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Ratio of the Parametric X-Radiation Yields in the Bragg Direction
and along the Relativistic Electron Velocity in the Bragg Geometry

S. V. Blazhevich and A. V. Noskov
Belgorod State University, Belgorod, Russia

Abstract— Parametric X-radiation (PXR) and parametric radiation at a small angle to the relativistic electron
velocity (FPXR) that arises from electron motion through a monocrystalline plate in Bragg scattering geom-
etry are analyzed on the basis of the dynamic diffraction theory. The expressions for spectral-angular densities
of these radiations have been derived in the general case of asymmetric field reflections from a target surface.
They make it possible to reveal the noticeable dependence of the ratio of the PXR and FPXR yields on the
angle between reflecting atomic planes and the surface of a monocrystalline plate, i.e., reflection asymmetry.

INTRODUCTION

When a charged particle crosses a monocrystal,
pseudophotons of its Coulomb field are scattered by a
set of the parallel atomic planes of a crystal, generating
parametric X-radiation (PXR) [1—3]. According to
the theory of PXR, each photon generated in the
Bragg direction must correspond to a photon moving
along the emitting particle velocity [4—6]. PXR along
the emitting particle velocity (often referred to as for-
ward PXR (FPXR)) is a purely dynamic effect (the
manifestation of the effects of dynamic diffraction in
PXR). Hence, its features are of great interest for the
physics of charged-particle interaction with crystals.
Attempts at experimental investigations are known
[7—11]. However, this radiation has first been mea-
sured in the Laue scattering geometry only in experi-
ment [11]. The desired FPXR reflection was almost
indistinguishable against the background of radiation
produced by electrons on the structural components of
the experimental setup. Thus, theoretical investiga-
tions of FPXR properties and searching for conditions
ensuring its reliable experimental observation remain
very urgent problems.

Detailed theoretical descriptions of the dynamic
FPXR effect in the symmetric geometry were reported
in [12—14]. In the general case of asymmetric reflec-
tions, theoretical descriptions of PXR and FPXR can
be found, respectively, in [15—17] and [18, 19]. In
these studies, the spectral-angular radiation density
was shown to be substantially dependent upon reflec-
tion asymmetry for the mentioned mechanisms and
effects related to asymmetry were revealed. The ratios
of PXR and FPXR yields in the Laue geometry were
discussed in [20], where it was found that the ratio of
yields can vary cardinally with a change in asymmetry.

In this study, on the basis of the two-wave approxi-
mation of dynamic diffraction theory [21], analytical

expressions for the PXR and FPXR amplitudes were
derived under the general condition of asymmetric
reflections and expressions describing the spectral-
angular densities of these radiations were obtained.
They were used to investigate the dependence of the
ratio of yields on reflection asymmetry in the Bragg
scattering geometry.

RADIATION AMPLITUDE

It is assumed that a fast charged particle with con-
stant velocity V crosses a monocrystalline plate in the
Bragg scattering geometry (Fig. 1). Let us consider the
equations for the Fourier transform of an electromag-
netic field:

E(k, 0) = J.dt IrE@r, nexp(ior —ikr). (1)

With a high degree of accuracy, a relativistic parti-
cle field can be assumed to be transverse. Therefore,

incident Ey(k, o) and diffracted E(k, o) electromag-
netic waves is defined by two amplitudes with different
values of transverse polarizations:

Eok, 0) = Bk, o)el” + E(k, o)e,

(2
E k, 0) = E'(k, o)e{’ + EX(k, o)el”,

where unit vectors egl) and egz) are perpendicular to

vector k and unit vectors egl) and eﬁ” are perpendicular

@

to the vector k, =k +g. In addition, vectors e, and

eﬁ” lie in the plane of vectors k and K, (7 polarization),

vectors egl) and egl) are perpendicular to this plane

(o polarization), and reciprocal lattice vector g
defines a set of reflecting atomic planes in the crystal.
In the two-wave approximation of the dynamic theory
of diffraction, the system of equations describing the
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Fourier transform of an electromagnetic field is writ-
ten as [22]

(co2(l + Xo) - k2Eo )+ 026 CES TE {9
- Sn2e(oQvP¥E{0- KkV), ®)
®%C<tel)+ (or(l + X0 - K)EY - o
where =4, +/-/”is the average dielectric suscepti-
bility ofa crystal and xg and x_gare the Fourier coef-

ficients of expansion of the dielectric susceptibility in
terms ofreciprocal lattice vectors g

Xco, r) = *Xg(®)exP'gr
g
= + 2Xg'(®))exp/gr.

