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Abstract

Self-diffracted Cherenkov X-rays emitted from relativistic electrons penetrating into the periodic multilayer nanostructure are consid-
ered in this work. A distinction is made between this radiation and known parametric X-rays for Bragg scattering geometry.
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1. Introduction

Coherent scattering of the Coulomb field associated
with a fast charged particle moving through a medium with
periodically changing dielectric susceptibility y(w,r) =
Zo(@) + 37, 2, (@)™ brings into existence the electromag-
netic radiation known as the parametric X-rays (PXR)
[1-3]. Traditionally, PXR is considered as a source of
quasimonochromatic X-rays in the frequency range where
¥o(®) < 0. The emission process in this event is character-
ized by the strong difference between dispersion laws for
primary virtual photon of emitting particle Coulomb field
and for real photons of emission field. It is therefore con-
cluded that the condition of Bragg resonance between pri-
mary and secondary photons cannot be asserted exactly
(resulting in suppression of the manifestation of dynamical
diffraction effects in PXR). The situation can be changed
substantially in the vicinity of a photoabsorption edge of
target’s material where the average dielectric susceptibility
yo(w) can take positive values and the Cherenkov effect
becomes possible. In conditions of Cherenkov effect the
nature of primary and secondary photons in PXR process
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is the same. Because of this the role of dynamical diffrac-
tion effects in PXR increases. Particularly, an essential
growth of PXR yield can be realized in conditions under
discussion [4] due to the modification of the effect of anom-
alous photoabsorption in PXR.

The result [4] has been obtained for Laue scattering
geometry. Meanwhile, the Bragg scattering geometry is
more adequate for real experiment. Indeed, the inequality
yo(w) > 0 for X-rays can be fulfilled above all in the range
of soft X-rays (w ~ 100 eV), therefore the period of used
periodical structures must exceed substantially the value
common to the distance between atoms in a crystal. The
most suitable of such structure are one-dimensional multi-
layer nanostructures used in X-ray optics. Obviously, only
the Bragg scattering geometry can be realized in an exper-
iment devoted to PXR generation from the multilayer
nanostructure. The task being discussed is considered in
this work.

The main goal of our studies is to show the strong mod-
ification of PXR spectral-angular distribution in the vicin-
ity of a photoabsorption edge of target’s material where the
real part of the medium dielectric susceptibility can take
positive values. Distinctions between the diffraction of
virtual and Cherenkov photons are analyzed in detail.
In addition to this the possibility to generate an intense
X-ray beam on the base of proposed approach is shown.
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The paper is organized as follows. In Section 2 we pres-
ent the general expression for the total emission amplitude
including the contribution of parametric and diffracted
transition radiation mechanisms. The general analysis of
the peculiarities in emission characteristics caused by
anomalous dispersion of target’s dielectric susceptibility is
performed in Section 3. The results of numerical calcula-
tions are presented in Section 4. Our conclusions are given
in Section 5.

2. General expressions

Let us consider an emission from relativistic electrons
penetrating into the target as it is shown in Fig. 1. In the
case of a one-dimensional structure consisting of alterna-
tive layers with thicknesses ¢ and b and susceptibilities
%« and y, respectively, the quantities yo(w) and ye(w)
determining the periodically changing dielectric suscep-
tibility of the multilayer nanostructure are given by the
expressions

A — a A, b ’ — 1!
/(O(w) == Xa + = XAby Kap = /Ca,b + I/Ca,b7
T T
1= eig-a (1)
1g(®) = — (Za — 1)
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where T=a-+ b is the period of multilayer structure,
g=eg g=02n/T)n, n=0,+1,£2,...,e, is the normal
to the surface of the target (see Fig. 1).

To determine the emission properties one should find
the Fourier-transform of the electric field

Fig. 1. The geometry of the emission process. A multilayer nanostructure
is positioned at the Bragg condition in an electron beam, g is the reciprocal
lattice vector, ey is the electron-beam axis, e; is the photon collimator axis,
¢ is the emission angle, 6’ is the orientation angle, which may be changed
by the goniometer, @) and ¥ are the components of the angular variables
® and YW parallel to the plane, determined by the vectors e; and e,, @, and
¥, are the components perpendicular to such a plane.

