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DIFFRACTION PHENOMENA IN SPONTANEOUS AND STIMULATED
RADIATION BY RELATIVISTIC PARTICLES IN CRYSTALS (REVIEW)

V.G. Baryshevsky and 1. Ya. Dubovskaya

I. Inroduction

The emission of photons by relativistic particles in media has been calling attention for a
long time. This connects, first of all, with a wide variety of tasks being solved by using different
radiation mechanisms, such as: bremsstralung, transition and Cerenkov radiations and so on. In
later decades investigation of radiation by relativistic particles in crystals is most interesting. A
number of new radiation mechanisms connected with a periodic structure of crystals have been
considered theoretically and confirmed experimentally in the Institute of Nuclear Problems
(Minsk).

All characteristic properties of radiation, in this case, are resuolted in by a crystal penodic
structure. The medium can influence radiation processes under the passage of relativistic charged
particles through crystals in two ways. First of all, it is well-known that, when a charged particle is
incident on a crystal at a small angle relative to crystallographic planes or axes, its trajectory is
formed by a series of grazing collisions with atoms of a crystal. As a result, the particle moves in
some averaged potendal of crystallographic planes or axes. In this case, we tell about channeling
phenomenon and can consider the motion of channeled particles as motion inside a potential well -
one-dimensional (for the plane channeling) or two-dimensional (for axial channeling). But the
particle, moving inside a potential well, according to quantum mechanics, has a discrete spectrum
of its energy. In this case, this is the energy spectrum of its transverse monon. Consequently, such
particles can be considered as one-dimensional or two-dimensional atoms (oscillators) being
characterized by a spectrum of bound states (zones) of transverse energy €q, €. The number of
bound states and their characteristics depend on the longitudinal particle energy. One can conclude
that many phenomena observed for ordinary atoms will manifest themselves under passage of
channeled particles through crystals. It is obvious that such excited atoms should emit photons

with the energy equal to the difference of energies of atom states €, and €. The frequency of



transition is Qnf = g, — &; and depends, in a laboratory frame, on the total particle energy. By
analogy of an ordinary moving oscillator, the frequency of observed emitted photons is evaluated

by Doppler effect and, as a result, is determined by the following expression:

Qnf

w= & ,
1—]3]’1(0.))COS 0 (1)

where 6 is the radiation angle, 8 = u/c, u is the longidinal particle velocity, n(w) is the refractive
index of photon with a frequency  in the medium. It is interesting that the relanvistic oscillator can
be formed not only by unperturbed crystal channel but also by an external ultrasonic or laser wave
which subjects to the crystal and originates a bent crystal channel.

On the other hand, when the wave length of emitted photons is of the order of the
interplanar spacing of atoms in a crystal, radiarion diffraction can essentially modify photon state.
In this case, the radiation process is characterized by several refractive indices nj(w) dependent on
the photon momentum direction. In its turn, this leads to the modification of all mechanisms of
radiation formation by relativistic particles in X-ray region of spectrum. For example, the radiation
at 2 large angle relative to particle motion direction becomes possible. As a result, the diffraction
pattern characterizing a given crystal is formed. The analysis of dielectric properties of a crystal
under diffraction condition shows that at least one from several refractive indices n;(®),
characterizing the crystal under this condition, becomes more than unity within a frequency
interval. As a consequence, the Vavilov-Cerenkon condition can be fulfitled. In this case, the X-
ray radiation, being analogous to optical Cerenkov radiation, appears. This radiation mechanism,
taking place under the penetration of uniformly moving particles through the periodic medium
under diffraction condition of radiated photons, was theoretically predicted by Baryshevsky and
Feranchuk and was called Parametric (quasi-cerenkov) X-ray radiation (PXR). It was
expenmentally observed and investigated in Tomsk synchrotron by collaboration of Institute of

Nuclear Problems (Mnisk) and Institute of Nuclear Physics (Tomsk).



Under diffraction conditions, the radiation of relativistic oscillator essentially modifies as
well. Now the periodic structure of a crystal affects both to particle motion and photon state. This
Jeads to the formation of diffraction radiation of oscillator (DRQ), which can not be reduced to the
sequence of two independent processes: radiation by oscillator and diffraction of radiated photons.
In this case the process of photon emission and its diffraction are developing simultaneously and
coherently and result in the radiation with new propertes.

The paramerric X-ray radiation generated by a particle uniformly moving through a crystal
has threshold behavior the same as the ordinary Cerenkov radiation and its intensity is proportional
to the crystal length or photon absorption length. The spectral-angular distribution consists of a
series of peaks (reflections), concentrated near characteristic frequencies of PXR ®g = TQC/ZJ_f m
(? is a reciprocal lattice vector), and is determined, first of all, by a crystal dielectric constant
under diffraction. It is important to stress, that PXR does not should be mixed with so-called
"resonance” [1] or dynamical [20] radiations. In the contrary of PXR, which frequencies are
determined only by a crystal constant, the frequency of resonance radiation depends on a particle
energy [1). The dynamical radiation takes place only in thin crystals [20]. Its intensity decreases
with increasing the crystal length. This is caused by the neglection of the photon refraction inside a
crystal {20]. The refraction of photons was taken into account by the authors in [4,21]. Just due to
the fact that the refractive index of a photon can become more than unity under diffraction
condition, the particle speed inside the crystal becomes more than the phase speed of the photon in
the medium. This, in turn, leads to the appearance of radiation with the intensity proportional to the
crystal length (in the absence of absorpton).

Now many features of PXR, predicted theoretically, have been confirmed in experiments.

The second type of X-radiation (DRO), also connected with a change of dielectric
properties under diffraction conditions, was considered in [13] and then in [17-19]). If, in the
absence of diffraction, the X-ray spectrum of the oscillator is determined by the complex Doppler

effect (n(w) < 1), then, under diffraction, the refractive index can become more than unity and,

consequently, the anomalous Doppler effect possible. In this case the photon emitted by oscillator



is accompanied by the excitation of oscillator itself. This is one of the important features of
diffraction radiation of oscillator (DRO). This effect is waiting for own experimental investigation.

So, the modification of dielectric properties in periodic media under diffraction leads to the
appearance of two types of radiation with angular distribution forming a diffraction partern
determined by parameters of medium periodic structure. For crystals with parameters of lattice of
the order of A°, the spectrum of PXR and DRO is in the region of X-ray and even higher
frequencies depending on excited reflex.

It is well-known that in amorphous medium the ordinary Cerenkov radiation can be
considered as a specific case of radiation of oscillator with the zero eigenfrequency {10]. In a
periodic medium, in the total analogy, the frequency of PXR can be expressed by the formula (1)
in the specific case of Qnf =0, i.e., | — Bn;(w) cos 6 = 0» where nj (w) is the refraction index of a
crystal under diffraction conditions.

II. Dispersion Characteristics of PXR and DRO.

Due to the dependence of the refractive index under diffraction on a frequency and a particle
motion direction, the relation (1) and (2) determining the radiated photon spectrum are the
equations with several solutions [13,17, 19, 27].

For example, let us consider the case of two-wave generation when the diffraction
condition is fulfilled only for a reciprocal lattice vector 7. It meany that two strong waves with
wave vectors k and E‘f =k + 7 are excited under diffraction. For the simplicity of analysis of

photon frequencies, let us represent the equation (1) in the form:

o~ Qnf
n(w) = ————
(DB cos O (1.1)
In this case the refractive index in a crystal under diffraction conditions is characterized by
two dispersion branches ny 2. By using the well-known expression for ny 3 one can rewrite (1.1)

as follows:



T Q1 -8) _
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for the diffracton radiation of oscillator (DRO) and
L1 Okl gy Bwas B P AR BT ap, B
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for parametric quasi-Cerenkov radiation (PXR), generated by a particle passing through the crystal

with a constant velocity.