4

Let us consider a crystal with central symmetry

(Xg = X g)- Quantities /j, and  in (4) are defined as
xXg =X {F(9)/Z) (S(9)/NO) exp (- i g2
®)
2 2
Xg = Xoexp

Here, 1(g) is the form factor of an atom containing Z
electrons, ~(g) is the structure factor ofan elementary
cell containing N Oatoms, and wris the rms amplitude
of thermal oscillations of atoms in the crystal. In this
paper, we are concerned with the X-ray frequency

range, in which xj <0 and Xo < °.
In system (3), quantities C{ and P™ are defined as

CisT) - eog5=(-1)TCW, C(D=1 C@ = Icos20p

(6)
Pig - eo’(fillj,),

Here, ft = k- coV/f2 is the virtual-photon momen-
tum component perpendicular to particle velocity V
(Ii = co0/F, where 0 < 1listhe angle between k and V),
0Bis the angle between the electron velocity and a set
of crystallographic planes (the Bragg angle), and @is
the azimuthal angle of radiation (its value is counted
off from the plane formed by vectors V and g). The
value of the reciprocal lattice vector is determined by
the expression g - 2coBsin0B/F, where eoBis the Bragg
frequency System (3) describes ,v-polarized fields ifv= 1
and x = 2 and cj-polarized fields if v= 2. In addition,

P4a - sincp, P{) - coscp,

x= 2if20r < —and x = 1 otherwise.

2
Using the standard methods ofthe dynamic theory
[21], we can solve the following dispersion equation
for X-ray waves propagating in the crystal, which is
derived from system (3):

(co2(l + Xo) - £2)(co2(1+ Xo) - k2) - ®4X-gXgCPH =0 (7)

Fig. 1. Geometry of a radiation process: 9 and 9' are the

radiation angles, 9B is the Bragg angle (an angle between
electron velocity V and atomic planes), 8 is the angle
between the surface and atomic planes under consider-
ation, and k and kg are, respectively, the wave vectors of

incident and diffracted photons.

The projections ofvectors k and kgare found as

N0 m m >0
2cos\|[/0  COS\//0

X0 -
2cos\|/g

kx - cocos\|/0 +

(8)
kgx - cocos\|/g + [
cos\|/g
In this case, we use the known relationship between
dynamic corrections /., and X [21]:

co
_ cop h. ©)
Yo

Here, p=a-X 1- a = -K{Kl - k2),

I Yol co'
y0 = cos\|/0, yg = cos\|/g, \|/Ois the angle between the

wave vector k ofan incident wave and the normal vec-
tor to the plate surface n, and \|/gis the angle between
wave vector kg and the normal vector. The values of

vectors k and k,, are
(10)

k=W 1+ Xo+>0> kg= ohjl+ Xo+

Assuming that R\ ~ cosin W/, and k,, ~ cosin W/, we
obtain

(
o< -P+,|p2+4XgX-g
4yg

1,2

(11a)
Yoy
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202 %(B + JW + Ay C ﬁj. (11b)

Yo
Since [Lg| < ® and |L,| < o, the approximate equality
0 ~ 0" holds (Fig. 1) and, hence, 0’ is used instead of 6
below.

