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The dynamic theory of coherent X-ray radiation by relativistic electron crossing a two-layer structure consisting
of an amorphous layer and a layer with artificial periodic structure has been developed. The process of radiation and
propagation of X-ray waves in an artificial periodic structure has been considered based on two-wave approximation

of dynamic diffraction theory in Laue scattering geometry.
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INTRODUCTION

When a relativistic electron crosses an amorphous
plate, the transition radiation (TR) arises near the
boundaries of the plate and then the TR photons propa-
gate at a small angle to direction of electron velocity
vector [1]. In the case of a monocrystalline plate, the TR
will undergo the dynamical diffraction on a system of
atomic planes in the crystal and will be reflected in the
Bragg direction, forming the diffracted transition radia-
tion (DTR) [2 - 5]. By analogy with DTR in the crystal,
an electron crossing periodic layered medium generates
TR whose photons diffract on system of layers of peri-
odical layered medium in the plate forming the DTR in
the direction near Bragg direction [6]. Together with
DTR in layered media the parametric X-ray radiation
(PXR) [7 - 9] occurs as a result of diffraction of pseudo-
photons of coulomb field of relativistic electron on the
system of parallel atomic plane in the crystal or on the
system of layers in the multilayered target.

A theory of coherent X-ray radiation generated by a
relativistic electron in the crystal were developed in the
network of two wave approximation of dynamical theo-
ry of X-ray waves diffraction in the works [10 - 14]. In
the works [10, 11] the coherent X-ray radiation was
treated in special case of symmetric reflection, when the
reflecting system of atomic planes of the crystal is situ-
ated parallel to the target surface (in the case of Bragg
scattering geometry) or perpendicular (in the case of
Laue scattering geometry). In the works [12 - 14] the
dynamic theory of coherent X-ray radiation of relativ-
istic electron in crystal was developed for the general
case of asymmetric to relate of the crystal surface re-
flection 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.

Traditionally the radiation of relativistic electron
was considered in a separated amorphous, crystalline or
multilayer target. A theoretical description of coherent
radiation of relativistic electron in composite targets
was not considered previously. The experimental re-
search of generation of coherent X-ray radiation [15 -
19] in composite structures had shown the possibilities
of considerable increase of intensity of DTR yield be-
cause of increase of target boundaries number.

Recently in [20 - 22] the theory of coherent X-ray
radiation of relativistic electron crossing composite
structure “amorphous layer — crystalline layer” and
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“amorphous layer-vacuum-crystalline layer” was devel-
oped in framework of dynamic theory of diffraction.
The expressions describing DTR and PXR of relativistic
electron in such structures were derived and investigat-
ed. The possibility of considerable increase of spectral-
angular density of DTR because of constructive inter-
ference of TR on the target boundaries was shown.

The present work is devoted to investigation of co-
herent X-ray radiation of relativistic electron crossing
the two-layer structure “amorphous layer — periodic
layered medium”. In the framework of two-wave ap-
proximation of dynamic diffraction theory of X-ray
waves in the single crystal the expressions describing
the spectral-angular characteristics of the radiation in
such structures are derived. The expressions describing
the DTR and PXR spectral-angular densities and their
interference in the considered structure have been ob-
tained for general case of asymmetric reflection of the
electron coulomb field from the layer with artificial pe-
riodic structure.

RESULTS AND DISCUSSION
1. RADIATION AMPLITUDE

Let us consider the radiation generated by a relativ-
istic electron crossing rectilinearly with a velocity V a
two-layer structure consisting of an amorphous layer (of
thickness a) and a layer with artificial periodic struc-
ture (of thickness b)) (Fig. 1).
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Fig. 1. Geometry of the radiation process and
the system of the using parameters notations, 6 and 0’
are the radiation angles, 6g is Bragg angle, k and kg
are wave vectors of incident and diffracted photons
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The dielectric susceptibility of the amorphous layer
we will designate as y, respectively. The dielectric
susceptibility of layers in periodical layered structure
are y, and y,, and their thicknesses are I, and 1,, the
periodis T =1, +1,.

