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Dynamical diffraction theory of the parametric gamma-radiation (PGR) from relativistic electrons in a
thick crystal with Mossbauer nuclei is considered. A detailed analysis of the influence of suppression
of photoabsorption for the radiated y-quanta at an ideal single crystal is presented taking into account
both nuclear resonance and electron scattering of the photons. The obtained results allow one to choose

the optimal conditions for the observation of the y-quanta anomalous passage at the Laue case. It is
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shown that the radiation intensity is drastically increased at such conditions.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Characteristics of the parametric X-ray radiation (PXR) were
investigated in detail in either theory (see the review in [1]) and
experiment (see, [2] and the references therein). The role of the
dynamical diffraction effects in PXR was considered recently in [3].

Possibility to apply the PXR mechanism to generate resonant
v-rays for the Méssbauer experiments - parametric gamma-radia-
tion (PGR) - was suggested in [4] and specific features of this radi-
ation were analyzed qualitatively. It was shown that the PGR
quanta as well as the PXR photons are emitted by a relativistic
electron due to diffraction of its electromagnetic field in the crystal
with nuclei of the Mdssbauer type. More detailed analysis of the
PGR characteristics was considered in [5] in the framework of
the kinematical diffraction theory taking into account the interfer-
ence between electron and nucleus resonant parts of a crystal
X-ray polarizability. It was shown that the PGR intensity was pro-
portional to the crystal thickness L and could provide spectral
brightness of the resonant radiation source comparable with the
synchrotron radiation (SR) source after the crystal monochromator
[6]. These results are applicable only in the case when the crystal
thickness is less than the extinction length [7] L < L.y. For the res-
onant y-radiation this value has the same order as the absorption
length Ly that is rather small Lgps ~ 1 pm.

However the value L, increases essentially at the diffraction
condition due to the Borrmann effect [7] that leads to increase of
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the PXR intensity [3]. This effect could be even more important
for y-quanta moving in the Mdssbauer crystals. The dynamical dif-
fraction theory for this case was developed in [8]. It was shown
there that under certain conditions it is possible to suppress almost
fully the inelastic scattering channels in such systems. The sup-
pression of the nuclear reaction occurs under diffraction conditions
when the photons impinge on the crystal at the Bragg angle. The
crystal then becomes transparent to the resonant quanta, whereas
under ordinary conditions a thin layer of the substance completely
absorbs these photons [9].

The purpose of the present article is to analyze the characteris-
tics of PGR in the framework of the dynamical diffraction theory in
order to find the optimal conditions for increasing of the PGR
intensity. We consider here the Méssbauer crystals [10], for which
the interaction of the emitted PGR quanta with the nuclei has a res-
onant character with definite ratio of the inelastic and elastic scat-
tering channels [11]. We analyze the influence of the dynamical
diffraction effects on the PGR photon generation in a thick crystal
taking into account the interference between the Rayleigh and
nuclear scattering of the emitted y-quanta. A general expression
is derived for the integral intensity of the PGR quanta for arbitrary
relations between the imaginary and real parts of the crystal polar-
izability. Numerical results for the crystal with Méssbauer isotope
5¢Fe are also considered.

2. Analysis of the dynamical diffraction effects in the case of
PGR

General expression for the spectral-angular distribution of the
quanta radiated from the electron in a crystal due to the
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parametric mechanism was considered in many works (see, for
example [1]). In the case of the dynamical diffraction theory it
was recently discussed in our paper [3]. Therefore we omit the cal-
culation details and start from the following formula for distribu-
tion of the photons with energy hw and polarization & near the
diffraction peak:
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This peak is directed along the vector ks and other characteristic
vectors and angles are shown at Fig. 1:
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Other values in Eq. (1) are defined as follows (the details are in

[31):
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Here m, E, ep and 7 are correspondingly the mass, energy, charge

and velocity of the electron, The quantities kzq¥’ and kyq¥ are the
changes of the electron momentum projected to the direction of its
velocity in the vacuum and in the crystal, respectively, due to pho-

ton emission in the direction ks = wp?/v* + g (the case g=10 is
included). Thus the = (kqug))*] and
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L¥ = (ksq¥)  are the coherent radiation lengths, that defines

the length of the electron path in the vacuum and in the crystal
which give coherent radiation. The radiation intensity is
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Fig. 1. Characteristic vectors and angles that define the PGR spectral-angular
distribution.

proportional to the square of the coherent radiation length and,
therefore, the maximum number of photons is emitted in the
directions where L and L¥ are maximal [12], N is the unit vector
of the normal to the entrance crystal surface (Fig. 1). The mean
square angle 62(L) takes into account approximately the electron
multiple scattering in the crystal, where L is the crystal thickness,
the universal value E; ~ 21 MeV and Ly is the radiation length
depending on the medium characteristics [13].

Other parameters are connected with the quantum dynamical
diffraction:
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The index s denotes the polarization and ¢ means that choice of
(¢) corresponding to the sign before the square root in Eq. (5),
s = (€€s) is the polarization factor, and €; and €, are the unit vec-
tors corresponding to ¢ (s =1) and 7 (s = 2) polarizations of the
incident and diffracted waves, respectively [7]. The dimensionless
value o3 is very important for the diffraction theory, in our case
it characterizes the deviation of the wave vector of the emitted
photon from the exact Bragg condition corresponding to op = 0.
The characteristics of the crystal y,, y; are the Fourier components
of the susceptibility that are directly connected with the ampli-
tudes of the photon coherent scattering by the electrons and nuclei
of the crystal. The obvious form of these expressions are well
known in the theory of X- and y-rays diffraction [4] and in the case
of the Mdssbauer crystal include the electron y, and nucleus y,
parts [5]:
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where the electron part in the case of PGR should be calculated at
the resonant frequency w, and can be considered as a constant
and other values are defined by the formulas [5]:
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Here Q is the volume of crystal unit cell; f;, f; are the scattering
amplitudes of photons with energy hw, by electron shell and
nucleus respectively; S(g) is the structure factor of crystal unit cell;
F,(g) is the atomic scattering factor (F(0)=Z, is the atomic
charge); e""@® is the Debye-Waller factor; # is the relative concen-
tration of the Mdssbauer isotope in the unit cell and o is the inter-
nal conversion coefficient.

We suppose to consider the PGR intensity for the case of the
anomalous decrease of the absorption of the emitted y-quanta. In
accordance with [3] this effect is maximal for o-polarization and
corresponds to the spectral-angular range when the diffraction
coherent length Lis is large in comparison with the vacuum coher-
ent length L§. It leads to simplification of Eq. (1):
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There are some differences in analysis of this equation for the
PXR and PGR. In the former case one could integrate Eq. (8) analyt-
ically over the frequency taking into account the inequality
Yg < |xg| for the imaginary and real parts of the susceptibility
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