We have introduced the following notations: « = g—(ktz}/ . , is the deviation from exact
®

Bragg condition,

where A = I_2923 >0, § =w- wp/og , Wy = t2c2/217c'ﬂ is the Bragg frequency, corresponding to o
wg

=0, By = ky/k,+7T, 1s the geometry factor of diffraction asymmetry, the axis Z is chosen as a
normal to the target surface directed inside the crystal. Let us assume the particle with a mean
velocity J to move along the axis Z, B = u/c, g0, gr are the coefficients in a series expansion in
terms of the reciprocal lattice vectors of the crystal dielectric susceptibility. For simplicity, we will
assume a crystal to be center-symmetric and the absorption to be neglected, m%: 4meng/m, 18 the

Langmuir frequency of the medium.






given angle. In this sitnation, we observe normal complex Doppler effect. In this case, the equation
(1.2)1s san'sﬁéd for radiation angles more than the angle of parametric (quasi-Cerenkov) radiation.
At the same time, the fulfillment of (1.2) leads to the strong limitation of partcle energy, the
radiation angle and the value of deviation from the exact Bragg condition & for the radiation
accompanied by the oscillator excitation Qpe < O (Ep < €¢). In this case, according to (1.2), for one
from dispersion branches it is possible the radiation of a photon (anomalous Doppler effect) with
the wave vector directed relative to the particle moton at an angle less than that for the parametric
(quasi-Cerenkov) radiation.

The analytical analysis of Eq.(1.2) can be derived in a specific case, when

2
2 2L 6 (0,6)(1 - Beos 6) << 1
o (1.4)

where

¢(,6)=

_% 1+B ..-Aglkidiﬁl—l—Aﬁlm%)z+4ﬁ1|§§r (1.5)

Let us represent (1.2) in the form

w=_9m_f__(1i\/1—2ﬁ¢ 0){1-p ﬂ
Q(I—Bcos 6) ok ((0 ) . ] (1.6)

In view of Eq.(1.4), Eq.(1.6) divides into two independent equations corresponding to upper and

lower radiaton branches in the absence of diffraction.

1 —-Bcos® 2 Q¢

2
wr = an - oL ¢(CD,9),
(1.7)



2
g =2 ¢(w,0) .
2Qy¢ (1.8)

Neglecting the dependence of By on ®, one can obtain the frequency solutions of Eqs.(1.7)

and (1.8) as a function of a radiation angle:

Ghi=0)m*030{1 +2[31 __;_{1_‘_%(;0%1

(1.9)
i\/[l—}(ﬂ+ 1 _w____mcgowB]z_Liﬁg](l —xy1,
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(1.10)

where
2

A

Q . gp= {H cos 8 — [t sin 8 cos ¢

20 1 —Bcos 6 ,

e

3
[
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X =%(H cos 0 —Fc] sin 6 cos (p) ,

7, and T.are the projections of the reciprocal lattice vector to the particle mean velocity direction
and to the plane perpendicular 1o its velocity, correspondingly; ¢ is the angle between TL and l?_' :

In Fig.1 the dependence @ =  (0) for the case of symmetric diffraction §; = 1 is shown.
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The values of the angles 6+,when o =0, is determined from the equation

\

"’B:“’“’"w‘)(”’g% ' (1.11)

The picture, like the considered one, takes place also for the second branch (see (1.10)).
So, if o # wp and it is possible to neglect the second term under the root in (1.10), then, for
example, @7+ = @B and @jj- = Wy at W < OB. It means that, as in the previous case, we have the
excitation of the wave with the frequency close 1o the Bragg frequency in addition to the solution
far from diffraction at a given radiation angle 6. As the calculation shows, the magnitude of a
keeps practically constant and is determined by the oscillator eigenfrequency in the whole interval
of radiation angles, corresponding to the fulfillment of the condition (1.4), in spite of the change of
diffracted wave frequency. Although, the parameter & depends on the eigenfrequency of oscitlator

Q and is equal to zero at

Qi—w—ﬁ{li-gl],

T 20wp 20 (1.12)
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(2.8)

where Q is the charge of a particle, ;(t) and 1(t) are the velocity and the trajectory of the particle at

the moment t. By introducing Eq.(2.8) into (2.7) we derive

dNE sz * {o0)V )ew'dt! :

o " 4rGe (2.9)

The integration in (2.9) is carried out over the whole interval of the particle motion.

It should be noted that the application of the solution of homogeneous Maxwell's equation,
instead of inhomogeneous one, essentially simplifies the analysis of the radiation problem.

§2. Parametric X-R 1-Cerenkov) R

The Theoretical Description.

The problem of radiation by a charged particle uniformly moving through a space-periodic
medium has a long history [1,5]. While analyzing the optical radiation inside the complex medium
consisting of a set of plates with different dielectric constants, Fainberg and Hizhnayk [39] showed
that, besides the well-known Vavilov-Cerenkov radiation caused by the difference of medium
dielectric constant from the unity, it 1s possible the other mechanism of radiation. It appears when
the radiation wave length is comparable with the dimensional period of the medium and is a result
of the change of a photon state in the medium. The considered mechanism of radiation was called
the parametric Vavilov-Cerenkov radiation.

The problem of the radiation by a particle uniformly moving through the three-dimensional

penodic medium was considered by Ter-Mikaelian in the frame of the perturbation theory [1]. It
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The presence of such diffraction maxima is the main difference of the radiation by the charged
particle in crystals from the radiation in the amorphous medium. However, the results, obtained in
[1], do not describe just parametric X-ray (quasi-Cerenkov) radiation, as they are correct only for
rather thin crystals, when the photon refraction can be ignored. As a consequence, the formulae
from [1] do not give the maximum in the X-ray radiation spectrum in the direction of the particle
motion.

The X-ray radiation produced by the particle, moving with constant velocity through a
crystal, was also considered by Garibian and Yang C. In their first papers they called this radiation
"dynamical” radiation and then, in the book [4], as quasi-Cerenkov radiation. It is necessary to
point out that in paper [20], published simultaneously with [16], the results were obtained in the
frame of the perturbation theory for the thin crystal and practically coincided with the results by
Ter-Mikaelian and did not describe parametric radiation. In [21] the formulae for the differential
PXR intensity were derived and the qualitative analysis was made. The analysis of radiation in
detail and numerical calculation of the integral intensity into the diffraction peak was performed in
[38-41]. The theory of PXR taking into account the multiple scattering of particles by a crystal was
derived in [42-46]. The results, obtained by different authors in [47-51], coincide, in general, with
the results given in [34-37] and [4,38-41]. In [51] the analytical expressions for the integral PXR
intensity in the perfect and imperfect crystals were obtained. The possibility of the effective
application of PXR for the solution of different tasks was considered in [52-54]. In {55] the
comparative analysis of contributions from the different mechanisms of radiation to the total
intensity of X-ray radiation generated by a particle moving through a crystal target was made.

Let us follow below the theoretical consideration of PXR derived in [34-37, 42-46, 56].