Under vacuum conditions, the solution to the first
equation in system (3) for the incident field is written as

e 1 _ 8nieVOP" 12 6(7;5 7»0)
@ %o —=ho
. (12)
2. (s)
_ 8nlieVOP 1 5 X:—kg),
® vo[ "y Jm;wgmj
[vel O Ve
where A _ B ygko, Ly o= o m,
2 Y 2

(%52 :l%ls(xg D).
0

The solutions to Egs. (3) for the incident and dif-
fracted fields of a crystal are written, respectively, as

Under vacuum conditions, the incident field and
the diffracted field behind the crystal are defined,
respectively, as

8nlieVOPY 1
® - 2

"o (14)
x 80hy — M) + Eg”Rada(xo + %)

_ E(S)RadS(kg N %)’

E(gs)vac 11 —

E;s)vac (15)

g
where E% and E;S)Rad are the coherent radiation
fields in the electron velocity direction and along the
Bragg direction, respectively.

The diffracted and incident fields of a crystal are
related by the expression following from the second
equation in system (3):

B = 220)%5 oL
O %L

To determine the amplitude of coherent radiations

(s)cr

(16)

E™ and E;S)Rad, let us impose the ordinary boundary
conditions on the input and output surfaces of the

o B Zwyg ) crystalline plate, which are written, respectively, as
s - - 0 s)vac S)cr
L 8nlieV P Yo ng Yool g = ng g
(D ﬁ — (1) - (2) (13a) s)cr s)vac
e (R0 =2} (o =27) [Ean, = (£ b, (17)
s (Y] 5 2)
X 8o —Ag) + E 800 =05y + Y800 — 1), [E exp(iﬁLjdxg =0,
S, T y
E(s)cr _ 8n2ieV9P(s) wzxgc( ) (syvac I i (s)er
g - 2 EO d}\.o = EO d}\.o .
Q)
48 (h =28 ) (e =10
yz g g g g (13b) day oy
1 : . e g = (BT p,. (176)
* (" m (5 @ 0 0 0
xa(xg—xg)ﬂz 800 — 20y + B9800, —1.2), .
2 Yo
where F ©” and E9 are the free fields corresponding J. E dho = 0.
to two solutions (11b) of dispersion equation (7). For the coherent radiation fields, we obtain
Eg(s)Rad _ 8nieVoPY
Q)
A @
®1C" 7 exp ( O%o 4y, )L 2wexp|i—t—2-1
i 1 Te

] a2
Ve 1_exp(i—”g he LJ , (18)
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s © eXp( (O)Xo + ) ]
FORa 8nieV 0P 2 Yo

0 ® . 7\‘(2) 7\‘ 5 7\‘(1) 7\‘*

k()exp = —=0r k()exp j =2 Sr
Yo Yo
Q) 4% M _ g%
y kf:) 0] + Q)] - l—exp l.?xo 7Lo L exp l.?mo 7¥o L (19)
—ox, — 200 200 —AD) Yo Yo

_ k(gl) ® 4 ()
—wy, —2h8 200 =)

M) o @
x|1—exp iuL exp IML
Yo Yo

To perform subsequent analysis, it is convenient to

represent xg“), Xgl 2 ,and X

' (S)

ALY _ o ’(am _ipY(+e)

2¢ 2 (20a)
2 2 2 2
¢ \/am —e—ip (1 + 9D — 2y — p ((1 +48) W gjj
wlyC” )
PNSR el | P _ip d+¥)
£ 2 2
(20b)
2 2 2 2
+ \/am —e—ip (1 + 9E — 2cVg) - p© ((1 28) @ gjj
s)
alys o
2= ; (26 - ip" ~ &™), 1)
where Since the inequality 2sin”0y/V>| %,C | 1, holds
©) el (1 + 8) in the X-ray frequency range, n(s)((o) is the fast function
¢ =t ( ) ( ) + of frequency . Hence, when the properties of PXR and
i) o) diffracted transition radiation (DTR) will be analyzed
v = %€ |, pV =Ko o Ve |, k¥ = %l below, it is convenient to accept n(w) as a spectral vari-
| %o | | %, CY | Yo %o able characterizing frequency .. Note that the obtained
@) = —%— (22) formula involves n“(o), a &m( o) = 1Y)+ (1 +(Sg)),
2 | 7:C | where the second summand appears from the refractlon
_ 2sin’ GB wp(l +Ocospcot Bp) 1), effect, rather than y, = cosy, < 0. In derivation of for-
V |.C | o mula (20), it was assumed that, in the radiation geometry
g

under consideration, an angle between the diffracted
5 = _(9 + y _ Xo) photon momentum and the normal vector to the crystal
|

| %:C surface is blunt. Therefore, y, = cosy, < 0.
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Fig. 2. Asymmetric (g > 1 e < 1) radiation reflections from

the crystalline plate. In the case of £ = 1(8 = 0), a symmet-
ric reflection is observed.

