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Coherent X-ray radiation by a beam of relativistic electrons crossing a single-crystal plate in Bragg scattering
geometry is considered. In the present work, the initial divergence and multiple scattering of electrons on atoms in
the target are taken into account. The manifestation possibility of dynamic diffraction effects in the conditions of

multiple scattering of electrons in the beam is studied.
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INTRODUCTION

As known PXR appears due to the scattering of a rela-
tivistic electron Coulomb field on a system of parallel
crystal atomic planes [1-3]. When a charged particle
crosses the crystal plate surface, the transition radiation
(TR) takes place [4, 5]. TR appearing on the border dif-
fracts then on a system of parallel atomic planes of the
crystal that forms DTR in a narrow spectral range [6 - 7].

Multiple scattering of relativistic electron on atoms
in a single crystal can result the spectral-angular charac-
teristics of PXR and DTR generated by a beam of rela-
tivistic electrons.

The natural width of PXR spectrum is defined by the
number of inhomogeneities with whom the electron
interacts. As it was shown in the experiment on study of
PXR of relativistic electrons in a single crystal target
represented in the work [8], the measured width of PXR
spectrum considerably exceeds the spectral width of
PXR calculated for an electron moving rectilinearly in
the crystal. In [9] on basis of kinematic theory it was
shown that multiple scattering has considerable influ-
ence on the spectral width of “back” PXR in crystal.
The averaging of spectral-angular density of the radia-
tion in [9] was carried out on the basis of functional
integration method. The contribution of diffracted
bremsstrahlung (DB) and DTR in [9] were not consid-
ered. Traditionally the influence of the relativistic elec-
tron multiple scattering on the PXR characteristics is
taken into account by averaging of PXR cross-section
over the expanding beam of the rectilinear trajectories
of the radiating particles. Nevertheless in the row of
experimental works [10, 11] the noncoincidence of the-
ory in which the averaging over the beam of rectilinear
trajectories of radiating particles are used and of ob-
tained experimental data was pointed. Evidently, in
frame of considered approach the contribution of dif-
fracted bremsstrahlung is lost. In the work [12] a theory
of PXR in unlimited crystal was developed within the
scope of dynamical theory of diffraction without taking
into account of DTR but correctly taking account the
influence of multiple scattering of radiating electron on
the PXR characteristics. In that work ([12]), it was
shown based on rigorous kinematic approach in the av-
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eraging of the radiation cross-section over all possible
trajectories of radiating particles that contribution of DB
can be high-considerable. In [12] the expression de-
scribing the spectral-angular characteristics of total
yield of coherent radiation have been obtained without
separation on the mechanisms PXR and DTR that al-
lowed to estimate only relative contributions of these
radiation mechanisms. In this work the conditions of
significance of the diffracted bremsstrahlung contribu-
tion into total yield of the radiation were obtained.

A theory of coherent X-ray radiation of relativistic
in the crystal were developed in the network of two
wave approximation of dynamical theory of diffraction
of X-ray waves in the works [13 - 18]. In the works
[13 - 15] the coherent X-ray radiation was treated in
special case of symmetric reflection, when the reflecting
system of atomic planes of the crystal is situated parallel
to the target surface (in the case of Bragg scattering ge-
ometry) or perpendicular (in the case of Laue scattering
geometry). In the works [16 - 18] the dynamic theory of
coherent X-ray radiation of relativistic electron in crys-
tal was developed for the general case of asymmetric to
relate of the crystal surface reflection of the electron
coulomb field, when a system of parallel reflecting
atomic planes in the target can be situated at arbitrary
angle to the target surface. These works showed that by
changing the symmetry of reflection of the coulomb
field of electron on the atomic planes in crystal by
changing of the angle between the target surface and
system of diffracting atomic planes, one can considera-
bly increase the spectral-angular density of PXR and
DTR. The present work is dedicated to development of
dynamical theory of coherent X-Ray radiation of rela-
tivistic electron crossing a monocrystalline plate in
Bragg scattering geometry with accounting of the mul-
tiple scattering of the electrons by the atoms of the tar-
get. To account the multiple scattering, we have used a
traditional averaging method of spectral-angular and
angular densities of the radiation over the rectilinear
trajectories of electrons in the widening beam. Let us
note that the rigorous kinetic approach described in [12]
don’t allow to consider the radiation process from the
target of limited width and to separate the contributions
of PXR and DTR mechanisms. Nevertheless the use of
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obtained in [12] criteria of the significance of the DTR
contribution to the radiation yield allows to consider the
conditions under which the contribution of DTR is ab-
sent and therefore the traditional accounting method of
multiple scattering in characteristics of radiation is fully
justified.

