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Evaluation of radiation losses of the electron in inhomogeneous media is presented. Such media may appear as a
composition of material layers with different dielectric constants or it may be modeled with the materials which di-
electric permeability varies in the space. It is shown that in inhomogeneous media with dielectric permeability vari-
able by harmonic law in space, the radiation losses of electron are proportional to square of parameter of inhomoge-
neity, that is are low. It is shown that in the inhomogeneous media with dielectric permeability varying in the space
under the harmonic law, the radiation losses of the electron are proportional to square of the parameter of inho-
mogeneity i.e. are low. In the case when the conditions of parametric relation between eigen waves of the medium
are satisfied radiation losses of electron are proportional to the parameter of inhomogeneity and are comparable to

the losses during the acts of scattering.
PACS: 41.60.-m

INTRODUCTION

It is known that accelerated electron during its
movement in medium losses energy for ionization and
radiation deceleration [1]. For electron energy exceed-
ing critical one, its total losses are determined by the
certain radiation mechanisms. Therefore further we will
consider the energy of electron to be near-critical or
supercritical and we will investigate losses of its energy
on passing through multilayer bimetallic medium.

Radiation of charged fast particles in periodic media
attracts the researchers attention for a long time [2,3].
Along with the investigation of hard short-wave length
radiation when the wave length A is considerably less
than the medium period d: 1 << d/2y, where y — relativ-
istic factor, the investigation of radiation in long-wave
part of spectrum, the case when A >> d is also interest-
ing. Such coherent radiation of fast charged particles
caused by the crystal spatial periodicity is commonly
named the parametric Cherenkov radiation (PCR). PCR
likewise the Cherenkov radiation appears as the effect
of medium polarization caused by the electric field of
moving particle. But unlike Cherenkov radiation which
condition is the excess of particle velocity over the light
velocity in the medium, PCR doesn’t need to meet this
condition. In the last case the characteristic angle of
radiation 0 and the frequency of coherently released

photon ® in periodic medium are related by the equation.

At the same time with investigation of hard short-
wave length radiation when the wave length A is consid-
erably less than the medium period d: 4 << d/2y, where
v — relative factor, the investigation of radiation in long-
wave part of spectrum, when A >> d also is interesting.
Such coherent radiation of fast charged particles caused
by the spacing of crystal is usually named Cerenkov
radiation. Also as Cerenkov radiation parametric Cher-
enkov radiation (PCR) is the consequence of medium
polarization caused by the electric field of moving parti-
cle. But unlike Cherenkov radiation the condition for
which is the excess of particle velocity over the velocity
of light in medium, for PCR the satisfaction of this ine-
quality is not necessary. In the last case the characteris-
tic angle of radiation 6 and frequency of coherently re-
leased photon ® in periodic medium are related by rela-
tionship:

a)-d-(cosﬁ—c"):lmn’ (1
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where: d — constant of lattice; ¢, — velocity of light in me-
dium; v —velocity of charged particle; n —integral number.

The left part of equation (1) is the difference of
phases of photons released by two successive lattice
sites on a distance d one from another. Relation (1) for
n =0 corresponds to the zero difference of phases of
interfering waves and is the condition of Cherenkov
radiation initiation. The case of n#0 corresponds to
PCR which is possible only in a medium with a spatial
periodicity. Results of experiments carried out until re-
cently confirm the main properties of parametric radia-
tion of Cherenkov radiation (see, for example, [4]).

Evaluation of power losses for radiation is of special
interest during investigation of electron passing through
the periodic media. So, on passing of the low-energy
electron beam through multilayer nanostructures com-
posed by two alternating materials with close dielectric
permeability ¢; and &, the narrow band X-ray transient
irradiation is generated, the power of which is propor-
tional to the square of a small parameter g=(¢;- &) [5].
But under certain conditions the power of losses for
radiation in such periodic media may be considerably
higher, because in [5] the possibility of coupling of ei-
gen electromagnetic waves of medium excited by elec-
tron was not taken into account.

Paper [6] is devoted to the investigation of this effect
influence on the value of power losses. In this paper it is
shown that the power of energy loss of electron for ra-
diation is proportional to the small parameter g, that is,
increases considerably. Those investigations were car-
ried out considering medium inhomogeneity of the type
&(F) =&, +qcos(ic-7), where : £ — vector of inverse

lattice of medium; 7 —space coordinate; ¢[] &, -

In the presented paper the radiation losses of the re-
lativistic electron energy in the multilayer bimetallic
medium are investigated on the base of the proposed
theory of the eigen waves’ parametric correlation; char-
acteristic angles of relativistic electron radiation are also
determined.
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RADIATION LOSSES OF ELECTRON
ENERGY IN MULTILAYER PERIODIC
MEDIA

Let us consider the radiation of non-relativistic elec-
tron moving in infinite periodic medium one period of
which consists of two layers of different metals. We will
describe the electromagnetic properties of the medium

2
e, (w)=1-
eff

by introduction of high frequency dielectric permeabil-
ity of metals composing the medium.
ez @
12’
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where: ®, = me Z;n; — plasma frequency of electron

m;
gas of I —metal; e — electron charge; m — its mass; n,—
concentration of atoms of i — metal, Z; — number of free
electron per one atom of i — metal; viff =1, ; — effec-
tive dissipation of i —metal determined through the time

of relaxation z; , [7].
For such metals as aluminum and tungsten the
relaxation times at room temperatures appear to be 7
~10"...10" s [7]. Therefore in the region of high fre-

quencies (@’ [ a)f}],pz) the relation @[] v"? is fulfilled.

e
Now we will consider the radiation of charged parti-

cle moving with a constant velocity V,, in infinite me-
dium formed by alternating alloys of different thickness,
for instance, of tungsten 11 and aluminum 12 (see Fig.1).