Parameter s in (20) can be represented as s =

sin (0B- 8)/sin(0B+ 8), where 8isan angle between the
input surface ofa target and a crystallographic plane. Ata

fixed value of 0B, parameter s determinesthe orientation

ofthe input surface ofa crystalline plate with respect to a
set of diffracting atomic planes (Fig. 2). If the angle

(OB+ 8) of electron incidence on a target decreases,
parameter 5 becomes negative (in the limiting case,

8 — -0 B) and, subsequently, its absolute value grows,
causing the value ofs to increase. I1fthe angle ofincidence

Ag ™ = PR

increases, a decrease in s is observed (in the limiting case,
8 —0b)-

Parameter v’ characterizes the degree ofwave reflec-
tion from a set of parallel atomic planes in the crystal,

which depends on the type (constructive (V'L 1j or

destructive (V'1~ Q) of interference of waves reflected

from atoms of different planes. Dynamic diffraction
effects arise only when constructive interference occurs,
i.e., owing to strong reflections ofwaves from a set of dif-
fracting atomic planes ofa crystal.

As is clear from formula (20a), there is a frequency
range in which waves emitted near the input surface are
completely reflected inside the crystal by atomic planes,
not propagating forward. In this frequency range, the

wave vector k'L2>= oy\ + % + /J!'D has complex values
even when there is no absorption (py = Qj, i.e., at the

negative radicand offormula (20a). This frequency range
is called the complete reflection region and defined as

ST csor —vi- ttS<ng<evi- 1t
2v" 2v

is) m

(23)

Thus, the region width is determined by the value
of2>/s.

SPECTRAL-ANGULAR RADIATION DENSITY
IN THE BRAGG DIRECTION

Let us consider coherent radiation of a relativistic
electron in the Bragg direction. Since PXR and DTR

contribute to the radiation field, amplitude /:Rid can
be represented as a sum of PXR and DTR amplitudes:

2 t
© ngl(s’ ) exP

. ievQp®
B P

\
20 A?exp A9
200exp Ag~AgL
®
ly
LV ’
2adexp -L
\ ©
-0 ffc-v " 27N -X

Yg "N

DR (24)
Y*y
(2 o~
“Ag L L Alexp -L
JJ
1- exp mL (24b)

(. ._\
1- exp jhizhLL



RATIO OF THE PARAMETRIC X-RADIATION YIELDS IN THE BRAGG DIRECTION

cozng(s’ Y exp (i (% + k:)ij

e

2, (s)
E]()S%R _ gn'ieVOP

7\’(2) 7\’(1)
@ 2@(7&? exp(—i—gL —kg) exp| &L
Yg Yg

1
|Yg|

WYg Tg

IE:

Expression (24b) defines the PXR field amplitude, and
(24c¢) describes the amplitude of the DTR field arising
when transition radiation generated on the input sur-
face is diffracted by a set of the atomic planes of a crys-
tal. According to expression (24b), two branches of
dispersion relationship (11) contributing to the PXR
yield are possible, which correspond to two excited
X-ray waves that are formed simultaneously with the
equilibrium electromagnetic field of a fast particle.