According to (2.9), for the calculation of the differential number of emitted photons we
necd know the solution Eig-) (P,co) which was given, for example, in [2,17] for an arbitrary
geometry of two-beam diffraction (Bragg and Laue, see Fig. 3). For example, in the Laue case, the

photon wave function can be written in the following form [2] (bere the system fi = ¢ = 1 i5 used):
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Here g p, — P1z— KY (1 + S,Ls] is the longitudinal momentum transmitted to the medium, 5 and
f)'l are the initial and final momentums of the particle, By is the radiation angle of the photon
B0 = kAU and 8; = KAwgl + T.

According to (2.14), contrary to the amorphous medium where there is only one coherent
radiation length, we now have, in general, four coherent lengths for each direction of the emission.
s = 1,2 correspond to two different polarization states of emitted photons, and 1 = 1,2 label two
different stationary superpositions of electromagnetic waves appearing inside the crystal under the
interference of the incident and the diffracted waves.

By analyzing (2.12) and (2.13), we can see that the output of radiation is maximum if the
real part of the longitudinal momentum transmitted to the medium R, gy, becomes zero. In this case

the coherent length of radiation becomes equal 1o the photon absorption length. The dispersion

equation Reqps = O determining the condition of PXR formation, is the analogy of the Vavilov-
Cerenkov condition in the crystal.

cos 6 =-1——2R38(vs)
"B . (2.15)

In the case of rather thick crystals when it is possible the application of 8-function in the

expressions (2.12), (2.13) (see [2]), the analytical expressions for the angular and spectral
dismbutions of PXR in the diffraction peak can be easily obtained.

It1s very convenient to choose a new coordinate system for each diffraction reflex. In this

— —

o e =~ _ RU+T .
case, the Z axis is directed along the vector NB = ]i(B (kp = wg/c), the X-axis is placed on the

plane of the vectors W and T, and the Y-axis is perpendicular to this plane (see Fig.4).

19



Fig. 4.

: i = . . .
In this coordinate system the photon wave vector k is always directed at a small angle relative to

the vector n B. Taking into account the smallness of this angle 6y, and integrating the Eq.(2.13)

over the frequencies we obtain the angular distribution of PXR into a diffraction peak as follows:

d2N = 2 Q_2 (n)La 1= "]',:‘lg‘t(m%l
d6,de, n-14m B (ah) 1 -]

(2.16)
(63 cos? 26p + 63]

(ef + 63 + eff
where the angles Oy y are determined in the following way
(E— Ic'B}x.y ¢

ex‘y =T ’

w\-1
L, {wg) = (CDE go) is the absorption length of photon with the frequency of wg. The summation is

made over all harmonics of PXR radiated in this direction and
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In Fig.5 the two-dimensional angular distribution J(x,y) and the lines of equal intensity are shown

for O = 25°. As you can see in Fig.5, the main peculiarity of the angular PXR distribution is the

Fig. §

zero intensity of the radiation in the direction of the vector K B- This fact totally corresponds to the
angular distribution of the ordinary Vavilov-Cerenkov radiation in the amorphous medium.
According to Fig.5, the PXR angular distribution has two separate peaks and is polarized along the
Y-axis.

The multiple scattering leads to the appearance of bremsstralung, which can be diffracted
by the same set of crystallographic planes and, consequently, gives the contribution of diffracton
bremssoralung (DB) to the angular distribution of radiation being observed in the experiment. As a
result, the fine structure of PXR spectrum is smoothed, especially in the case of light charged
particles and the intensity of radiation at 6y y — 0 is nonzero. As in the experimental situation the
total intensity of radiation (PXR+DB) is measured, let us give the analytical expression for the one-

dimensional angular distribution of the total radiation emitted into a diffraction peak:

. AN (1 + cos2 20p) {63 + %@ + 02 cos? 26g
I—\TE 08y - __(93 + 62;)3/2 . (2.20)

I(ex] =

There are two maxima in this case and the angular distance between them is dctermined by









%l\—l = L[(cos? ¢ cos2 26p + sin? @) {1 (E, Op) +
¢

(9)=R-3, =7

(2.25)
+ (1 + cos? 263) ) (E, GD]] ,

where the functions { (E, 6p) and {; (E, 6p) are determined by the particle beam characteristics

and the conditions of photon detection

|)B-¥-1+X [1+;]

02
in
63 + 02 t 1+—1-[1 +e§]
2
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£ (E.6p)=1n (eeﬁ 06| _
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(2.26)
P (1+6]Jl,
Cz(E,GD}=—e_?—eé-— pDG 1+—1;(1+¥}”P%+l+~%(1+e—f)4,
il

eff(eﬁ + ezr} x? X : X (2.26))

) 1/| l 2 _E?
where PD = \/ﬁ . X = r]% 8y » 05 = E;—IEJ » LR 1s the radiation length, 6p is the angular size
2

of the detector. The special features of the angular distribution in the vicinity of the degeneration of
the dispersion equation roots, being possible in the Bragg case of diffraction, were considered in
[58,59]. In [58] it was first shown that the sharp maximum in the spectral-angular radiation density
15 possible in this case. This effect is the most prominent in the case of multi- wave dynamical
diffraction. In [60] the spectral-angular and spectral distributions of PXR were analyzed in the
specific case of diffraction - the back scattering geometry of diffraction. The numerical estimations,
performed in this paper, showed that the integral intensity in the back reflection direction could

exceed the integral PXR intensity in the other diffraction peaks.
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Table I,

crystal {hks ) o] WB (KeV)
Si _ 12.60
Ge (113) 17.55° 12.19
C 19.14
Si 3.44
Ge (111) 35.02° 3.30
C 5.22
Si 4.58
Ge (220} 45° 4.39
sl 6.96

From (2.36) it follows the inequality determining the threshold energy of the particle Eo that is

E>Be=—mmM ,g.lg'z.jpj

720-1)
70
§
6
4
J
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where Nmayx is the number of photons with the frequency wp generated by the particle with the
energy E = Ey,. The threshold character of the PXR intensity as a function of the particle energy
can be manifest itself stronger if the detector has the high angular resolution Op << 6. In this
case, the emitted photons will be almost monochromaticAw/wg ~ 6p, i.e. such a detector will
rccord only photons with a definite wave vector E)D and the frequency op. As a result, the
magnitude of the refractive index will be exactly determined and the condition (2.37) is fulfilled

only for the energy

E>ED = —n .
~/2n (kp, wp) - 1 (2.42)

In the experimental situation the total intensity of PXR and DB is measured, but the energy
dependence of the later one is determined by the function &3 (E) (see Ex.(2.26"). The function &
contains the term proportional to E, that is why the function & also decreases with decreasing the
particle energy as a function of E-2. As a result, the intensity of DB, for the energy E less than a
definite encrgy value ED, determining on the angular size of the detector and the type of a crystal,
can become even more than the intensity of PXR. In this case the total intensity of radiation in a
definite reflex has a complicated dependence on the particle energy (see Fig.9). The experimental
investigation of this curve 1s interesting for the correct understanding the process of PXR
formation. The interesting feature of PXR is that its integral intensity is not saturated even when
the angular size of the detector 8p is much more than the radiation angle.

According to the formulae, obtained above, both the total PXR intensity and the angular
and spectral distributions depend on the particle energy only through the Lorentz factor ¥.

Consequently, at a definite energy, E,the PXR characteristics are strongly differentiated for various

kinds of charged particles. In Table IT you can see the magnitudes on the total numbers of photons
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emitted in a diffraction peak at Op ~ 1/y by the following particles e*, p, p*, n* in Si crystal with
the length 1 cm.