1. RESULTS AND DISCUSSION
1.1. GEOMETRY OF THE EMISSION PROCESS

Let us consider a beam of relativistic electrons
crossing a monocrystalline plate (Fig. 1).
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Fig. 1. Geometry of the emission process

Let us involve the angular variables y, 0 and 0, in

accordance with the definition of relativistic electron ve-
locity V and unit vectors in direction of momentum of
the photon radiated in the direction near electron velocity
vector n and in the of Bragg scattering direction n,:

1, 1
V=[l—5y Z—EL!/zjeﬁw, ey =0,

n:[1-%9§jel +0,, ¢0,=0, ee, =cos20,,

1
ng=[1—592]e2+9,e29=0, )

where 0 is the radiation angle, counted from direction
of axis of radiation detector e,, y is the incidence angle

of an electron in the beam counted from the electron
beam axis e;, 0, is the angle between the movement

direction of incident photon and axis e,
7 =1/1-V? is Lorentz-factor of the particle. The
angular variables are decomposed into the components
parallel and perpendicular to the figure plane:
0=0,+0,, 0,=0, +0, , y=y +y, . y, is the

divergence parameter of the beam of radiating electrons.

1.2. SPECTRAL-ANGULAR DENSITY OF PXR
AND DTR IN A THIN CRYSTAL

We will consider the asymmetric reflection of elec-
tron coulomb field relative to surface of a crystal plate
being as target with such a thickness that the length of
electron path in the plate L, = L/sin(@, + &) would be

more than extinction length L&) =1/ co| ;(;|C © of X-ray
waves in the crystal:

w__L

b = 2 >>1. 2)

The relation (2) is a condition of dynamic effects
manifestation in the radiation. To study of the dynamic
effects “per se” let us rid of possible influence of ab-
sorption effect for photons in the crystal by means of
additional condition that the maximal length of electron
path in the target L, =L/sin(d, —5) must be much

more than the extinction length L, =1/wy,:
CINORE
LA AT 3)
&

abs

If we perform the analytical procedures similar to
those used in [19, 20] we will obtain the expressions for
the spectral-angular density of PXR and DTR for the
propagation  direction of the emitted photon

k, = kgng (see Fig. 1) taking into account the direc-

tion deviation of the electron velocity V relative to the
electron beam axis e;:
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The functions R, and R}, describe the spectra The expressions (4), (5a), (5b) describe the spectral-
of PXR and DTR. Since the inequality angular density of PXR and DTR of the relativistic elec-

2sin’ 6, /|;(é|C(S) >>1 is fulfilled in the range of X-ray

frequencies, 7 (@) is a fast function of frequency @,
and it is convenient for the further analysis of the prop-
erties of the PXR and DTR spectrum to consider
7 (w) as a spectral variable. Parameter 5" character-
izing the thickness of the crystal plate is the ratio of half
of the path of the electron in the target
L,=L/sin(@, +5) to the extinction length

LY =1/a)|;(;|C‘”. Equations (4), (5) under s=1 de-

scribes the fields of o -polarization, and under s =2 the
fields of 7 -polarization.

Under a fixed value of 6, the value & defines the
orientation of crystal plate in relation to the system of
diffracting atomic planes (Fig. 2).

Fig. 2. Asymmetric (&€ >1, &€ <1) reflections
of radiation from a crystal plate. The case & =1
(6 =0 ) corresponds to symmetric reflection

When the angle of electron incidence on the target
surface 6, +J decreases the value of & parameter can
become negative and then will increase in magnitude (in
extreme case 0 — —6, ) that leads to increase of &. On

the contrary, when the angle of electron incidence de-
crease the value of & decrease (in extreme case

0 —0,).
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tron crossing a crystal plate at an angle y(y,,y,) rela-
tive to the axis of the electron beam e, and their inter-
ference.

