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a b s t r a c t

To evaluate and improve the previously proposed method of calculating diffracted photon yields in thin
perfect crystals, a comparison between calculated and experimental results in wide range of photons and
electrons energy was carried out. It is shown that the proposed method describes all investigated exper-
imental results for bremsstrahlung diffraction and transition radiation one with an error less than ten-
fifteen percent. Consequently, the method may be used for calculation of the electron beam divergence
influence on the diffracted transition radiation angular distribution.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Beam size and angular divergence are one of the most impor-
tant parameters in the field of accelerators, and many beam diag-
nostic methods have been developed. For electron accelerators,
one conventional method is to use optical radiation such as fluo-
rescent light, optical transition radiation (OTR) [1], optical diffrac-
tion radiation (ODR) [2], and Smith-Purcell radiation [3]. However,
it was recently found that radiation in optical region cannot be
used for profile measurements of an electron beam at modern
accelerators and the projected electron–positron linear colliders
such as International Linear Collider (ILC) [4] and Compact Linear
Collider (CLIC) [5] because it becomes coherent when the bunch
size of the beam is sufficiently small [6] in comparison with the
measured photons wavelength.

In order to avoid the coherence, photons with shorter wave-
length are required. Some years ago, the use of radiation in the
X-ray region, the so-called parametric X-ray radiation (PXR) were
proposed [7,8]. To a first approximation, PXR can be considered
as coherent scattering of the charged particle’s electromagnetic
field on the electron shells of periodically arranged atoms in a tar-
get, see e.g. [9] and reference therein. It is emitted in the Bragg
direction when a relativistic charged particle moves across a crys-
talline target. Recently, proof-of-principle experiments on beam

profile measurements using PXR have been demonstrated at SAGA
Light Source (SAGA-LS) [8,10] and Mainzer Microtron (MAMI) [11].

For fast electrons PXR is always accompanied by radiation dif-
fracted in the crystal which is born directly inside the target or
on its surface [12,13]. In the first case we can talk about diffracted
bremsstrahlung (DB) and in the second one about diffracted tran-
sition radiation (DTR). The first is dominated by under the condi-
tion x� cxp, where x is photon’s energy, c-Lorentz factor, and
xp-plasma frequency of the medium, [14,15] and the second under
opposite conditions [13]. If conditionx � cxp is true, the contribu-
tions of both mechanisms of radiation are observed [12]. Method
for calculation of real photons diffraction contribution into mea-
sured photon yield was suggested in Ref. [16].

In Ref. [17] using the method [16] we have shown that for high
electron energy the DTR angular density becomes essentially larger
than PXR one, therefore the DTR angular distribution measure-
ments are more preferable for estimation of high energy electron
beam parameters in comparison with PXR one.

Advantage of a beam diagnostic method using diffracted transi-
tion radiation for future electron–positron colliders [4,5] is con-
nected with the fact that the beam divergences in both planes
are not so small (of the order of tens lrad) and is by far greater
than the transition radiation characteristic angle c�1. Therefore
measurements of DTR angular distributions in both planes pro-
vides estimation of electron beam divergences in these planes
and the electron beam spatial sizes if we know the beam emittance
which may be calculated or measured on the previous stage of
acceleration [18].
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The transition radiation arises when a fast charged particle
crosses an interface of media with different dielectric constants.
If one medium is a single crystal and another is vacuum, transition
radiation is produced at the entrance surface of the crystal and
then a part of its satisfying Bragg’s law is diffracted by the crystal
target and emitted in the Bragg direction. PXR is generated in the
crystal volume, therefore the DTR contribution in comparison with
PXR one is comparatively large for thin crystals only. As it was
shown in Ref. [19] the DB contribution may be also clearly
observed for thin crystals only.

Contribution of real photons diffraction was observed not only
in the above mentioned experimental works, however quantita-
tive comparison between calculations and experiments up to date
was not made jet. Consequently, it is clear that a comparison of
the results of total emission angular distribution measurements
in thin crystals with calculations taking account all emission
mechanisms and the experiments features is important and
relevant.

2. Calculation technique

As it was remarked above the main goal of the paper is to com-
pare known results of the experiments devoted to investigation of
X-ray emission from the thin crystal irradiated by fast electrons
with calculation in accordance with the method proposed in Ref.
[16]. It takes into account such types of the electron emission in
crystals as PXR, DB and DTR. The special features of the method
are following:

(a) The kinematic PXR theory [20] is used;
(b) The bremsstrahlung suppression due to the density effect

[21] is taken into account;
(c) The so-called Garibian formula for the transition radiation

(TR) spectral-angular distribution [9] is used. It is supposed
that the TR is generated directly at the inlet into crystal
and then it is diffracted therein. TR photons polarization isn’t
taken into account;

(d) The electron beam divergence and multiple scattering in the
crystal, the emission collimation angle and other experimen-
tal conditions are taking into account in accordance with the
methodology of Ref. [22].