While solving the problem, let us consider an equa-
tion for a Fourier image of an electromagnetic field

EK, o) = j dtd’r E(r,t)exp(ist —ikr). (1)

Since the field of a relativistic particle could, to a
good accuracy, be taken as being transverse, the incident
E,(k,w) and diffracted E (k,) electromagnetic

waves are determined by two amplitudes with different
values of transverse polarization:

E,(k,0) = EP (k,0)el’ + E? (k, w)el?,
E,(k, @) =EY (k, w)e{” + EP (k, w)e?,

where the unit vectors of polarization e’ and e{” are

O]

perpendicular to vector k, and vectors e” and e are
perpendicular to vector k,=k+g.Vectors e{”, e
are situated on the plane of vectors k and k, (7-
polarization) and e{’,e" are perpendicular to this

plane (o -polarization); g is similar to the reciprocal

lattice vector in a single crystal medium — it is perpen-
dicular to the layers of the structure and its magnitude is

2
=—n, n=0,+1+2,...
g T 1

The system of equation for the Fourier transform
images of electromagnetic field in two-wave approxi-
mation of dynamic theory of diffraction has the follow-
ing view [23]:

(CO2 (1+ZO) _kZ)EéS) + waigC(S) Eg(S) —
=87%iewVP® 5(w—kV), (3)
@’ 7,CYEY + (0’ 1+ 7,) —k)EL =0,

expansion of the dielectric susceptibility of the artificial
periodic structure over the vectors g:

2@1) =3 1,(@)exp(igr) = @
g
=3 () (@) + iz () expigr) .

The values C® and P® are defined in the system
(3) as
C® =™, €W =1, C? =cos26,,

P® =el(u/ ), PP =sinp, P¥ =cosp, (5)
where p=k -V /V? is the virtual photon momentum
vector component perpendicular to the particle velocity
vector V (u=w0/V), where 0<<1 is the angle between k
and V), 6, isthe Bragg angle, ¢ is the azimuthal angle
of incidence of radiation measured from the plane

formed by electron velocity vector V and vector g, the
value of the wvector g is shown by expression

g=2w,sin6, IV, w,is Bragg’s frequency. The angle
\Y .
between vector C\;)—Z+g and diffracted wave vector kg

is defined as 6. The equation system (3) under s=1, de-
scribes the fields of o-polarization, and under s=2 the
fields of z-polarization.

The values y, and y, for considered periodic

structure have the following view:

20(@) = I1Zl'_::|27(2 ’
/F{g(w):%( 2_)(1)' (6)

If we perform the analytical procedures similar to
those used in [20, 21] we will obtain the expressions for
the radiation amplitude. As the result the expression for
the radiation amplitude E®™ = E{), + ES), contained
the contributions of PXR and DTR radiation mecha-
nisms was derived:

. . . . . (s)Rad _ = (s) (s)
where y, = 7, +iy, is the average dielectric suscepti- Egs * =Epr + Epxrs (72)
bility, x, and y_, are the coefficients of the Fourier
2 (s) w:y C® .
g _ 8rlieVeR Z exp[i [wfo +AQJ(a+b)J_ 12 . w 5
v 207 -40) O S Y
}/g }/9
20 _ 5 @ _ g
x|exp|i—2b|-1|- 12 — + @ x|exp|i—b -1 (7b)
Vg Xo—0 "~y 270 (1 — @) 74
79 ¢] [¢]
ﬂ(l) " 1(2) _ﬂ*
0’ y,C®exp|i—=—b|—exp|i——2b
. (@0, +\(a+b) g
E(S) _ 872'2IeV6P(S) e[l (?+)VQJ 7q ] 7/9 yg y
DTR — .

(9

Y

207 (- 27)

1 1 - ) [ 1 1 J
x - — — |-exp| =i — " +y - 1. ) |+ —— — ||, (7¢)
[[92+7/2—za 92+72j ( 270( ) Xa— O =77 a0 =y