E, = (2n) " / d’rdee " E(r, ), @)

by means of the ordinary Maxwell equation
!
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where V is the emitting electron velocity. Within the frame-
work of two-wave approximation of dynamical diffraction

theory the system (3) is reduced to simple equations
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where new quantities have been defined by the expressions
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Eq. (4) describes the electromagnetic field inside the
multilayer structure. The corresponding wave equations
for field components E}, and E},/g in the vacuum outside
the target follow from (4) in the limit y = x, = 0.

The solution of the task being considered has been
obtained, for example, in [5] for semi-infinite absorbing
crystalline target and in [6] for the multilayer nanostructure
with a finite thickness. In the case of high-absorbing target
under consideration the model of semi-infinite multilayer
nanostructure is quite adequate, so we are entitled to use
the results [5,6]. Following [5] one can obtain the final
expression for the Fourier-transform of diffracted field in
the vacuum E}, in the form

EYg :a*k\5<k)‘+g_ \/r_kﬁ)’

I iwley, o eV 1
ARV At~y | 0=k -V V) +5(AF Kk7)
1
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(6)
The sign (+) in (6) depends on the solution of dynami-

cal diffraction task and will be determined below. To
find the emission amplitude A;, one should calculate
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Fourier-integral £ = [ d’k e EY oo — Aim C"VW (ky =
k + g, n is the unit vector to the direction of emitted photon
propagation). Calculating Fourier-integral by the station-
ary phase method and using the angular variables ¢, 0’,
® and Y presented in Fig. 1 one can obtain the final for-

mula for the emission amplitude

e /gOC;Q 1 1
A, == i 2 2 ’
nTEd, —ig \y2+Q Y=g+ Q2 —1F9;

(7)
where y is the Lorentz factor of the emitting electron,
v =2sin” (§) (2~ 1) = 2, 0f = on(1+ (0 + O))crg(3)),
wp = 25ing ) is the Bragg frequency, Q* = Q% + Q2 Q=
@L — 'PL, 92:20, + @H + SUH, o = 1, Op = COSQ. The
important quantity é; proportional to x; in (6) is deter-
mined by the formula

6 =7 — B — 2izi(c + B, ®)

where B, = (sin (ng)/n)|x, — xploes, 0, = sign(x, — 1) x
(sin (n%)/m) (%2 — x;)o./ 1y Returning to the general for-
mula for the emission amplitude A4; it should be noted that
the top sign in front of the coefficient ¢, corresponds to the
frequency range where 7(w) > 8, and the bottom sign cor-
responds to the inequality t(w) < f5,.

Since formulae (7) and (8) constitute the basis for our
further analysis, it would be well to elucidate the physical
meaning of the parameters involved. It is easy to see that
the quantity t(w) + y; is proportional to so-called Bragg
resonance defect 4 determined in (6) and describing the role
of dynamical diffraction effects in PXR (these effects lead to
the addition to wave vector of emitted photon proportional
.. This coeffi-
cient determines the width of the region of anomalous dis-
persion —f, <1 < f§, where the contribution of diffracted
transition radiation is concentrated. The last coefficient o
is well known in the dynamical diffraction theory. It
describes the effect of anomalous photoabsorption.

—
ol

3. PXR and self-diffracted Cherenkov radiation

Two emission mechanisms contribute to total emission
amplitude 4, determined by (7). There are diffracted tran-
sition radiation and PXR. Since Cherenkov radiation of
interest to us is realized outside the frequency range
—f;, <t(w)<pB, we can consider PXR contribution
separated from that of diffracted transition radiation.
Let us represent the total amplitude 4, as a sum of two
components

A)‘ :A];?TR +A§XR,
A g0 1 1
4DTR _ € 20 ( _ >7
T meko -\ 4@ g+ @) 9)
A}?XR _ _E Lg% Q,

L R L E TN T

The content of presented components of the total emis-
sion amplitude 4; is clear. DTR amplitude is the product
of the ordinary transition radiation field generated by a fast
particle on a single boundary between a vacuum and the
target with average dielectric susceptibility y, into the
reflection coefficient y,u;/(t F 6, —iy;). PXR amplitude
is the product of the equilibrium electromagnetic field asso-
ciated with this particle moving through the target with
average susceptibility (this field is the Coulomb field in
the case y2 — y + Q> >0, or the Cherenkov radiation
field if y=2 — y, + Q%> < 0) into the reflection coefficient
chx;v/(y’z — 1+ P —rF 0,) which testifies that PXR is
generated into the volume of the target.