1.3. ACCOUNT OF MULTIPLE SCATTERING
OF THE ELECTRON BEAM ON THE ATOMS
OF THE TARGET

Because the multiple scattering of electrons on the
atoms of the medium can lead to generation of brems-
strahlung, which then may diffract on the system of the
parallel atomic planes in crystal in the direction of
Bragg scattering k,, we will consider the conditions of

significance of contribution of the diffracted brems-
strahlung (DB) into total yield of the coherent radiation.
The investigation of relative contribution of DTR in
total yield of the radiation was done in the work [12].
Let illustrate the conditions of DTR contribution in
total yield of the radiation in the presence of multiple
scattering of relativistic electrons in the crystal. Let con-
sider the quantity y,, =w_’/, that is a mean square of

the scattering angle of an electron over the length of the

bremsstrahlung forming [.=27" o, where
EZ
2=—"__ is mean square of angle of multiple
s 2,2
m-y~ Ly
scattering of an electron on the unit of the length,
E2
l//l\,2 = 2“ > L, is the radiation length. At electron
m7y” Ly

energies ¥ >y,, =+/e’ @, L, /87 well-known effect

of Landau — Pomeranchuk reveals itself in bremsstrah-
lung [21], i.e. when y>y;p the angle of multiple scatter-
ing of an electron at forming length of the radiation con-
siderable exceeds the characteristic angle of the radia-
tion by the relativistic particle ', therefore the field of

bremsstrahlung quant and the coulomb field of electron
will split off on the path shorter than radiation forming
length /.. On other hand in the region of electron energy
V>V =0y @, (0o 1s plasma frequency), the brems-
strahlung can be suppressed as a result of Ter-
Mikaelyan effect [22]. In case of the conditions
y.p<y<ymy the suppression of DB is absent and it can
introduce considerable contribution in to total yield of
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the radiation. So, when one of the condition y>yr, or
y<yrp Will be satisfied the contribution of DB in total
yield of the radiation one can do not account and use the
traditional method of averaging of spectral-angular
characteristics of radiation over the expanding beam of
straight electron trajectories are used to account multi-
ple scattering.

Let us average the PXR and DTR angular densities
over function of angular distribution of electrons in the
beam, which is changed on the length of path in the tar-
get ¢ because of multiple scattering of the electrons:

Sy, t)= —(—) (7)

'//0 it
where I/, is initial divergence of the electron beam. The

expression describing spectral-angular densities of PXR
and DTR averaged over an expanding beam of rectilinear
trajectories of radiating electrons on the length of electron
path in the target L, have a following view:
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Using the formulas describing spectral-angular and
angular densities PXR and DTR derived for a thin crys-
talline plate (4), (5a), (5b) and (8a), (8b) we will obtain
the expression, describing the spectral-angular and angu-
lar densities of PXR and DTR with taking into account of
electron multiple scattering on atoms of the medium:
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The expressions (9a), (9b) and (10a), (10b) are the
main results of the present work. These expressions
are obtained in the framework of dynamic theory of
diffraction and allows to investigate the manifestations
of the effects of dynamical diffraction in PXR and
DTR. It is necessary to note that in the condition of
considerable contribution of diffracted bremsstrahlung
y.p<y<ymy the expression (9a), (9b) and (10a), (10b)
also remain to be right. And in this case it is necessary
only to consider the DB contribution separately.

1.4. INFLUENCE OF REFLECTION
ASYMMETRY ON SPECTRAL-ANGULAR
DENSITY OF THE RADIATION

Let us use the expressions obtained in this work for
investigation of manifestation of dynamic diffraction
effects in RXR and DTR generated by the beam of rela-
tivistic electrons multiply scattered in a single crystal
target. Let us consider the effects caused by variation of
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reflection asymmetry of the relativistic electron cou-
lomb field in relation to the target surface (the change of
asymmetry parameter ¢).

We will make the numerical calculations for the
beam of relativistic electrons of energy E=255MeV
with initial divergence y,=0.1 mrad crossing the single-
crystal plate of tungsten W(110). In this case the path of
the electron in the target (L,=10 um) exceeds considera-
bly the extinction length (L.~1.7 um) of the x-ray
waves in the crystal. We will make these calculation for
o-polarized X-ray waves (s=1) under the condition
=0

At first, let us consider the dynamic effect of change
the PXR spectrum width under changing of asymmetry
of the electron Coulomb field reflection relative to the
target surface i.e. under the change the parameter
& =sin(@, —5)/sin(@, +5) - The effect of spectrum
width change was predicted and studied for case of a
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separate moving rectilinearly electron in the work [17].
The increase of the width of PXR spectrum straight fol-
lows from the formula (4,b) because under increase of
value ¢ the resonance condition

o +(g'<“ —ge”? +gj/g ~0,

will depend on function £ (@) weaker and also on @

(11

value. The equation (11) defines the frequency w, in

whose vicinity the PXR spectrum is concentrated under
the fixed observation angle.