where
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. 0B Vg . 240 -
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Yo 2
v, is the angle between incident wave vector k and
vector normal to the plate surface n, yq is the angle be- sin? B® 5O 4 E—E +e
tween wave vector kg and the vector n (see Fig. 1). As ; g 2 & (9b)
the dynamical corrections |1,| << and |/1g| < @, We R =411 2 e 7 :
- +&
can show that 6=’ (see Fig. 1), and hereinafter will use [0(5’ +§§J
@ in all the occasions.
2n (s)
2. SPECTRAL-ANGULAR DENSITY d"Nore =TS =T +T +T® (10a)
OF RADIATION dadQ
2
To clarify and analyze the effects that are not associ-
ated with absorption, we consider a simple case of a thin o _ e PO 1 1 )
i " " = 2~ ~ | Rorr» (10b)
nonabsorbing target ( x, = x. =0). From (7) we have Ar? |Zé| Q2 Q2 4 X
obtained the expressions for the spectral-angular density 0 7
of PXR and DTR in the propagation direction of the )
emitted photon k, =k n, (see Fig. 1): . o per 2 . . .
2N (5) 2 p)? 2 ) — - R (10c
wd prR _ e . P ) Q : R,S()R, (%) 2 A |)((,>| Q2+Z; Qg 1 orr» (10C)
dadQ  47% |y (Qg +1) ot
where the expression R$) describing PXR spectrum
has a view
o > P® 1 1 1 1 g a 1 ' .
ir(n) = 2 ’ 2 2 7 2 2 COoS B( V.= (s) QS + Z{j RI(D‘IZR! (1Od)
4z ‘ZO‘ Qo Q(Z) + Xa Q(Z) _'_é QO +1 b v X0
X0 X0
where the expression describing DTR spectrum has the @l
following view C sm(lHJ | y )(| Ly +1, 7,
(s) 2~ A1 r_ st 2A2
14 = [l - _—
o _ 482 -, B(s) fge(s)(w)Z_’_g N |;(1'+r}(§| 0 T
Roir >—sin . (10,e) —
f(s)(a)) +& & 1+r
|
In expressions (9-10) following notations are ac- r=-2. (11)

cepted

o -or4rt0--% r-_L_
Jal
B® = 1 _L
2sin(6 -6, ) LY’
o = z - 0% +77 - 1)
C(S)|;(; —;(1'|Sin(j
1+r
27°n? w T2w? l-¢
(s) _ (s)
4 (a’)—.l.szLext[l—%[l—Qu ”zns _1H+ 2y
Lo __ 1 m _sin(6 +6g)
® T 50, o p ,|’ sin(6—6,)
1er X2~ X
where
e = oo e )
s 2 2 ’ ’ 2
Qo+ \Qp+xal g
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Parameter B® is a half of the electron path in crystal
layer expressed in the extinction lengths of wave in the

crystal L&),

In (10,a) the quantity T/ is presented as sum of the
terms describing the diffracted radiation from the first
and second boundaries, T,”and T,* correspondingly

and their interference summand T.¢.

int

The interference of PXR and DTR mechanisms may

considerably effects spectral-angular density of the re-

sulting radiation. Using (7,b) and (7,c) we will obtain

the expression describing the interference of the radia-
tion mechanisms DTR and PXR in two-layer structure

d’Ng) _ et P

int(s)

@ = , 12

dadO 472 |Zé| PXR,DTR (12a)

R P ooyl o S T
Qo+l Qo+ xil
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The contributions of interference terms in the radia-
tion spectrum R and R describe the interfer-

ence of PXR and DTR from the first boundary of amor-
phous layer and PXR and DTR from the boundary be-
tween amorphous and periodic layered medium layers
correspondently. The expressions (9), (10) and (12), de-
scribed the spectral-angular characteristics of PXR and
DTR of relativistic electrons crossing a thin non-
absorptive bilayer structure and their interference sum-
mand is the main result of the present work. These ex-
pressions can be used for analyze of spectral-angular
properties of PXR and DTR in considered bilayer struc-
ture and effects of their interference. Particularly, we can
study the contribution of the TR X-ray waves separately
from the first and the second boundaries of the structure
to DTR, and also the interference of PXR and DTR.

3. NUMERICAL CALCULATIONS

As example we will demonstrate an opportunity of
soft X-Ray wave generation in such a structure. Let an
relativistic electron with energy E=250 MeV cross the
bilayer structure consisted of amorphous tungsten (W)
layer of depth a=1 um and periodical layered structure
“carbon — tungsten” (C-W) with period T=0.01 pm.

Let us choose the angle between layers of the periodic
layered medium and the target surface 6=10° and angle
between electron velocity vector and reflecting layers
0s=5°. The calculations we will carry out for o-polarized
waves (s=1) under value of the azimuthal angle of elec-
tron incidence g=x/2, and harmonica number n=1.

The curves in Fig. 2 plotted by formulae (10,a) de-
scribe the DTR spectral density under fixed observation
angle under maximum of angular density of DTR
(6=2 mrad). The curves are calculated for different val-
ue of layer thickness b in layered medium and really
show the possibility of the generation of intensive beam
of soft X-Ray photons in considered bilayer target.

