukraine

Abstract—Incoherent radiation of high-energy electrons in crystals is due to the thermal spread of atoms
about their equilibrium positions in lattices. The procedure for modeling incoherent radiation developed pre-
viously makes it possible to interpret some results of recent experiments conducted on the Mainz microtron

(abbreviated MAMI).

INTRODUCTION

The cross section for bremsstrahlung of relativistic
electrons in crystals [1—3] is the sum of the coherent
term (which is due to the periodicity of the spatial
arrangement of atoms in lattices) and the incoherent
term (which is due to the thermal spread of atomic
positions about the lattice sites). In this case, the inter-
ference of radiation produced during interaction of
particles with different atomic crystals chains and
planes leads to the considerable dependence of the
intensity of coherent radiation on the crystal orienta-
tion with respect to the beam of projectiles. On the
other hand, the incoherent radiation spectrum is sim-
ilar to the Bethe—Heitler radiation spectrum in an
amorphous medium and, at first glance, the intensity
of the incoherent portion of bremsstrahlung must be
independent of the crystal orientation. However, it was
shown in [4—6] that the redistribution of the flux den-
sity of particles in crystals related to the channeling
effect [2, 3, 7—9] can lead to the appearance of a con-
siderable orientation dependence of the intensity of
incoherent radiation. The procedure for modeling
incoherent radiation developed in [4—6] made it pos-
sible to interpret orientational effects observed in pre-
vious experiments conducted at the Kharkiv Institute
of Physics and Technology [10]. In the present paper,
our procedure is applied to the analysis of recent
experimental data obtained at the microtron MAMI
operating at Mainz University [11].

PROCEDURE

The process of bremsstrahlung of relativistic elec-
trons is developed in a large space region along the
particle momentum,; it is called the coherence length
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electron, o is the frequency of a radiated photon,
g'=¢e— hw, m is the electron mass, and ¢ is the light
velocity in vacuum [ 1, 2]. In a broad range of radiation
frequencies, the coherence length exceeds the inter-
atomic distances in materials,
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In this case, the effective constant of the lattice-
atom—electron interaction can be larger than unity,
which makes it possible to use the quasiclassical
approximation in order to describe electron radiation
in crystals. In this case, for the frequency range that is
interesting to us and satisfies condition (1), the spec-
tral density of bremsstrahlung is described by the
dipole formula [2]:

dE _ e’
do 2nc’

Oodq (hoa) 5(, &
g I |

8

)
ZSneXp(icqtn) ,

where o = m2c3oo/288' ~ l;olh , 9, is the two-dimen-
sional angle of electron scattering during the collision
with the nth atom of the medium, and #, is the instant
of collision.

The angle of scattering by the atom as a function of
the collision impact parameter can be easily found
from the equation of electron motion in the transverse
plane [2, 9]:

v, =-Ce 0y, (3)
e op



Choosing the atomic potential in the form of the
screened Coulomb potential U(r) = (£ | e | /P)exp(—r/R),
where 7/ is the atomic number, we find
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where K (x) is the third-kind modified Bessel function

(the Macdonald function) and p, is the impact param-
eter of the nth collision.

Formula (2) describes the radiation intensity of a
separate electron moving along a given trajectory. The
radiation of the uniform beam of particles of the unit
density is characterized by the radiation intensity
equal to intensity (2) integrated over the impact
parameters of particle incidence on the target:
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In particular, for radlatlon in the field of the separate
atom, using (4) leads to the Bethe—Heitler formula
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(with logarithmic accuracy caused by the inapplicabil-
ity of the dipole approximation at impact distances
that are less than i/ mc).

We now consider radiation produced during elec-
tron incidence on the crystal at the small angle v
made with one of the crystallographic axes densely
packed with atoms (the z axis). In this case, correla-
tions between successive collisions with atoms lead to
the appearance of coherent effects in radiation [1, 2].
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The averaging of the quantity ‘z 3, exp ( ) in(2)
n
over thermal oscillations of atoms in crystals leads to
the decomposition of this quantity (and the radiation
intensity) into two added terms describing coherent
and incoherent effects in radiation:
2
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where p, = p(t,) — p,? is the impact parameter of the
collision with the #th atom in its equilibrium position

p,? ; p(¢) is the electron trajectory in the plane orthogo-
nal to the zaxis, and u,, is the thermal displacement of
the nth atom with respect to its equilibrium position.

Coherent effects in the radiation process were studied
in many theoretical and experimental papers [1—3];
however, we concentrate our attention on the second

term in (7) describing incoherent radiation. Substitut-
ing formula (4) for the angle of scattering by the sepa-
rate atom to the second termin (7) leads to the follow-
ing expression for the incoherent part:
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It is convenient to compare the effectiveness of inco-
herent radiation in the crystal (which is of interest to
us) with that of radiation in the amorphous medium
(for the equal number N of collisions with atoms). It is
easy to see that the ratio of these two quantities is
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where integration over d 2p0 means integration over all
possible points of electron entry into the crystal within
the limits of one unit cell.

The impact parameters p, for collisions with the
atoms are determined using the electron trajectory in
the crystal found by the numerical modeling, which
was discussed in detail in [4—6]. The integration over

d 2p0 can be performed by the Monte-Carlo method.

Formula (7) for g = 0 describes the average squared
angle of multiple scattering of particles in crystals. It is
easy to see that multiple scattering is also the sum of
coherent scattering (which manifested itself as scatter-
ing in continuous potentials of atomic chains [2, 7—9])
and incoherent scattering by thermal oscillations of
atoms. Substituting (4) in the second term in (7) leads
to the formula for the average squared angle of inco-
herent scattering:
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Thus, in the modeling of the electron trajectory in the
crystal, the presence of incoherent scattering by thermal
oscillations of atoms can be taken into account by adding
a random quantity obeying the Gauss distribution with

the dispersion (2Z %e'e’ / e’R’ ) F (p,)to each of the com-

ponents of the electron velocity in the xy plane at the
instant of collision with the nth atom.
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RESULTS AND DISCUSSION

Specific modeling parameters were chosen accord-
ing to conditions of one of the experiments described
in [11]. An integral intensity of radiation with an
energy of 15 MeV or more was registered in this exper-
iment. This radiation was produced in the case in