PXR spectral-angular distribution follows from (9) in
the form

d3 NPXR & Q2
Yd0d0  ® 7 — 4+ 2 + (1)
A
(2 = sy + @ =T F 8+ (5))
At the beginning of our studies let us analyze the yield
Eq. (10) in the case of ordinary PXR when y; < 0. In the

case yy < x| under consideration result (10) can be
reduced to more familiar form

(10)

d3NPXR _ i |xg\zocf Q;
“dode T (2 =%+ )
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Well known approximation (x> + o%) || — (1/2)d(x)
has been used when deriving (11). Here &, and 6 are real
and imaginary parts of the function ¢, defined in (8).

Performed analysis has shown that only the branch of
possible solutions of PXR dispersion equation y~2 — y(+
QT 0, = 0 corresponding to top sign in front of the
coefficient &, in this equation contributes to PXR yield in
conditions y; < 0 under consideration. Moreover, this
solution can be realized with the proviso that

=77 =% +Q > B, (12)

and has the form t = 1, ~ ((& + §3)/2¢) > f,. Taking into
account the above inequality yj < || one can obtain from

(11) the final expression for PXR spectral-angular
distribution
d3NPXR 92602|Xg|2 1 Qiaz
dwd2 dnsin® £ oG (¢ + B,0,)° + B2(1 — 02)
2 2N 2
X <f Vzﬂ‘> o(w — o), (13)
<

where the photon energy  in d-function is determined with
an accuracy of y~! (in deriving on Eq. (13) it was assumed
that ), ~ y72).

Coefficient f8; in (13) describes an influence of dynamical
diffraction effects in PXR. It is easy to verify that result (13)
coincides in the limit y%f, < 1 with well known kinematical
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formula for PXR spectral-angular distribution [7]; other-
wise the role of such effects can be essential. Among other
things, an influence of the effect of anomalous photoab-
sorption increases in the case o, ~ 1 [§8].

It is significant to keep in mind that the inequality (12) is
a necessary condition for X-ray generation on the branch
corresponding to top sign in (11) independently on the sign
of y;, specifically, PXR on the branch being considered can
be excited in the range of anomalous dispersion of target’s
material where y;, > 0. It should be noted in this connec-
tion that only PXR in high frequency range where
2~ —wi/o? < 0 (w is the average plasma frequency of
the target) was studied up to now. This approach is ade-
quate for PXR from a crystal because the Bragg frequency
wg in the vicinity of which PXR spectrum is concentrated
has a typical value wg ~ 10 keV in the case in question.
On the other hand, the macroscopical multilayer nano-
structure being studied in this work as a radiator for
X-ray producing allows to generate X-rays in low
frequency range of the order of tens or hundreds electron
volt. Photoabsorption edges of many elements are brought
into this frequency range in the vicinity of which the sus-
ceptibility y’ can take positive values.

In this paper we would like to call attention to some
peculiarities in PXR existing under conditions discussed.
The effect of PXR suppression in the range of small obser-
vation angles primarily follows from (12) and (13). Indeed,
the condition &> f8, (12) can be rewritten as Q* > %o+ B,—
772, Since |y,| > B,, the quantity y;, + f8, — y~? is negative in
the case y, < 0 independently on the energy of emitting
electron, so that Q* can take arbitrary values. On the other
hand, in the case y;, > 0 the region of acceptable values of
@ is bounded underside for high enough energies of emit-
ting electrons y > 1//x, + ;.

To illustrate the predicted effect let us consider PXR
angular distribution versus the sign of the average dielectric
susceptibility y,. For simplicity sake assume that ¥, =
Y, =0,=0 =0, ¢ =n/2, so that only o¢-polarization
makes a contribution to PXR yield, (a/T) < 1 and y, ~ xp,
so that B, = |y, — 1| < |xol = x| and ¢y < 1. In addi-
tion to this the energy of emitting electron is assumed to
be high enough, so that y*|y| > 1. In accordance with
(13) PXR angular distribution is described in conditions
under consideration by the functions F¥)(x, y)

25/PXR 2 0.
- _conl Ly,

d'e 4nsin~(¢/2) wxp

252 {(x2 +1)° —yzr

R+1)Y’ 42 @+
where x =0, /+/|xl, y=alx,—1,/T|xl, the function
F™ should be used if yj < 0; otherwise one should use
the function F7). The curves 1 and 2 presented in Figs. 2
and 3 demonstrate the shift of PXR angular distribution
in the case y, > 0 to the side of large observation angles
and the growth of local emission density as compared with
that in the case yo <0.