7\’(2) 7\’(1)
X 1 S (exp(—i—gL —exp| -5 L1||.
Yo( 2ﬁx*+BY_oj 2|V—0|x;’; Te Ve
g

(24¢)
for the spectral-angular density of X-rays,
d*N 2 6 . (s)Rad|?
® =0 (2n) EV 25
G =oen Zl| (25)

and using (20), we obtain the expressions for the spec-
tral-angular distribution of PXR:

2 2
o Nixg _ ¢’ PY¢’

3 Rixr, (26a)
Substituting (24b) into the known expression [22] dodQ n (E)2 + y’2 - X'o)2
01 _ ITTSING) a1 IOV
RO =|Q(+)1 exp( ibA; )_Q_(jl exp( ib A,) (26b)
PXR | A© A® AD AL |
A z
Here, the following designations are introduced:
AG (am _KY—ip® 1 ; s) exp(—ib(”A(j)) 3 (am L KY — ¥ 1 ; s) exp(—ib(”A(f)),
QY = s((cr(s) —ip¥y. exp(—ib(s)Aﬂ_f)) + A(ﬁ)),
a0 8T EKY o el 27
h € 2€
' (S)
2 2 2 2 5 o Xg C
K9 = \/am e —ip™((1 + e — 2cg) — p ((1 +48) @ 8)’ pY = ——— yL
0

Parameter b is the ratio between the half path
L/(2y,) of an electron in the crystal and X-ray

. in the crystal. Function
opC®

g

extinction length

RI(f))(R describes the PXR spectrum.

Let us consider a thin target (b(s)pm < 1), In this

case, absorption coefficient p(s) can be neglected.

To observe the dynamic effects, we consider a crys-
tal having a thickness within which the electron
path length in the plate (I/sin(8-0p)) is many
times greater that the X-ray extinction length

-1

ext v 4(s)
e

g
describing the PXR spectrum is written as

In this case, expression (26b)

@ aNT)
pxr T Rpxr

5 (s)
Ry = Rixg + (28a)
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©z® [ 6%
. —_ — 8 s
0 _ g’ _ ? sin?| 2| & —VE” —e o
o : - : 8 (28b)
PXR — = . ,
2 () fels) o e
g —&+esin’ {—b i 8} E7-NEY —& cgwl
& €
() ’ (s) 2 sin? ﬁ (tﬁ(S)—'—— “‘tﬁmz_g —-g®
o (‘t’ e - S) ’ i (28¢)
PXR — = . , c
2 (s) (s) _ s B 2
g —g+esin’ {—b \/(t’ 8] £V +ye” —e c<s>}
& €
(s)* _ s ) ~
cos bmg cos (b(s) (i _ G(s)jj —cos b(s) € €
INT)® € € € &
RI(’XR = . (28d)

() ) b(s)\/a(s)z —g
£ —g+egsin’| ——=2——
€

The PXR spectrum is represented as a sum of the spectra

(5) )
of two branches of excited X-ray waves (RI(};(R and R&R)

.. (5)
and their interference summand RI(,?(\IRT )

SPECTRAL-ANGULAR RADIATION DENSITY
ALONG THE EMITTING PARTICLE VELOCITY

Radiation field E{"™®* contains the contribu-
tions of FPXR and transition radiation (TR).

Since experimental investigations of FPXR are
hampered mainly by the interfering influence of
the TR background. It is very important to repre-
sent amplitude Eés)Rad as a sum of FPXR and TR
amplitude:

)
E FPXR

*
0

R _ g6 g (29a)
Norn x\ L
exp| i[—2L+ A )—)
_8n’ieVOPY o ( ( 2 g
® x @ _ 4% o
2n K(gl) exp(z’—k0 » Ay L] —ngz) exp(z’ko » it L] (29b)
o 0

1)y (D
A0

g

214 @

) { A2
* 2)

Lo —hg

@
1 —exp lu
Yo

Eﬁ){ _ 8n2ieZGP(S)