200
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Fig. 3. Asymmetry effect on PXR spectrum: W(110),
05=20.5°, yr=99, y1p=196, y=500 (E=255 MeV),
L,=10 um; e=3 (6=-10.6°), e=5 (6=-14°),
e=7 (0=-15.7°); 0L=10 mrad

PXR \

d \ (£)] ".
\do [z

photon
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Fig. 4. Asymmetry effect in PXR angular density.
All parameters have the same values as in Fig. 3

In Fig. 3 the curves calculated by the formula (9a)
describe the spectral-angular density of PXR under
fixed observation angle in maximum of PXR angular

density 6, = «/7/" — ¥, ~10mrad. The curves are plot-

ted for different asymmetry (for different values of an-
gle 6 ) under fixed values of electron path in the target

L, =10pm and Bragg angle 6, =20.5°. Under such
conditions the target thickness L have different value for
different value &: under 6 = —10.6°, L ~1.7 um, under
o=~-14°, L=1.1pum under & ~-15.7°,
L = 0.8 um. Let us note that for considered small values
of thickness the electron path (L, =10um) is enough

and

long to manifest in heavy-weight tungsten the consider-
able multiple scattering. In Fig. 3 one can see consider-
able change of PXR spectrum width under change of
asymmetry. Under fixed angle 6, between the beam
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axes e, and diffracted system of atomic planes of crys-

tal i.e. under increase of parameter ¢ the spectral width
of PXR considerably grows.

As the result of PXR spectrum widening there is a
considerable increase of angular density under grow of
reflection asymmetry (under increase of ¢). The curves
plotted by formula (10a) demonstrate this fact in Fig. 4.

In Bragg scattering geometry, the frequency range of
total external absorption (extinction) of pseudo photons
of coulomb field of relativistic electron in single crystal
exists that was known for real X-ray photons. In this
region, the incident wave vector takes on a complex
value even in absence of absorption and as the result all
the photons reflect. If absorption is absent the expres-
sion for the wave vector lengths have such a view:

502 wm a>| |((s) ()% ’5‘”(@)2—3).(12)

The region of total reﬂectlon is defined by following
inequality:
—Je <£V(w) < Ve,
or —\/_—; o <77(s)(a)) <\/—
o
2(1-6,cotd,)sin’ 6,

l+¢
2V 5,6

(Ve-128 <o
vt
w,|z|c?

I+¢
Jeaits)
2(1-6,, cot B,)sin’ 6, ( 20

which shows that the width of this range is defined by

\/;a)3|;(;|C("')
2(1- 6, cot §,)sin’ 6,
lows from (5,b) the width of region of total reflection
practically coincides with the DTR spectrum width. The
curves plotted by formula (9b) descript the spectral-
angular density of PXR at angular density maximum
A1=y"'=2 mrad under the condition of multiple scatter-
ing of relativistic electron on atoms of the medium. The
graphics in Fig. 5 demonstrate considerable dependence
of DTR spectral-angular density on reflection asym-
metry of electron coulomb field in relation to the target
surface (on asymmetry parameter ¢). When asymmetry
parameter ¢ increase the amplitude and width of DTR
spectrum strong grow that lead to growth of DTR angu-
lar density (Fig. 6).

150

(13)

. It can be shown as fol-

value of

[ d*NE
[

\ - dedQ |
100

50

T 00 T T —
.eV
Fig. 5. Influence of reflection asymmetry on DTR
spectrum. All parameters are the same as in Fig. 3,
excluding 01=2 mrad
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We would remind you that the electron path in the
target is the same for different value of asymmetry pa-
rameter and absorption of the radiation is negligibly
small, i.e. the observed effects are not connected with
these characteristics. All the numerical calculations
have been carried on under the condition y>yz, (y=500,
y~99), i.e. under conditions of total suppression of
bremsstrahlung because of Ter-Mikhaelyan effect.