(14)

Fi(x’y) =

)

0.1+

Fig. 2. Influence of the dispersion of dielectric susceptibility on PXR
angular distribution. The presented curves were calculated for y = 0.15.
Curve 1 describes the ordinary PXR for y; < 0; Curve 2 corresponds to
the PXR but for y; > 0; Curve 3 describes DCR.
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Fig. 3. Influence of the dispersion of dielectric susceptibility on PXR
angular distribution. The presented curves were calculated for y =0.5.
Curve 1 describes the ordinary PXR for y; < 0; Curve 2 corresponds to
the PXR but for y; > 0; Curve 3 describes DCR.

Turning back to the general formula (11) let us consider
the emission properties under conditions & <0, when the
emitting electron climbs over Cherenkov threshold. Per-
formed analysis has shown that the emission excited in
the case in question connects with the additional branch
of PXR dispersion equation corresponding to bottom sign
in front of the coefficient &', in the argument of d-function
in (11). A necessary condition for X-ray generation analo-
gous to (12) has the form

E=y7 =+ Q< P, (15)

As this takes place the solution of the dispersion equa-
tiont =1, = (62 + ﬁi)/Zf arrives at the range © < —f; dif-
ferent from that for the ordinary PXR. In contrast with
(12) the condition (15) constrains possible values of obser-
vation angles from overhead. This property is an essential
advantage of the emission mechanism covered as compared
to ordinary PXR, since it allows to produce X-ray beams
with higher average angular density.

To show the main dissimilarities of such self-diffracted
Cherenkov radiation (DCR) from the ordinary PXR
let us consider the emission angular distribution. DCR
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spectral-angular distribution follows from (11) in the form
(13) in accordance with performed analysis, but for differ-
ent range of w and Q designated by the condition (15)
instead of (12). Integrating the distribution derived over
o and using the same assumptions as for PXR above one
can obtain the following formula:

2 A/DCR 2
TN o Lo y) (16)
de 47 sin (%) [y
where the function F7)(x,y) is defined in (14), but in con-
trast with F7)(x, y) from (14) where the argument x is var-
ied through a range x > /1 + y, the field of variation of
F)(x,y) from (15) is determined by inequalities 0 <
x < /1T—y.

The curves presented in Figs. 2 and 3 allow one to elu-
cidate an influence of the dispersion of target’s dielectric
susceptibility on PXR properties. Curve 1 in these figures
illustrates the angular distribution of ordinary PXR realiz-
ing in the frequency range where y;(w) < 0, that is PXR far
from the vicinity of a photoabsorption edge. Curve 2 cor-
responds to PXR in the vicinity of a photoabsorption edge
where the average dielectric susceptibility of the target
%o(w) is positive but the condition of Cherenkov effect is
not fulfilled. As noted above, the maximum of PXR angu-
lar distribution is shifted to the side of large observation
angles in going from the frequency range far from the
vicinity of a photoabsorption range to this vicinity where
the strong dispersion of the dielectric susceptibility yo(w).
In addition to this, the growth in PXR intensity is realized
due to the dispersion of y(w), what is more important for
the problem of effective X-ray source creation on the base
of PXR emission mechanism. In keeping with presented
figures the relative enhancement of PXR yield due to the
dispersion effect is particularly high under conditions of
small values of the parameter y.

Curve 3 in the figures describes DCR angular distribu-
tion. The main advantage of DCR as compared with
PXR consists in more narrow angular distribution of emit-
ted photon flux. The curves presented in Fig. 2 show that
DCR yield can exceed substantially that of ordinary PXR
for small values of the parameter y, but the total DCR
yield is always less than that of PXR modified by disper-
sion effect occurring near to Cherenkov threshold. As
may be seen from Fig. 3, the relative contribution of
DCR becomes negligible in the range of large enough val-
ues of the parameter y.

Performed analysis allows to describe the general prop-
erties of PXR process under conditions of anomalous dis-
persion of target’s dielectric susceptibility y(w). It is of
interest to estimate the possibility to observe predicted
peculiarities in PXR process in a real experiment. The cor-
responding results of numerical calculations performed on
the base of the general formula for emission amplitude (7)
and frequency-dependence of real and imaginary parts of
the dielectric susceptibility y(w) determined by an experi-
mental approach are presented in the next section of this

paper.