M) 5%

L ||exp iko XOL -
Yo

exp(i

ﬁa@—XQnm{ﬂ

Yo

x| 1—

Ap =0y
()
2

2)
0

A o LJ

W) _ % @ 4%
1-exp iuL exp iuL ,
Yo Yo

® o
2

.Lj______
Yo/\wy, + 205

(29¢)
Yo

Q) %
Kg) exp (iuLJ - kfg2) exp (i

Yo

AY = s
Yo

L]'
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Subs.tituting (29b) .into (25) a}qd using (20), we NG 2 P(S)262
obtain the expressions describing the spectral- R — — RSx, (30a)
angular density of FPXR in a thin nonabsorbing dodQ 7@ +y7 —yp)
crystal: 5 o o @
RI(JI)’XR = RI(JII)’XR + R%XR + Rggglg ) (30b)
sin? ﬁ{ﬁm —yEY _S_G(S)D
2 €
(s) 1
Repx = —2, (30¢)
) ) [e©® _ s / 5)?
£ —g+esin’ {M] gV -vg” —e G“)}
€ €
sin? ﬁ{ﬁm +y& —¢ G(S)D
R = ! ’ i (30d)
2 2 2
, ©) e _ 9, Jeo?
g —8+sﬁn{%—l§——iﬂ éﬁi_éf_:E_GM}
€ €
R - 1
€
(30e)

0% )
cos {b(s) g} {cos (b(s) (a
€ €
x

_ GmD ~cos| 5 £ —¢
€

RATIO BETWEEN THE YIELDS
OF PARAMETRIC AND FORWARD
PARAMETRIC X-RAYS

The contribution of the second ((28c) and (30d))
and first ((28b) and (30c)) branches to the PXR and
FPXR spectra is significant if the respective equations
have solutions:

£ () +48" (0)" —& 6™ =0
€

im ((D) — (32)

€
By solving Eqgs. (31) and (32), we determine the
central frequency of the spectrum of PXR photons
emitted at the fixed angle of observation. Equations
(31) and (32) indicate that the PXR spectrum maxi-
mum is always localized beyond the complete reflec-
tion (extinction) region:

(G(S)\/é - 1)2

(8)

€1V

£ (o) —¢

6" =0.

Ew) = Ve + > e, (33)

26

(s) 2
S
€

2
6 — a(S)
2
€

Hence, in the case of a thin crystal, PXR and FPXR
spectra are correctly described by formulas (28) and (30).

It can be shown that Eq. (31) has the solution if the
condition

8>% or € > v 3 (34a)

%o

i

is satisfied.
Equation (32) can be solved only if the condition

8<LOI' e< v

(¢

(34b)

holds.
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W)

Fig. 3. PXR and FPXR spectra at the reflection asymmetry
8= 0.8.

(s)

The parameter vy = is close to unity;

Xo
X-rays are strongly reflected by atomic planes, and its
value is close to zero if weak reflections occur. Since

® <1 inequality (34a) is fulfilled solely when

e > vo)z.ln this case, only Eq. (31) is solvable and the
PXR and FPXR yields are contributed by the second
branch of the solution to the dispersion equation. For

e <v¥ the fulfillment ofinequalities (34a) and (34b)
is determined by observation angle 0 and electron
energy y. Therefore, two branches of excited X-ray
waves can contribute to the PXR and FPXR yields.

Since parameter s affects the PXR and FPXR spec-

tra described by respective quantities /A'Xrand /M PR,
it is ofinterest to consider the influence ofasymmetry
on the ratio between the amplitudes of these spectra.
Let us assume that inequality (34a) holds. Therefore,
the second branch of PXR and FPXR provides the
main contribution to the radiation yields. According
to (28c) and (30d), the ratio of spectra iswritten as

EBe

p(2f
* FPXR

le®) + 6 (35)

With allowance for (33), expression (35) implies
that the PXR yield is much greater than the FPXR

yield (2R i#XR) if s > 1and e ~ 1 This fact is
illustrated by the curves depicted in Fig. 3. Calcula-
tions were performed using formulas (28c) and (39d)
and parameters presented in this figure. As might be
expected, the PXR yield substantially exceeds the
FPXR yield.

Tw(©

Fig. 4. PXR and FPXR spectra at the reflection asymmetry
s=02

When asymmetry parameter s decreases (i.e., ifthe

angle of particle incidence on a target ((8 + 0B) in
Fig. 2) increases), it follows from (35) that the PXR
intensity at a small angle to the particle velocity can
noticeably exceed the PXR intensity in the Bragg
direction:

N (36)
as evidenced by the curves in Fig. 4. In this case, the
PXR photon will leave from the plate at a small angle
to its surface (Fig. 2).