It should be noted that parametric X-ray (quasi-Cerenkov) radiation is the main mechanism
of radiation in the X-ray range for heavy charged particles due to the smallness of their
bremsstralung. The estimations show that the ratio for electron is Npa/Npxr ~ 10 -1, Ac the
same time, the intensity of the diffraction bremsstalung of protons and ¥ at the energy of
E=70geV are ~ 109 - 10-1! y/p and ~ 10-6 - 10-7 y/n%, correspondingly, that is much less than
the PXR intensity. The difference increases with increasing the radiating particle energy.

In Figs.10 and 11 the angular and specoal distributions of the total intensity of PXR and
DB are shown for different kinds of particles (e, p, ®). According to Figs.10 and 11 the
dependence of the angular distribution on the factor y is stronger than the same dependence of
spectral distribution. It means that the investigation of the PXR angular intensity curve can provide
the information of the composition of the beam, containing the different particles with close
energies. Possessing the high spectral and angular density and strongly depending on the factor v,
the paramefric X-ray radiation, generated by heavy particles, can be applied for the measurement of
the particle energy in the region of the superhigh energies and also for the analysis of the particle

beam composition. 14

:" )

VR R,
10 12 @ ool

Fig. 10. Here: E=70GeV, wp =200 keV; (111) plancin Si; I-e-; I - p; 0] - 1+
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to a large face of diamond) and was fixed in a two-axis goniometer. The electron beam angular
spread was 0.1mrad, chromaticity was about 0.5%, the electron energy was E ~ 900meV. The

beam pulse duration was T = 15ms. The measurement of the spectral and angular characteristics of

the X-ray radiation was made by a Nal(Tl) scintillator spectrometer with a crystal thickness of

about Imm and a beryllium entrance window. The energy resolution was ‘Aa)@— =35% at o =

14keV and 'Acg-ll =25% at & = 34 keV. The specrometer was placed at the angle of 6 = r/2

relative to the incidence electron momentum on the plane being perpendicular to the vertical
goniometer axis at the distance of 1m from the crystal. The size of entrance window of a collimator
corresponded to the angular divergence of A8 =+ 3-10-3 rad. The geometry of this experiment
123] 1s shown in Fig.12. In the case of particle motion along the axis < 110 >, the crystallographic
planes (100) arc at the angle B = 45° relative to the panicle velocity, and the diffracted radiation
(PXR reflex) was observed in the direction perpendicular to the incident particle momentum. The
crystallographic axis of the target was aligned with the electron beam direction by using the
channeling radiation by the electron beam. In Fig. 13, 14 the PXR spectrum, measured in
experiments {24,25], can be seen. In accordance with the theoretical predictons the radiation

spectrum has a line structure. You can see in Fig.13 [25] two maxima in a spectral distribution

_ }/
1 Z
A~
tﬁg_,__f, “
Fig. 12, Here: [ - x-ray specrometer; 2-quantometer: 3-diamond crystal.






Wy = 6.99 keV, iy = 19.9 keV and wil; = 20.9 keV. During these experiments the total yield
of the y-radiation per electron in a diffraction peak was measured: for the peak (440) ~Ny= (6 £
3)-10-7y/e-, in the peak (660) - Ny =(0.7 *+ 0.4): 10-7 y/e-. It should be said that all these first
experiments were carried out in the geometry, which corresponds, in dynamical diffraction theory,
to the anomalous case of transition between the Laue and Bragg diffraction geometries and calls as
asymmetric diffraction case [63]. In this case the general formulae, obtained in § 2, cannot be
applied. For the correct interpretation of experimental results, the theory of PXR in the case of the
asymmetric diffraction was derived in [43,44]. The specific feature of asymmetric diffraction is
that, in this case, it is necessary to take into account the terms of dispersion equation quadratic in o
and, making the matching of solutions of Maxwell's equation on the crystal boundaries, we can
not neglect the waves reflected by the crystal surface and propagating along the crystal surface in
vacuum. In [43,44] the spectral and angular disaibutions of PXR were obtained. The total number

of photons radiated in a diffraction peak can be represented in the following form:

2 .
O« P 1 et
a go

x{m(eéwzf]_ 03 . 626}

03¢ | eh+ok (0f+6%)0%/ (2.44)
2 2y (o™ 4 92
ecf—Y +|g0(®Bj+es)

where éf 1s the mean square angle of multiple scattering, B 1s the angular spread of the photon
beam, a is the transverse size of this beam along the Z-axis. Here, the contribution of photons of
diffraction bremsstralung (DB) is taken into account. For the comparison of the theory with
experiment it was taken into account that the radiation was absorbed in exit window of acceleration

of the length of Ly and in the air interspace of the length of L, between the crystal and a detector
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While comparing the experimental and theoretical results the authors of [64] pointed out
that the theoretical magnitude of the number of y-quanta in a diffraction peak was by an order of
magnitude more than the experimental one (Njh = 1.38:10-5 and Nex = 1.1 £ 0.1-10°6).
Unfortunately, the author did not give the expression which was used for the calculation. The
calculation with the help of the formula, obtained in [42,44], gives the result that agrees with the
experimental number of quanta with a good accuracy. In Table IV such comparison between the
theoretical and experimental numbers of quanta radiated in a diffraction peak are represented for
Various experiments.

It should also consider one of the first experiments in observation of PXR, which was
conducted in Kharkov electron accelerator of Kharkon Phys.-Techn. Institute. The electron beam
with the energy of 900 MeV interacted with the Si crystal of the length of 30 um being oriented in
such a way that the Bragg condition was satisfied for crystallographic plane (220) [65,66]. The
geometry of this experiment was similar as that represented in Fig.16. The experiment, conducted
in Kharkov, 1s interesting due to the possibility of obtaining very hard quanta (o > 100 keV) with
the help of PXR. The X-ray radiation, generated by relativistic electrons in a crystal, was
collimated by a set of collimators being placed on horizontal plane at the angle of 6p relative to the
particle momentum in such a way that the Bragg condition was fulfilled for the small angles 1/y <<
Op << 1 (Og is the Bragg angle).

The photon collimators provided with the collimation AQ = n(Aeg)2 at the linear angle of
collimation of ABg << 6g. The photon spectrums were measured by a semiconductor X-ray
spectrometer with the resolution of ~ 10 keV. The maximum with the frequency of Wy = 350 keV
angd the width of Aw = 25 keV at the angle of g = 17.9 mrad was experimentally observed. The
measured spectrum density was 0.3 y/e-MeV-srad. The rotation of the crystal by the angle of 10-3
rad led to the disappearance of this maximum [65-68]. The theoretical value of the PXR intensity,
calculated with the help of the formula off §2, gives the value less than experimental one. The
theoretical analysis of the result of [66], made in [69], showed that the peak was formed, in this

