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a b s t r a c t

Theory of coherent bremsstrahlung from axially channeled electrons in a crystal is developed in the
framework of the virtual photons method. It is shown that electron channeling results in both splitting
and appearing an additional structure of coherent peaks in axial coherent bremsstrahlung spectrum.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

In this work we study coherent bremsstrahlung from channeled
electrons in a crystal.

Many physical processes, accompanying a passage of the high
energy particles at small angles with respect to the crystal axes
or planes, differ from those in an amorphous target. In fact, in this
case coherent effects occur (see, e.g. [1–5]). The coherent effect in
the interaction of charged particle with a crystal arises due to peri-
odical arrangement of the crystal atoms, when the interaction
amplitudes of the particle with individual atoms are summing up
in the phase. As a result of this summing, an interferential multi-
plier appears in the cross-section. It leads to appearance of coher-
ent peaks when the transferred momentum coincides with one of
the reciprocal lattice vectors. This happens at selected parameters
(beam energy, angles of incidence into a crystal with respect to
crystallographic axes or planes).

Recently some interest in literature to the coherent bremsstrah-
lung from neutrons [6,7] was appeared.

The channeling phenomenon takes place when relativistic
charged particle passes through a crystal at small angle with
respect to the crystal axis or plane, and when the crystal thickness
is rather large so that the Born approximation or many-wave
diffraction approach do not work. In this case, a charged particle
interacts with averaged (continuous) potential of the crystal axis

or plane and one can neglect the periodic part of the crystal poten-
tial [3–5,8].

The coherent scattering or channeling of relativistic charged
particles in a crystal leads to emission of coherent bremsstrahlung
(CB) [1–5] and channeling leads to channeling radiation [3–5,8–
10].

The CB and channeled radiation typically are considered as dif-
ferent kind of radiation from charged particles in a crystal. But it is
possible to prepare especially condition when both channeling and
coherent process can occur simultaneously. In this case a combined
effect arises. Combined effect manifests itself in the change the
energy spectrum of CB. For the first time combined effect was
experimentally recorded at Tomsk synchrotron [11]. But, the accu-
rate theory of combined effect still not exists.

2. Cross-section of the photon scattering by a channeled
electron

In the reference frame related to the channeled electron passing
through the crystal the electric field of an atom is perpendicular to
its magnetic field. According to the Lorentz transformations, the
fields are compressed in the longitudinal direction of the particle
motion. Therefore, in a moving reference frame the electromag-
netic field of the atoms of crystal is similar to the fields of a plane
wave (if channeled electron relativistic factor c > 1). Consequently,
the electromagnetic field of the crystal can be replaced by a flux of
virtual photons. Further, bremsstrahlung can be described in terms
of the virtual photons scattering by channeled electron [1,6,7,12].
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That is why we start our consideration with calculation of the cross
– section of photons scattering by channeled electrons.

In the moving reference frame one can use nonrelativistic
approach to the scattering process. The channeled electron wave
function has a form

Wiðf ÞðrÞ ¼ Uiðf ÞðqÞ expðikjjiðf ÞrjjÞ;

here Uiðf ÞðqÞ is the channeled electron transverse wave function. In
the moving coordinate system these functions are satisfied to the
Schrödinger equation

eiðf Þ �
1

2m
p̂2
? þ cVðqÞ

� �
Uiðf ÞðqÞ ¼ 0: ð1Þ

Here eiðf Þ is the energy of electron transverse motion in the initial
(final) state, c is the electron relativistic factor in the laboratory
coordinate frame, VðqÞ is the continuous potential of crystal axis,
p̂? is the transverse momentum operator, m is the electron rest
mass. The term expðikjjiðf ÞrjjÞ describes the longitudinal electron free
motion along crystal axis, with the longitudinal electron wave vec-
tor kjjiðf Þ.

We chose the continuous axial potential for electrons in the
form [3]

VðqÞ ¼ V0

q
=q–0=: ð2Þ

Here V0 is the depth of the potential well. The transverse wave
functions corresponding to this potential are well known (see for
example [13]).
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Here an ¼
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�2enmc2
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is the confluent
hypergeometric function (the Kummer function), n is the principal
quantum number, l is the magnetic quantum number, and electron
transverse energies are described by the formula

en ¼ �
ðcV0=�hcÞ2mc2

2 nþ lþ 1
2

� � : ð4Þ

The cross-section of the photon scattering by a channeled elec-
tron is described in the second-order perturbation theory
[6,7,14,15]:

drFI ¼
2p
�hc
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Here
P

pol is the sum over the incident and scattered photon polar-

ization vectors e1 and e2,
P

n

Pðn�1Þ
l¼�ðn�1Þ is the sum over intermediate

channeled electron states, and F ¼ ff ; lf g; I ¼ fi; lig, �hx1 is the
energy of initial photon and �hx2 is the energy of scattered photon.
We introduce in Eq. (5) the following notations:

AKN ¼ �
e
m

Z
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the matrix element of the photon absorption (K ¼ fk; lkg;
N ¼ fn; lng) and

RKN �
e
m

Z
W�KðrÞp̂
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s
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the matrix element of photon emission from the channeled elec-
tron, here e is the electron charge.

In equations (6 and 7), k1 is the photon wave vector, e1 is the
polarization vector and x1 is the frequency of the incident photon
while k2; e2 x2 are the wave vector, polarization vector and fre-
quency of the scattered photon, respectively, p̂ is the electron
momentum operator and WlðrÞ is the channeled electron wave
function.

If the incident photon moves along the OZ axis then its wave
vector is defined as

k ¼ f0;0; kg; k ¼ x=c;

while the wave vector of scattered photon can be written as

k2 ¼ fk2 sin H cos U; k2 sin H sin U; k2 cos Hg; k2 ¼ x2=c:

Here, H and U are the photon scattering angles. The scattering
angles are given in the cylindrical coordinates.

After substitution of the wave functions Eqs. (6 and 7) into Eq.
(5) and some algebra we obtain
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� ðEf þ �hxÞ�dXd�hx2:

Here r0 is the classical electron radius.
In the dipole approximation the vectors RKN and AKN

(K ¼ fk; lkg; N ¼ fn; lng) have the following components:

ðRKNÞx ¼ ipmXKNC2
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0
UKðqÞUNðqÞq2dqDxðlk; lnÞ;
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Here we introduce the following notations: XKN ¼ en�ek
�h ,
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m
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q
. The functions UKðqÞ ¼ Uk;lk ðqÞ are defined accord-

ing to the Eq. (3)and

Dxðlk; lnÞ ¼
Z 2p

0
exp½�iðlk � lnÞu� sin udu

¼ ip½dðln � lk; 1Þ � dðln � lk; �1Þ�;

Dyðlk; lnÞ ¼
Z 2p

0
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¼ p½dðln � lk; �1Þ þ dðln � lk; 1Þ�;
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