Using Eg. (31) the solution to which is the fre-
quency corresponding to concentration of the PXR
photon spectrum in its neighborhood and the maxi-
mum ofspectrum (33), it is possible to represent ratio
(35) in the form

( \2
9
Rpxr _ S 1 37)
(2)s 9
RFpxR Xo Y Xo

This ratio enables us to estimate the relative contri-
bution of radiation, which depends on observation

angle 0, the emitting particle energy determined by

Lorenz factor y, and parameter v®. It follows from
(37) that, at smaller angles of observation, the FPXR
yield exceeds the PXR yield still more when the values
ofasymmetry parameter s are small.

At the maximum of angular PXR density
(12, x, we obtain
f
Rex _ 25 +1 (38)
@) 2
Rrpxr Y Xn
v )
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Fig. 5. Angular densities of PXR and FPXR at parameters
identical to those in Fig. 4.

Since the value of parameter v (9 is always less than
unity, ratio (38) indicates that the PXR yield always

exceeds the FPXR yield at y2i'0 <L 1. The ratio of
radiation yields substantially depends on asymmetry

onlyify2Xo - 1-

Letus consider the influence ofreflection asymme-
try on the ratio of the angular densities of radiations.
For this purpose, it is necessary to integrate expres-

sions (26a) and (30a) over frequency functions rj'(co):

i9
dNP)zR _ e'p(s> 77(5)

: (39a)
dD  2n2sin29,~ %

fp@R - V©' . \] PpxR dr|W(co), (39b)

9
Xo Y Xo

AMpxr ePisr Fi>

) 40
do. ans‘mzb”-FPXR: (402)

Xo
(s) is)
FPXR

j"Mpxrdr{ \ k3. (40b)

+1
Xo Y Xo

Figure 5 presents the angular densities of PXR and
FPXR constructed, respectively, from formulas (39b)

and (40b) at -r y, > 1. The depicted curves indicate

Fig. 6. PXR and FPXR spectra at the reflection asymmetry
s=01

that the angular density of PXR along the emitting
particle velocity still more exceeds the angular density
of PXR.

Let us assume that inequality (34b) is fulfilled.
Therefore, two branches can provide the contributions
to the radiation yields, and the interference can be
insignificant. In this case, according to (28b) and
(30c), the ratio of PXR and FPXR spectra for the first
branches of X-ray waves is written in the form

(@r
PXR
(1)ys

FPXR

From comparison between (35) and (41), itis clear
that the FPXR yield exceeds the PXR yield even more
at small s ifthe aforementioned inequality holds.

The fulfillment of inequality (34b) can ensure a
decrease in asymmetry parameter s. In connection
with this, the FPXR spectrum amplitude is much
greater than the PXR spectrum amplitude, as con-
firmed by the curves in Fig. 6. In this case, the main

= 15() - -s (41)

contribution is determined by the first branch /* PRof

PXR and interference summand /"(Eﬁaa (Fig. 7), and
the angular density of FPXR still more exceeds the
angular density of PXR, as demonstrated by curves in
Fig. 8.

CONCLUSIONS

In this study, the analytical expressions for the
spectral-angular radiation density along the emitting
particle velocity and in the Bragg direction have been
derived under the general condition of asymmetric
reflections in the Bragg scattering geometry according
to the two-wave approximation ofthe dynamic theory
of diffraction. Analysis of the derived expressions has
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Fig. 7. Contributions of two branches and their interfer-
ence summand to the PXR spectrum.

shown that the ratio of PXR and FPXR yields depends
noticeably on the angle between diffracting atomic
planes and the surface of a crystalline plate (8) and,
therefore, on reflection asymmetry parameter s if the
angle between the electron velocity and a set of dif-
fracting atomic planes ofa crystal (the Bragg angle 0B)
is fixed and the electron path in the crystalline plate

(2b{9) remains unchanged.
A decrease in the parameter s = sin(S—0B)/sin(8 + 0B)

(anincrease in the angle (8 + 0B) of electron incidence
on the crystalline plate) decreases the spectral-angular
PXR density and increases the FPXR density, which
begins exceeding the PXR density. In this case, each of
the two branches of PXR and their interference can be
substantial ifasymmetry parameter s <€ 1
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