case, by three mechanisms of radiation - PXR, the ordinary diffraction bremsstralung and the
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Let us consider each of these groups in detail. After first experiments in which the PXR
spectrum was observed and the total radiation yield was experimentally measured, the series of
experiments were conducted in order to investigate in detail the spectral [71-78] and angular
[26,79-85] distributions inside a definite reflex and also the PXR characteristics in various media
(73-78]. The experimental geometry of [71) was the same as in the first experiments, but the
measurements were made for the diamond crystal. It was observed three reflexes, which
comrespond to the reflections (220), (440), (660) and the intensities of radiation in these reflexes
were measured. It was shown that the agreement between theoretical and experimental results
rather well. It was also shown that, due to the different absorption of photons from different
reflexes, the relative magnitudes of intensities of these reflexes were changing with the change of
the target length. So, for the target with a small length, the maximum intensity had a reflex with
smallest indices. With increasing the target length the contribution of reflexes, corresponding to
high reflections, i.e. hard quanta, raises due to weak absorption of hard y-quanta in the medium.
The PXR in GaAs crystal was first observed in [76] and the spectral distribution was measured. It
was made the comparison of PXR yield and its spectral width with the X-ray characteristic
radiation corresponding to lines GaK and AsK . The total yields of PXR in reflexes for the
crystals of Si, quartz and diamond were measured in {77]. The relative comparison of PXR
characteristics for various targets were also made. These experiments are interesting for the future
application of PXR as a source of X-ray radiation for the different tasks. The paper [73] is devoted
to the comprehensive investigation of PXR characteristics in a Si target. It was measured the
radiation intensity in different reflexes, the angular and spectral distributions and the threshold
dependence of PXR intensity on the energy of radiating particles. In [73-75] the fine stucture of
PXR spectral distribution in a given reflex was experimentally investigated. By increasing the
energy resolution of a detector the authors could observe the fine structure of PXR angular
dismbution. It was theoretically predicted in {42], but not observed during the first experiments
caused by the low resolution of a detector. This fine structure takes place for reflexes

corresponding to 26y < 45 [42]. It was measured the intensities of two reflexes in Si wyyp =
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Fig. 18. Here: 1 - (001) plane; 2 - (110) plane; 3 - electron beam; 4 - reflex 400; S - slit

collimator

angular distribution exhibited only a single maximum at 8 = 8g, the width of which also decreases
with increasing the reflex frequency: w29 = 7.1 keV, A8y = 12 mrad; w400 = 10 keV,

Aby =9 mrad; w440 = 14.2 keV and ABy = 7 mrad. As we have pointed out above, this

Sii (1) . 8 <95°; £-900

Hz)

Fig. 19
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angular distributions at various energies of radiating parucles and also the investigation of the
1zimuthal dismibution of PXR intensity in a reflex. The methodic and the geometry of these
experiments were like as previous one (see Fig.18). It was measured the PXR angular

distributions in diamond at the energies of electron beam E = 370 MeV, 500 MeV and 900 MeV.

18y

JJ LOsd mrad
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Fig. 20.  The vertical PXR angular distribution: a) E = 900 MeV; b) E = 500 MeV; ¢)

E =370 MeV.

The energy dependence of the distance between two peaks of PXR angular distribution was
observed. In Fig.20 was shown the radiation angular distributions along the Y-axis for the reflex
(400) at different electron energies. You can se¢ that the distance between the maxima decreases
and the width of distribution increases with decreasing the particle energy.

One of the main features of PXR 1is the threshold energy dependence of radiation intensity
(sec §2). That is why, the energy dependence of PXR yield in a given reflex was investigated in
detail [73,76,79, 82,86]. The comparison of expenmental results (82] with the thcoretical
dependence, calculated according the formulae (2.32) and (2.33) s given in Fig.21(a),(b). You
can sce a rather good agreement. The calculations were derived taking into account the contribution
of diffraction bremsstralung to the total intensity measured by a counter. The measurements of

yields were performed within the energy interval of radiating particles from 300MeV 11l 900MeV .
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everywhere excluding the vicinity of the reflex center where the experimental picture shows the
narrow peak caused by the multi-wave diffraction of PXR. The intensity of the radiation in this
peak is 2.5 times larger and the angular width of the peak is 4 imes smaller than the corresponding
magnitudes of the main reflex of PXR (400) in the case of two-wave diffraction.

For the explanation of these anomalies the theory of multi-wave generation of PXR was
derived in [98-100]. In [101,102) some specific cases were considered.

According to (2.9), to obtain the spectral-angular PXR distribution, we can solve the
boundary problem of dynamical diffraction of X-ray by a plate in the arbitrary case of multi-wave
diffraction. In [98] the photon wave function g0k (f, @) was obtained by the help of the matrix
method. E(O)S (f, @) is the solution of a set of homogeneous Maxwell's equations and contains

Incoming spherical waves at z — <. In the general case _E‘(O)5 (k 0)) are represented as:

e

By, (7) =€ eikr G- (¢)
GO{¢) = {eid™ 6 (- ¢} + eio@ 0 () 0 (L) + (2.49)
+ etoQNzL) eioQ 'L g (L — L)} G (0) .

where € is the line-matrix of 2N-order consisting of the polarizaton vectors of all reflectons.
€=(rrs BB CoTire e rontlnTine )

K is a diagonal vector matrix consisting of the wave vectors of all reflections outside the crystal

KeyM. = &G SLGVM’ G,M, H -~ are the reciprocal lattice vectors, u and v are the polarization

indices. The elements of the Q@) marmrix of 2N x 2N order are defined by the following expression:
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- 1 ® -5~ =
= {E i G YuG,vM{ (250)

oG = (aaé - uﬂ)/m2 is the deviation from the exact Bragg condition for the G-reflection, 6uG,vM is

the Kroneker symbol,
BuG.oM = l1ifG=Mandu=v
v OifG#Mandu=v,

Yo = 50 N/® is the cosine of the angle between the wave vector EEG and the normal to the crystal
surface N, N is directed inside the crystal. The matrix Q(0) is obtained from the matrix
Q" at Eﬁig.vM =0, 6(x) is the unit Hevisai function, I_('H = 2-1.3;.1 + AN is the wave vector of photon
for the H-reflection inside the crystal, ® is the photon frequency, A = X[E) is the dielectric
susceptibility of the crystal which is defined by the help of the matrix Q and can have a lot of
magnitudes [98],¢ = {FN), G®) is the 2N-column vector consisting of the amplitudes of waves

excited under diffraction inside the crystal, G®) gy and GH#)(L) are its magnitude at the crystal

boundaries,
G (L) = i G (0)
The other designations can be found in [98].

By substituting the expression (2.49) into (2.9) the spectral-angular distribution of PXR in

the case of muld-wave diffraction can be represented in the following form [98]:

- _ 62(.02[3% ) oy
Weiho = ;s 2 ewe|(Lo- Lo} ei@L) GO (L)]uo|Q : (2.51)
where Lg = ng , Qo= - Baxy, + %.:0& is the longitudinal momentum transmitted to the medium,

Lis the unit matrix, a is the angle of incidence of a particle beam on the plate, Q) = g5l — QW
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(2.56)
M _ ©—VXp,
0 vcosa - 0k

q
the summation over (i) in taken over the roots XL which comply with the dispersion equation
Re g (@) =0 (2.57)

The term oRe qg / 0w describes the influence of the dispersion of the medium on the process of

PXR formation,

In [100) the detail analysis of some special cases of multi-wave diffraction of PXR were
considered. This are three-dimensional symmetrical and three-wave coplanar diffraction. In
particular, under the three-wave PXR generation when three somong waves are excited inside the
crystal Ko R KH = Ko +H and KF y = I_(‘o +F (ﬁ and ? are the reciprocal lattice vectors), the

angular distribution of photons emitted in a diffraction peak is determined by the expression [100]

N~ = 62‘32 [fsl (Tisl*' fs1 (125)_]
in
47 sin? eoﬂll —SFde |’l’25 —114(92 + 63) (2.58)
for the case without degeneracy of dispersion equation roots (Tas — T;d >> At5,;) and
N> = 62[32 fZ [Tls)
SNH (259)

42 1 sin? BuH Il - 8Fde2 (92 + eg]”z

when there is the degeneracy (T2s — Tid £ ATy)), where T are the real part of roots of dispersion

equation T =ReAyey =03 - 0p— g;)SH 02 =y2+8%+02L/y0,02=y2 +9?L/Yo - g

8H = Yo/Yl Yo, Yu and Y are the cosines of the angles between the corresponding wave vectors

Ko. Ky and Kf and the normal to the crystal surface, 8 is the radiation angle, AsH sF are the
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§5 Surface Parametric X-Ray (Quasi-Cerenkov) Radiation (SPXR).