The curves in Fig. 3 describe the DTR spectral den-
sity under fixed thickness b=1 pm and different relation
ratio 1,/1; (see Fig. 1). One can see that under increase of
ratio I,/l; i.e. under increase of thickness of tungsten
layer and decrease of carbon layer the DTR became
more monochromatic.

In Fig. 4 the curves demonstrate the dependence of
angular density of DTR in soft X-Ray diapason on rela-
tion of layer thicknesses in periodic layered structure.
The curves are calculated by expression (10,a) integrat-

®
zl

where

(13)

ed by variable do
w

ISSN 1562-6016. BAHT. 2016. Ne3(103)

®) ®)
sin| B %) Icos B—Z‘;) , (120
& 2 2

150

d*N{
@ —LDIR.

)
DIR

dodQ)

/,
7o 0.3 b= 1lum

b =0.5um
100 i

50

ol AVRVAE

200 600 800

o, eV
Fig. 2. DTR angular density for different values
of layered medium thickness b and fixed ratio I, /1,
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Fig. 4. DTR angular density for different ratios of layer
width in layered medium under fixed value b =1um

CONCLUSIONS

In the present work the dynamic theory of coherent
radiation generated by relativistic electron crossing a
composite bilayer structure consisting of an amorphous
layer and a layer of periodic multilayered medium has
been developed. The expressions describing spectral-
angular densities of PXR, DTR and their interference
summand in such a structure have been obtained. The
possibility of the generation of intensive beam of soft

97



X-ray photons in considered bilayer target has been
shown. It has been shown that under change of the rela-
tion of depth of the layers in periodic layered structure
the spectral-angular characteristics of DTR significantly
change. The high angular density of DTR in diapason of
soft X-ray radiation in considered structure has been
demonstrated.
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KOI'EPEHTHOE PEHTTEHOBCKOE U3JYYEHUE PEJATUBUCTCKOI'O 3JIEKTPOHA B CTPYKTYPE
«AMOP®HBIN CJION — TEPHOJNYECKAS CJIOHUCTAS CPEIA»
C.B. Brasxcesuu, 10.A. /Ipvicuna, C.H. Hemuyes, A.B. Hockos
Pa3Bura quHAMHYECKas TEOPHUs KOTEPEHTHOTO PEHTI€HOBCKOTO HM3JIYYCHHS PEISITHBHCTCKOTO JJIEKTPOHA, MEPECEKArONIEro
JIBYXCIIOWHYIO CTPYKTYPY, COCTOSIIYI0 M3 aMOP(HOTO CIOS M CJOS U3 MCKYyCCTBEHHOW MEPHOTMYECKON CTPYKTYpHI. IIporecc
U3JTyYCHUS] U PACIpPOCTPAHEHHs PEHTICHOBCKUX BOJH B MCKYCCTBEHHOIl MEPHOTUUECKOI CTPYKType paccCMOTpPEH Ha OCHOBE
JIByXBOJIHOBOT'O MPHUOJIVDKEHNSI INHAMUYECKON TeopuH An(pakiiK B reOMeTpUH paccesiHus Jlaya.

KOT'EPEHTHE PEHTTEHIBCBKE BUIIPOMIHIOBAHHS PEJISTUBICTCBKOI'O EJIEKTPOHA B CTPYKTYPI
«AMOP®HHUM LIAP — IEPIOJANYHE IIAPYBATE CEPEJOBHIIE»
C.B. bnasxcesuu, 10.A. /I[puzina, C.M. Hemuyes, A.B. Hockoe

Po3BHHEHa THHAMIYHA TEOPis KOTEPEHTHOT'O PEHTI€HIBCHKOIO BHIIPOMIHIOBAHHS PEJIATHBICTCHKOTO €IEKTPOHA, LI0 IepeTH-
Hae J[BOLIAPOBY CTPYKTYPY, L0 CKIAJAETHCS 3 aMOPGHOTro Mmapy i mapy 3i mry4Hoi nepiognyHoi cTpykTypH. IIpouec Bumpomi-
HIOBaHHS 1 MOLIMPEHHS PEHTICHIBCBKUX XBWJIb Y LITYYHIN MEpioJM4Hiil CTPYKTYpi PO3IIISTHYTO HA OCHOBI JABOXBHJIBOBOTO Ha-
OmKeHHs AMHaMivHo1 Teopil nudpakiii B reomeTpii poscisuus Jlaye.
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