4. The results of numerical calculations

One of the main questions in the task being discussed
consists of the correct choosing of the material for the peri-
odic nanostructure. Such choose depends strongly in the
needed energy of emitted photons. As a result of our
searches the periodical nanostructure consisting of alter-
nating layers of Si and Ca was found to be suitable for
DCR and PXR generation in the frequency range
w =~ 100eV by electrons of intermediate energy of the
order of 10 MeV. The frequency-dependence of dielectric
susceptibilities yca.(w) and ysi(w) are presented in Fig. 4
[9]. The presented curves show the possibility to realize
DCR and PXR processes in the vicinity of Si photoabsorp-
tion L-edge. The period of nanostructure was chosen in
such a way that the Bragg frequency was close to 100 eV.
The ratio a/T (Ca was chosen as a material of the lager
with the thickness @) was equal to 0.1 in our calculations.
Obviously, in the case being considered the average dielec-
tric susceptibility y; can take positive and negative values
versus the frequency .

It is important to keep in mind that PXR, DCR and dif-
fracted transition radiation are liable to contribute simulta-
neously to the formation of total emission yield. Therefore
we have used in the performed calculations the general for-
mula for the emission spectral-angular distribution:

d&’N;
0—-7
dwd ©
G ARt
™ (t 4 sign(z — f,)8,)" + (7 — sign(t — B,)d7)’
1 B 1
2+ Q) (72— g+ @~ —sign(z — §,)8,) + (8))
y (1 _zxo+r+s1gn(rz— /f;,)&;,) 7 (17)
7P Q

following from (7). Formula (17) was used for calculations
of the emission properties under conditions when the nano-
structure was arranged in exact Bragg position relative to
incident electron beam (0’ = 0, see Fig. 1) and the emission
angle ¢ was equal to /2 (only g-polarization contributes
to the emission yield in the case being considered).
Although formula (17) allows to describe an influence of

0.067
0.041
0.024
A
0 } — : + } . |
~90— 94 98 102 106
0.024 ! o (eV)
Ca
e———
-0.041

Fig. 4. The frequency-dependence of the real and imaginary parts of
average dielectric susceptibilities of Ca and Si.
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Fig. 5. DCR (curve 1) and PXR (curve 2) angular distributions for fixed
energy of emitted photon in condition y; > 0. The presented curves were
calculated for fixed parameters ®=99.5¢V, a/T=0.1, 7=20,
0,=0"=0, ¢ =n/2 and different Bragg frequency 1 — wp=101.9¢V,
2 —wg=103.3¢eV.

multiple scattering of emitting electrons, this influence was
ignored in the performed calculations as a negligibly small
effect.

Angular distributions of the total emission calculated by
the general formula (17) for several fixed values of the pho-
ton energy o are presented in Fig. 5. Curve 1 corresponds
to DCR contribution with account of the additional contri-
bution of diffracted transition radiation which is small in
the frequency range considered outside the range of anom-
alous dispersion. Curve 2 describes PXR modified by
dispersion effects. As may be seen from Fig. 5, PXR inten-
sity exceeds substantially that of DCR. This conclusion
coincides with that outlined above (see Figs. 2 and 3). On
the other hand, angular size of emitted DCR photon flux
is significantly less than that of PXR.

It should be noted that the dispersion of dielectric sus-
ceptibility y,(w) influences essentially on the manifestation
of dynamical diffraction effects in PXR. As mentioned
above, such effects are described by the coefficient f§; in
(7) and subsequent formulae (it is easy to verify that the
general formula (13) is reduced in the limit 5, — 0 to well
known kinematic formula for PXR spectral-angular distri-
bution [7]). The role of the effects being discussed is not
very high in the frequency range where y,(w) < 0. Indeed,
the function F")(x,y) from Eq. (14) is approximately equal
to kinematic function y*x?/(x*> + 1)? for small values of the
parameter y ~ f8; (see curve 1 in Figs. 2 and 3). On the
other hand, there are dramatic changes in PXR spectral-
angular distribution caused by dynamical diffraction effects
in the vicinity of a photoabsorption edge where the suscep-
tibility y;(w) can be positive. Such changes described by
the function F7)(x,y) for both PXR and DCR branches
are illustrated by curves 2 and 3 in Figs. 2 and 3. Moreover,
dynamical changes increase with decreasing of the param-
eter y, as indicated by the comparison of the curves pre-
sented in Figs. 2 and 3.

Above discussed dynamical effects can involve a specific
form of PXR two-dimensional angular distribution. This
distribution calculated by the general formula (17) for
DCR branch is illustrated in Fig. 6.