When a particle travels in a vacuum near the surface of a spatially periodic medium, a new
kind of parametric (quasi-Cerenkov) radiation arises [104,105] - surface parameui
(quasicerenkov) X-ray radiation (SPXR). The phenomenon takes place under the condition ¢
uncoplanar surface diffraction, considered firstly in [32], when the effective refractive index of
electromagnetic wave in X-ray region can become more than unity. The effect under consideratior
should differ from the well-known effect of Smith-Parcell radiation, in which photons are formed
from diffraction reflection back from the surface of a body with spatially periodic dielectric
constant along the motion of a particle (the direction of the velocity coincides with the direction of
the reciprocal lattice vector). A surface wave is not formed in this case, and the wave field consists
of two waves propagating in opposite directions, in contrast to uncoplanar surface diffraction, in
which at least three waves participate, whose directions of propagation form angles different from
© (see Fig.30). The solution of Maxwell's equation E;”:) (;) in the case of uncoplanar surface
diffraction was derived in [32]. It was shown that the surface diffraction is characterized, in the
two-wave case, two angles of total reflection (severzl in the case of multi-wave diffracton [107]).

The solution, obtained in [107], contains the component, which describes a state that damps with

N
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A\

(
T
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Fig. 30
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greater distance from the surface of the medium, both within the material and in the vacuum, and
which describes a surface wave, i.e., a wave in which the energy flux is directed along the
boundary of the surface of a spatially periodic target (see revue [108]). According to [106], this

solution, describing the scattering of the plane wave by the target under the surface diffraction

geometry, can be written in the following form:
—(+)s . - . ~ =
EZ =¢ el + A (k, co) elkir + B, [k,co_] eikar | (2.63)

~

where the wave vector in the vacuum k= (k(,kL) (k[) - 1(.1_) ka2t = Vi2 - 14, ky =
‘Ezzs ku) ko = k( + 2TCT kx 1s the wave vector component parallel to the target surface, ‘c is the
reciprocal lattice vector, @ is the photon frequency. The amplitudes Ag and Bg are given in [105,
. Lol (=Y o ..
32]. By substituting the solution E},~ = E_E into (2.3) and taking into account, that the radiation
condition can be realized only for the third term of (2.63), the differential number of emitted

photons can be represented as (see, also [106])

d?Ng _ e20T BBk wf 5 (ks + 2078 — ) e2mkazd
dodQ 2mhc? (2.64)

Here we assume that a particle is moving parallel to the target surface at the distance Zg with the

_.)
constant velocity u, T is the flight time. The argument of 8-function, from (2.64), is equal to zero

|21t§ﬁi

. _) . 0 - - .
for the frequencies Wy = ﬁ:j_ » where ny is the component of the unit vector in the direction of
- n/c

_)
the vector k, which is parallel to the surface.

After integrating (2.64) over frequencies, the angular distribution of radiation has the

following form:
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The formula (2.66) is written for the m-polarization,i.e.

Ex IRk, K], e[ Kl Kkl

k2
kna=k| L+ go- GtV +dge £

The amplimdes B, Cy, Ey, are obtained from the boundary conditions

2C1C2 (klz - k22)

B= ;
Cl (kz + k22) (k‘r, + klz) - C2 (kz + kll) (k‘lx + k?l)
Ey(y) = 2C1Ca (ke, + ko(1)) .

)= & (i, + kag) (e, + K1z) — Ca (K5 + Kuz) (e, + k2z)
Cia=- 2_gm—

ot (0? +4ge, g ”

(2.67)

In (2.67) it was taken into account that, when (%_ 90)"' YV g;) and Y~ glo, the difference

between the diffraction plane and the crystal surface can be ignored. It gave the possibility to

consider the diffraction and the radiation of n- and ¢- components of the electromagnetic field

independently. The analysis of (2.67) shows that at & 2 k7 / k%, a damping solution appears on
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ANy _ €2 (Bem)z [B{wor)? Lox (wor) @or
do 4P 1 -1 (2.68)

where Wor = M .
17
It is worth noting that, as an electron moves in the medium, the bremsstralung arising can also
diffract by a set of planes under consideration. This diffracted bremsstralung (DB) manifests itself
as an additive to SPXR. Under certain conditions, the DB contmibution may be substantial and it
should be taken into account.

The angular distribution and lines of constant radiation intensity for one of the Ge crystal
reflections are shown in Figs.32 and 33, when the electron energy is 500 MeV and the angle of the

incidence upon the surface is 89 =10-3 rad (see Figs.30,31). The angle ¢ is taken from the










Ap ={y2+lgd

angle of total reflection under diffraction condition [104].

)1/2

. The position of SPXR maximum with respect to 6 corresponds to the critic:

Thus, the characteristics of the spectral and angular distribution and energy dependence ¢:

the quanturn yield of SPXR are analogous to that for PXR generation inside the crystal. At the

same time, at the sufficiently small incidence angle of an electron on the crystal surface the main

Table VI
k)| oo 2;’; xl%%]ﬁ xlglt(;6 R e rﬁr?a:i xA 11\102
(400) 5.06 120 84.6 24.5 8.4 5.0 12.0 1.1
(220) 11.85 30 14.8 8.3 3.1 1.2 4.5 1.9
(220) 3.20 210 208.9 116.5 12.0 11.1 25.1 19.3
(220) 12.4 30 7.3 3.5 2.2 1.0 3.4 0.6
C
(220) 19.01 30 4.7 1.2 1.9 0.9 3.3 0.13

contribution to the surface radiation intensity may be made by the vacuum trajectory. In this case,

muldple scattering does not affect 1o the radiation process and the vacuum coherent length is limites

to the real length of the plate. The estimation of the possibility of observing SPXR experimentally

gives [109]: let an electron beam with the energy 500 MeV, the transverse width of 101 cm, an

angular spread of 10 rad and an energy current of 1pA is incident on Ge crystal with the surface

length of the order of 1 cm. In this case, approximately 0.01% of all particles cxperience effective

radiation. As a result, for the (220) reflection of Ge, the photon yield will be of the order of 102

quanta/s.
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Here & = r;/2g0, 1'; =Im(geg.r) - Because the angular radiation density is proportional to the
square of coherent Jength (see (2.72)) then, obviously, the increase of PXR intensity is possible.
The analysis of (2.72) and the angular distribution, obtained in [116,117], shows, that this

increase takes place within the narrow angular interval in which the influence of US oscillations is

the greasest

ABys = (r; - 83]1/4 .

— .\
As in the unperturbed crystal ABes = Y2 + 65 — 80]

, then you can see that AByg << ABgy. Tt is
important to note that the angular width of the region of PXR intensity growth is determined only
by crystal parameters and does not depend on generating particle characteristics and the US
amplitude.