The main peculiarity of the method [16] is the definition of the
X-ray reflectivity in a perfect crystal. As it is well known the angu-
lar distribution of diffracted radiation relative to the center of
reflex along axis x(see, for example, [12]) can be represented as:

YDRðx; hxÞ ¼
Z

dx
Z

d2I�

dxdX
Rðx;~n;~g;HDÞSðx;~nÞdX; ð1Þ

where d2 I�
dxdX is a spectral-angular distribution of the radiation, taking

into account the divergence of the primary electron beam, multiple
electron scattering an so on. Rðx;~n;~g;HDÞ is reflectivity for these
directions of the vectors ~n and ~g, defined the crystal orientation
angleH and the location of the detectorHD. Here,~n is the individual
vectors corresponding to the initial photon (with the energyx),~g is
the reciprocal lattice vector. Sðx;~nÞ is a function taking into account
the photon absorption in the crystal and the geometry of the
experiment.

To determine the output of the diffracted radiation we need
information about Rðx;~n;~g;HDÞ. In accordance with [23] for a fixed
photon direction~n from the beam with the spectral-angular distri-

bution of d2I�=dxdX satisfying Bragg’s condition for photons with
energies of x only photons in the energy range
Dx ¼ x cosðHBÞ= sinðHBÞDH will be reflected. For unpolarized

radiation and lack of absorption DH ¼ 2 � gDh0, where
Dh0 ¼ 2 � d= sin 2HB is an amendment to the Bragg angle HB

because of the refraction of waves in a crystal, d ¼ ðxp=xÞ2=2 is a
difference between the refractive index from 1, and
g ¼ f ð~gÞð1þ cosð2HBÞÞ=2f ð0Þ. f ð~gÞ is the Fourier component of
the spatial distribution of electrons in a crystal atom.

The characteristic parameter of the model is the primary extinc-
tion length, which is dependent on the photon energy, reflection
order and the parameters described above, and may be written
as [23]:

lex ¼ d=ð2�n sinHBÞ; ð2Þ

where dis an inter planar distance, and expð�2�nÞ is an impairment
of the intensity of the primary wave as it passes through a plane
with the reciprocal lattice vector ~g.

For the part of the crystal with a thickness much smaller than
lex, the probability of reflection of photons with an energy of x
and direction ~n, for which the Bragg condition is satisfied, is pro-
portional to the number of planes crossed by them [23]. Therefore,
the dependence of the number of photons, which have not under-
gone the reflection, on the way length in the crystal t can be writ-
ten as NcðtÞ ¼ Ncð0Þ expð�t=lexÞ [23], where Ncð0Þ is the number of
photons at a starting point.

Taking into account the Bragg reflection, photon absorption and
scattering on atoms the dependence of the number of photons on
passable way can be rewritten as:

Ncðx;~n; tÞ ¼ Ncð0Þ expð�ltotðx;~g;~nÞtÞ; ð3Þ

where ltotðx;~g;~nÞ ¼ lðxÞ þ ldif ðx;~g;~nÞ is a total coefficient of lin-
ear absorption of radiation with energy x, for the direction of the
crystal reflecting plane ~g and the photon velocity direction ~n. Here
lðxÞ is a linear absorption coefficient of photons due to the all pro-
cesses on separate atoms and ldif ðx;~g;~nÞ ¼ 1=lexðx;~g;~nÞ is due to
diffraction. The possibility of such notation allows us to use a
well-known in experimental physics method of statistical simula-
tion of photon transmission through a matter for perfect crystals
also, see [16] for details.

We may ignore the influence of the radiation polarisation on
the diffraction process for small Bragg angles only when
cosð2HBÞ is about one. In this case photons with r and p polar-
ization are diffracted with close efficiency and have the same
extinction length value. In the contrary case the extinction
length for photons with different polarization differs. As the
transition radiation is polarized in outlet plane [9] the simula-
tion process was made for both polarization components
separately.

3. Comparison of calculation and experiment results

The main aim of this study is to compare results of the experi-
ments where contribution of real photon diffraction was clearly
observed with the calculation in accordance with techniques
reported in Ref. [16] and briefly described in the previous section.
These are experiments with thin crystals, strong emission collima-
tion and known values of photon yield [12,14,15] and measure-
ments for large observation angles, where PXR contribution and
diffracted real photons one are separated by the emission angle
relatively Bragg direction [13].

The experiment [14] was performed at Kharkov linear accelera-
tor. Electron beam energy of 900 MeV with divergence
#e � 0:2 mrad hits on a silicon crystal thickness of 30 lm. Reflec-
tion (220) in Laue geometry was being investigated. The system
of detecting with the round aperture diameter of 5 mm was
located at a distance of 8.2 m from the crystal at an angle
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