0.2

dN
ode

20 0.1+

3
-0.005

0.02
©y(Rad) 0045

~0.25 @, (Rad)
0.07-0.5

Fig. 6. Two-dimensional angular distribution of DCR for fixed param-
eters  =99.5¢V, a/T=0.1, y =20, g =101.9¢V, 0' =0, ¢ = 1/2.

SAN s
Qdmlo

97 98 99 100 101 102
w(eV)

Fig. 7. The spectrum of collimated DCR. The presented curve was
calculated for fixed parameters A®, =0.1rad, A®| = 0.02 rad, y =20,
a/T=0.1, ¢=mn/2, wg=101.9eV, 0’ =0. The angular position of
collimator’s axis corresponds to the optimal case @ﬂ’“s = 0.01 rad,
O =0.2rad.

Let us consider PXR spectrum in the vicinity of a photo-
absorption edge that is of prime concern to applications.
The spectrum of collimated PXR is presented in Fig. 7.
A point that should be mentioned is the high spectral—
angular density of PXR under conditions of strong disper-
sion of dielectric susceptibility. Indeed, the total number of
quanta, emitted in conditions under considerations
(N ~ 10 ph./el., this yield is typical for PXR) is concen-
trated in angular cone A@ =2 x 1073 sterad. On the other
hand, the angular size of ordinary PXR from electrons with
the same energy is about (2y~')? =4 x 1072 sterad. In such
a manner, the spectral-angular density of PXR realizing in
the vicinity of a photoabsorption edge can exceed essen-
tially that of ordinary PXR.

5. Conclusion

In accordance with performed analysis, PXR properties
can be modified very substantially in the frequency range,
where the real part of average dielectric susceptibility of
the target y;(w) takes positive values.

Only one from two possible branches of the solution of
PXR dispersion equation can contribute to the formation
of PXR yield under conditions when an emitting electron
does not overcome the Cherenkov threshold. Nevertheless,
the emission properties are very different versus the sign of

1o(@)-
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An influence of dynamical diffraction effects increases
substantially in the case y,(w) > 0 (more exactly yy(w) >
772). As this takes place, PXR spectral-angular density is
suppressed in the range of small observation angles, but
the local density can increase significantly in the range of
large angles. The condition @% — B, > y)(w) — 72> 0
seems to be most appropriate for PXR producing.

The emission excited under conditions when the emit-
ting electron climbs over Cherenkov threshold corresponds
to the additional branch of PXR dispersion equation
banned for ordinary PXR. The main distinctive feature
of the emission being discussed consists in its narrow angu-
lar distribution as compared with ordinary PXR or PXR in
the vicinity of a photoabsorption edge but before Cheren-
kov threshold.

The total yield of such DCR emission is comparable
with that of the ordinary PXR.

Acknowledgements

This work was accomplished in the context of both the
program “Advancement of the scientific potential of high

education” by Russian Ministry of Education and Science
(Project RNP.2.1.1.3263) and fund RFBR (Grants: 06-02-
16714 and 06-02-16942). One of the authors (A.K.) is grate-
ful to the Belgorod State University for the Internal grant
(VKG 026-06). The authors are very grateful to the referee
for useful criticism.

References

[1] M.L. Ter-Mikaelian, High Energy Electromagnetic Processes in
Condensed Media, Wiley, New York, 1972.

[2] G.M. Garibian, C. Yang, Sov. Phys. JEPT 34 (1972) 495.

[3] V.G. Baryshevsky, [.D. Feranchuk, Sov. Phys. JEPT 34 (1972) 502.

[4] N. Nasonov, P. Zhukova, Phys. Lett. A 346 (2005) 367.

[5] A. Caticha, Phys. Rev. B 45 (1992) 9541.

[6] N. Nasonov, V. Kaplin, S. Uglov, M. Piestrup, C. Gary, Phys. Rev. E
68 (2003) 03654.

[7] I. Feranchuk, A. Ivashin, J. Phys. (Paris) 46 (1985) 1981.

[8] N. Nasonov, Phys. Lett. A 292 (2001) 146.

[9] B.L. Henke, E.M. Gullikson, J.C. Davis, At. Data Nucl. Data Tables
54 (1993).



	Cherenkov effect and parametric X-rays
	Introduction
	General expressions
	PXR and self-diffracted Cherenkov radiation
	The results of numerical calculations
	Conclusion
	Acknowledgements
	References