The angular density of PXR is quadratically depends on the US amplitude when this
amplitude is much less than the interplanar distance of a crystal. In [116,117] it was obtained the
angular and spectral PXR characteristics in crystal under the acton of longitudinal and transverse
US waves, which amplitudes are less than a crystal interplanar distance (-’EE << 1) for the
geometries of Laue and Bragg. In Fig.36, the result of numerical calculation of the angular
distribution of PXR generated by electrons with the energy of 500 MeV in the reflex (220) of Si
crystal being subjected to the action of transverse US wave (wg = 8 keV) is shown. [t is important
to rote that the considered effect becomes stronger with decreasing the crystal temperature (17-
{19]. The temperature dependence of the additional intensity to the PXR angular distribution on the
crystal temperature is shown in Fig.37. The authors of [117,119] suggested to apply the effect of

acoustic-parametric resonance for the investigation of the temperature dependence of the imaginary

part of the crystal susceptibility.
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The second effect, resulting from the action of US wave to the crystal, is the X-ray-
acoustic resonance. It manifests itself under simultaneous fulfillment of both Cerenkov and X-ray
acoustic resonance conditions. Under the X-ray-acoustic resonance it is possible the oscillations in
the OXR spectral-angular distribution with the period depending on the amplitude of US wave.
The corresponding theory is given in [117-120].

It is known that the action of US wave can result in the intersection of diffraction
dispersion branches, that is the degeneration of refractive indices take place at the zero amplitude of
oscillation. The degeneration of refractive indices is possibly only from some threshold magnitude
of the US wave vector. The US wave with the amplitude a # 0 destructs the degeneration within

the region of Ao ~ { g5, where { = % Ta . Tt is interesting that the US wave with the wave vector

close to the threshold magnitude does not influence the PXR, because the degeneration of
refractive indices of a crystal takes place far from the Cerenkov condition. The influence on the
OXR characteristics will be resonant under simultaneous fulfillment of both Cerenkov condition
and the condition of X-ray-acoustic resonance. The calculation shows that the US wave vector, in

this case, should satisfy the condition

k(02 +62) + Bir.

2@(93 + 93()

where O, is the angle which corresponds to the resonance condition. In the case of the resonant
field there are the waves the refractive indices of which differ from each other only by the small
magnitude ‘Cgﬂ being proportional to the US amplitude.

The interference of the waves with the different refractive indices results in the oscillation
dependence of the PXR spectral-angular density on the US amplitude in a weakabsorbing crystal.
Besides, the PXR angular density, under the condition of X-ray-acoustic resonance, can

essentially change. In most cases the angular density in the directon of diffraction reflex decreases.
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Part IT. DIFFRACTION X-RAY RADIATION BY RELATIVISTIC OSCILLATOR (DRO).

As we discussed above, the X-ray radiation of a reladvistic osciilator in a crystal essentially
modifies under diffraction conditions of emitted photons. A new diffraction radiation of iscillator
(DRO) appears as a result of coherent summation of two processes — photon radiation and
photon diffraction, but it can not be reduced to the sequence of these two processes. The relativistic
oscillator itself can be or a relativistic atom or a relativistic charged particle channeled in the
potental well of averaged crystallographic potential of axes (planes), or an oscillator formed by an
external electromagnetic field (ultrasonic, laser). It was shown in [2,13,19,27,28] that the DRO
spectrum is rather complex and is determined by complex and anomalous Doppler effect (see §1).

It is known that the ransverse energy of channeled electrons (positrons) is discrete and
state to state transitions result in the radiation , i.e., in this case a channeled particle is like an one-
dimensional or two-dimensional oscillator with the eigenfrequency in the laboratory frame
Quf = €, ~ €f, where € and ef are the eigenvalues of corresponding one- or two-dimensional
Schrodinger'’s equation, in which the particle rest mass is replaced by its total energy my.

For the analysis of DRO characteristics it is necessary to obtain the spectral-angular
dismibution. The description of channeled particle motion by the help of one- or two-dimensional
Bloch functions was given in [125]). The expressions for spectral-angular DRO distribution for
different cases of photon dynamical diffraction were obtained in [17-19]. For example, in the case
of two-wave Laue diffraction the spectral-angular distribution of DRO can be written in the

following way[17-19]":

Ny _ o - .
= an TE(()S gng
dodQ  m?ic3 nf

(3.1)

where
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S PGl P
40 2T of F O Y1Qnf ow

J ’ FS (ea (p]
a=al (3.4)

for r -polarization:

) — Ty Si T, sin 6 sin ¢ — T, cos 612
E 6,(9):{[3 ojﬁ"sm26cos(ptycosqJ B8NP Lo
6.0}l 3 S

and for m-polarization

—' 1A

[sin2 0 cos ¢ (Hlt) Ty J

a

+an

Fo (6, o) =[B1 @i sin 8 cos (p[cos 6 (H, 1) -1)

3

where @h; = an(l ~Bcos 6, Re 8y (“ﬁ;))l >

xpf Is the matrix element, determined through the one-dimensional Bloch-functions, Lf 1s the
effective length (at L < Lgpg, Lef = L, L >> Laps, Lef = Labs, where Lapg is the absorption length).
The term in square brackets takes into account the influence of medium dispersion on the angular
dismbution. Because the frequency, satisfying the dispersion equation (3.3), belongs first to one
dispersion branch and then the another one with changing the radiation angle 6,(see the analysis in
§1) the summation over the solutions p means that we select the corresponding root of the
dispersion equation for each definite radiation angle 6, ;; 1s the unit vector directed along the wave
vector of the photon propagating at a small angle relative to the mean velocity of a channeled
particle.

The numerical calculation of the angular DRO distribution taking into account the

dispersion characteristcs of the medium under diffracton conditions, was made in [29]. According
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Fig. 42
The dependence of the radiaton angular density on the relativistic oscillator energy, which
has a "resonance" character at a given angle of the radiation observation, was also considered in
[127]). If the observation angle is equal to zero, the maximum of the angular distribution sharply
increases with Y 2 Y = (033/29]1/2

maximum value of the radiation density is observed at oy being a little more than yR. The angular

. When the frequency wp equals ®g = Wm0y = 2Q¥2 the

distribution , in this case, looks like a bell and its width decreases sharply with y — yr (see
Fig.43). In the region of Y> YR (®WB < Wmax) the single narrow maximum splits ifnto two peaks (¢
is fixed), which shift to the region of larger radiation angles 6 with increasing the particle energy
E. In [127] the relative estimations was given for the contributions from different radiation

mechanisms to the total radiation angular distribution which can be observed in a definite reflex. It
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Fig. 43

was shown that at Ay/y ~ 1% the ratio of the DRO angular density to the density of diffraction

bremsstralung at 8 = 0 was

R, < IpRO _ Qmbr (sinl\y + cos2 28gcos? w)
1= = _—
o (1 + cos? 263) 4 6% L (AY/Y)2 (3.7)

where the estimation is given for a channeled electron (positron), 6y, is the Lindhard's angle, v is
the angle between the particle oscillation plane and the diffraction plane, -6_3 is the mean square
angle of multiple scattering per unit length, 1/4 6L is the classical estimation of the magnitude
nd? 92 c2, For Si crystal, the channeled electron with the energy of E = 23.6 MeV (Y= ¥R)
(planes of channeling (100), 6 = 0, diffraction plane is (220)) the value of the ration is Ry = 25,
that 15 the DRO intensity is 25 times larger than the intensity of the diffraction bremsstralung at
Ay = 1% and Ay?y? < Ay/y. If the diffraction radiation is observed at the angle 8 = 0, we should

compare it with the contribution from the parametric (quasi-Cerenkov) radiation. In this case the

analogous ratio is estimated as [127]
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op | (1 + 612372 + y’*{,;’)z (sin2”q/ + c052wc052293)
(sin%@ + cos2pcos?263)
Y (3.8)

5

_)
where @ is the angle between the wave vector k and the diffraction plane, Yo = WB/WL i$ the

Lorentz factor corresponding to the threshold magnitude of the energy E = mc? [gloj-m. You can
see that this ratio essentially depends on the value of azimuthal angle ¢. For example, for St this
ratio is estimated as Rp = 5 if the electron with energy of E = 34 MeV is channeled between the
planes (100) and the diffraction plane is (220).