04
[d* NGk \

\odo

!

photon 0.3

electron sr.

10

8

. 6, . mrad
Fig. 6. Influence of reflection asymmetry on DTR angu-
lar density. All the parameters are the same as in Fig. 3

So, in the present work the expressions (9a, 9b)-
(10a, 10b) have been obtained which describe spectral-
angular and angular distributions of PXR and DTR gen-
erated by a beam of relativistic electrons in a single-
crystal target in conditions of multiple scattering of the
electrons on the atoms of the medium. All the obtained
expressions are normalized on the number of electrons
in the beam. These expressions have allowed to demon-
strate the effects of dynamical diffraction in PXR and
DTR generated by the beam of relativistic electrons
multiple scattered on the atoms of the target medium.

CONCLUSIONS

In the framework of two-wave approximation of dy-
namic theory of diffraction the analytical expressions
are derived for spectral-angular densities of parametric
X-ray radiation and diffracted transition radiation in the
condition of multiple scattering of radiating relativistic
electrons. The expressions describing spectral-angular
characteristic of PXR and DTR have been derived based
on the two-wave approximation of diffraction theory
taking into account the deviation of electron velocity
vector from the electron beam axis direction. The tradi-
tional method of cross section averaging over expanding
beam of straight electron trajectories are used to account
multiple scattering. In the present work the conditions
of significance of contribution diffracted bremsstrah-
lung in the total yield of the radiation and are shown the
applicability condition of traditional method of total
yield description of the radiation generated by a beam of
relativistic electrons in a monocrystal. The manifesta-
tion possibility of dynamic diffraction effects in the
conditions of multiple scattering of electrons in the
beam is studied.
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BJIUSAHUE MHOT'OKPATHOI'O PACCESIHUS HA ITPOSIBJEHUE Y®®EKTOB JMHAMUYECKOM
JU®PAKIIUU B KOTEPEHTHOM PEHTTEHOBCKOM MN3JIYYEHUU PEJIATUBUCTCKOI'O
SJIEKTPOHA
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PaccmaTpuBaeTcss KOTEpEHTHOE PEHTI€HOBCKOE M3IIydICHHUE ITydKa PEISITUBUCTCKUX 3JIEKTPOHOB, IIEPECEKAFONIIX
MOHOKPHCTAJUTMUECKYIO TUIACTUHKY B T€OMETpHHM paccestHus bparra. B nanHO# paboTe ydnThIBaIOCH HadalbHOE
pacxokaeHHe ¥ MHOTOKPAaTHOE OTPa)KEHHE IEKTPOHOB HA aToMax MHUIIEHHU. VcciemyeTes BO3MOXHOCTh POSIBIIC-
HUA 3 exToB TMHAMUYECKOH TU(PAKINH B YCIOBHAX MHOTOKPAaTHOTO PACCESHUS SJIEKTPOHOB ITydKa.

BILJIUB BATATOKPATHOI'O PO3CIIOBAHHSA HA ITPOSIB E®EKTIB IUHAMIYHOI JIAU®PAKIIIT
B KOTEPEHTHOMY PEHTTEHIBCBbKOMY BUITPOMIHIOBAHHI PEJIATUBICTCBKOI'O
EJIEKTPOHA

C.B. bnasxcesuu, 1.B. Konocoea, H.A. Kopenvkosa, 0.0. Masinos, A.B. Hocxos

PosrnsmaeTbcss KOTepeHTHE PEHTICHIBCHKE BUITPOMIHIOBAHHS MyYKa PEJISITUBICTCHKUX €JCKTPOHIB, IO MEPETH-
HAIOTh MOHOKPHCTAIIYHY IIATiBKY B TeOMETpii po3cisHHA bperra. ¥V ganiit po6GOTi BpaxOByBaJIHCs MOYATKOBA PO3-
ODKHICTP 1 Oaratopa3oBe BiOUTTS €IEKTPOHIB HAa aToMax MimeHi. JJoCTHiKeHO MOKIIMBICTD BUSABY €(EKTIB TUHA-
MIYHOT TUQpaKiii B yMOBax 0araTOKpaTHOTO PO3CISHHS €ICKTPOHIB ITydKa.
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