Thus, the experimental observation of the diffraction radiation of oscillator is possible by
the help of the particle bearns with the high quality.

Relativistic oscillator can be formed not only by an unperturbed crystal channel but also by
an external ultrasonic or laser field which subjects to the crystal and forms a bent crystal channel.
In [128] the radiation of electrons (positrons) in a crystal, being subjected by the action of a laser
wave, which forms an oscillator, was considered. The estimations for the intensity of such
radiation were given. A relativistic oscillator can be a channeled particle, which moves in a plane
channel, bent by a variable external field (ultrasonic or laser wave ), i.e., in some electromagnetic
undulator [14]. In this case, the oscillator frequency in the laboratory frame is Q' =&,u-Q,
where ;e) is the wave vector of an external wave in a crystal, Q is its frequency (the Z-axis is
chosen along the direction of an average particle velocity E)). The diffraction radiation of oscillator,
being formed by an external ultrasonic wave, was considered in [129].

According to [14], the trajectory of a particle moving in the dynamic ultrasonic undulator is

written in the following form (see Fig.44)

T (1) = re(t) + (1) = Ten(t) + a cos (Q't + 8) , (3.10)
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was derived and it was shown that the term connected with losses through boundaries could be
reduced in (1 - IRI) times, where R is the reflection coefficient of Bragg mirror. As a result, we can
decrease the crystal length being necessary for the generaton threshold achievernent. However, the
estimation shows the threshold magnitude holds rather high.

As the analysis in [138] shows the transition to the distributed feedback under the surface
uncoplanar diffraction, when the radiating particle beam is incident on a crystal at a small angle
Y~ glo relative to the crystal surface (see Fig.30 in §5), allows to step down the generation
threshold. First of all, the destructive influence of multiple scattering on the particle beam is
suppressed. Besides, the behavior of dispersion equation roots changes and this modifies the
process of radiation amplification.

The disadvantage of the case of two-wave diffraction distributed feedback is that the
coordination between the degeneration condition of dispersion equation roots and the requirement
of Cerenkov synchronism hardly fixes the geometry of distributed feedback and leads to the small
magnitudes of the diffraction asymmetry factor By. It, in its turn, leads to the enhancement of self-
absorption of radiation inside the crystal target. In [132] it was pointed that the transition to the
multi-wave diffraction allows to modify the functional dependence of the increment of the particle
beam instability and, consequently, to step down the threshold density of a beam as well. The
dispersion equation for the three-wave coplanar diffraction geometry of distributed feedback was
obtained and the rule for writing the dispersion equation for an arbitrary multi-wave diffraction
distributed feedback was formulated. In [138] it also was derived the expression for the generation
threshold in the case of three-wave coplanar diffraction. It was shown that, in this case, the
Cerenkov condition was fulfilled for two dispersion branches that gave the possibility for the
coincidence of diffraction roots with Cerenkov synchronism condition near the exact Bragg
condition and, consequently, the possibility to optimize the threshold magnitude. In the case of the
Laue-Bragg diffraction geometry the threshold density of the beam can be reduced to ji ~ 108

A/em?, at y 5:10-5 rad) in the vicinity of the double degeneration of dispersion equation roots. It
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Because the oscillator is a quantum system, the calculation of polarizability tensor of a particle
beam is more correct to be performed in the frame of quantum electrodynamics. The reduction of
the problem of radiation application (generation) by a particle beam in a finite crystal target to the
problem of diffraction of X-ray by an “active” medium , consisting of a crystal and a beam of
radiating oscillator, is true in this case as well.

The expression for the polarizability of such an "active” medium in the case of channeled

particles in unperturbed averaged crystal potential was obtained in [141]:

Ame? olkpie
(1)Lé _ nczno (W-W)) Lﬁ( }21 cJ —;
Yo w o —uk - Qyy +iI" 4.7)

E‘O (E,(D] =&p—

where &21@) is the matrix element of the operator o exp (ikF) and in the dipole approximation it

takes the form
E (12)21 = — X2 (Qzl N, + kxﬁz) .

the axis ny is chosen to lic along the transverse particle oscillations in a channel, Uy is the
longitudinal velocity parallel to the channeling planes, (kx = Hx: un, = 0), Q91 is the frequency
of the transition (see §1 Part I), gl [Eﬂ W1 and W are the populations of the states of 1 and 2, "
is the phenomenological constant, taking into account inelastic collisions and can be estimated in
the order of magnitudes as (Lg)"l, where Lq is the dechanneling length. While obtaining (4.7) it
was taken into account that the synchronism condition could be fulfilled only for the wave
propagating at the small angle relative to the longitudinal velocity of a particle. The fulfillment the
synchronism condition for the diffracted wave is impossible in the X-ray region (see also §8). As
the analysis showed [141], altbough there were a lot of zones (states) of transverse energy of a

channeled particle, the main contribution to the polarizability tensor was made by a definite
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circumstance is much important because of strong absorption of X-ray inside a crystal target. In
[141] the boundary problem of X-ray diffraction by an "active” medium of a finite size was solved
and the generation condition was obtained. It was shown that the beam can be in synchronism with
one of modes of "active" medinm. They correspond to the waves with the wave vectors being the
solution of dispersion equation (81 and 87). According to [141] the generation condition can be
realized in two cases: for the wave, corresponding to the root &7 at the positive magnitude of & =
a.,, and for the wave, corresponding to the root 81 for the negative deviation from the exact Bragg
condition & = o_. It was shown that the solutions of generation equation for different modes are
identical in a structure. All of them lead to the phase condition like

© & ©_2mn
B =8 =40 (4.9)

where 51(0) and 85(0) are the solutions of diffraction dispersion equation, and to the amplitudes
conditions of generation, which are written for the case of channeled particle in [141] and for the
case of electrostatic and magnitostatic viggler in [142}.

If the condition (4.9) is fulfilled the longitudinal structure of modes turmns to be close 10 a

stand wave structure. That is IEI2 and [E¢ | 2 are proportional to ~ cos? ng(z—L). This condition,

in such a way, is analogous to the well-known phase condition of the stand wave appearance in a
mirror resonator of an ordinary laser [144]. The meaning of amplitude conditions are the same as
in the case of quasi-Cerenkov X-ray generator (see §8). The field amplification, due to radiation
process, should be equal to the radiation losses caused by absorption inside the crystal and output
of radiation through boundanes of crystal target. Because the gain, in the weak-gain regime, is
proportional to the current density of a beam, the formula for the threshold gain gives the
requirement for the current density. Instead of current density the invariant characteristics of a

particle beam are often used, that is the current I, the normalized emittance €n = yr <> and the
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