Electromagnetic properties of these metals may be rep-
resented as (2).

o
electron

tron with a multilayer bimetallic medium

RADIATION LOSSES OF ELECTRON
ENERGY IN HARMONIC PERIODIC MEDIA

Let us evaluate the energy losses of the electron in
such periodic media on the base of approximation of the
laminar bimetallic medium by its harmonic analogue.

We regard the metal boundaries to be not sharp and
we will represent the effective high frequency dielectric
permeability of such medium in the following model
form:

e(F)=¢,+qcos(K-7), 3)
where:
6 =1— 4Tte22 Znl +Z,nyl, 1 4TC€22 N,: )
m,m L +1, m,m
2 _ 2
4= 4ne |Zln12 Zzn2|gsin 7, _ 47'ce2 AN (5)
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Z,n, —mean density of electron conduction in a metal of

kind a [7]; % _Z_nE — vector of inverse lattice of pe-
l z

riodically inhomogeneous medium; [/ =/ +/, — lattice
period, € — unit vector directed along the axe oz;
|q|<<|80| < 1 —index of space inhomogeneity of me-

dium, 7 — space coordinate. The expression (3) repre-
sents first two terms of expansion into a Fourier series
of mean electron density of alternating layers of alumi-
num and tungsten. For ratio of layers thickness in the
range 0,5< [ /] <2 the other terms of expansion in

Fourier series may be neglected.

Representation of the medium as alternating layers
of form (3) may be useful for qualitative determination
of the radiation power of electromagnetic waves includ-
ing the soft X-ray range.

Let us firstly determine the radiation power of the
relativistic electron in the harmonic inhomogeneous
medium of form (3) basing on noted known results [8].
In this case the transient radiation’s power of relativistic
electron in the medium with dielectric permeability:

e=¢g,+Ag-sin (Tc. v ) is determined by the expression
2
eAN(Dz n o 0)2
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dt  32¢(keN,) o o (2 o
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where: Ag =— TC€2 AN; g, =1~ TE€2 N,
mo me

N=N,+AN sin(&-7);k ~ 2~ 2> [ K5

C

1
y= (1 - B )_5 —relativistic factor; g = Yo,
c

The angle between the wave vector of the emitted
wave k and the vector of the reverse lattice T{DVO is

small, which means 0[] 1;

S i KC
mmax,lnin.(n+ nz_yz):(’)p’n:m_'
P
It follows from (6) that the radiation power is low
(6) because it is proportional to the square of the pa-
rameter of the medium inhomogeneity ¢° <<1. The ef-
fective length of losses for radiation in the band of fre-

quencies ), <O<®, for y = 6 is determined by ex-

_ 2
pression ;1 __ 1 dW 0,510 (AN - 1 and exceeds
7wk dt A

considerably the mean path of the electron in the periodic

tungsten-aluminum medium of R ~0,315 cm [9,10].

So, such process can't be considered as concurrent
for energy loss’ evaluation of the charged particle in the
harmonic inhomogeneous medium.

Analyzing the results obtained in [6] shows that en-
ergy losses of relativistic electron for radiation are of
the same order:
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where: B(ﬂé ) = (1—ﬁa? )2 Bis B, - Be, —ratio of par-
ticle’s velocity to the phase velocity of wave’s propaga-
tion in medium; M-number of medium layers, inter-
sected by oscillator (M [1 1).

In the investigated case the radiation angles are de-

—,—m2m+ 7 . Be-

cause in a solid state |1 - gO| [ 1 the expression for non-

termined by the expression: cosé, =+

relativistic electron B, <<l is valid. It follows from this

that all emitted waves like in the expression (6) are con-
centrated in narrow cones with divergence angles:

Hw 0 iﬂ [

From above evaluations it follows that in harmonic
inhomogeneous laminar metals the power of electron
losses for radiation is low, because it is proportional to
small value: ¢°.

RADIATION LOSSES OF ELECTRON
IN THE LAMINAR PERIODIC MEDIUM

As it follows from the results obtained in paper [2]
the power of electron losses of energy for radiation in
the laminar medium may be represented as:

aw 0 ‘82 —81‘ ey,
dt g 2.

1+2p T x’ (250 B - )2 dx (8)
1+2n ) (é)—B*-—xZY )

This expression is maximal from possible radiation
losses of electron energy because is proportional to the
parameter of inhomogeneity in first degree:

e8| _n

5 2!

Let us indicate the main assumptions which allowed
to obtain the expression for power of electron losses (8).

1. Expression (8) is valid at equal thickness of layers
l,=a=1,=b (a and b note the papers [2] and under

-1y

condition of parametric relation between eigen waves of
medium (see Fig.2)

k,—k,  =K;

m

k)

m

k

m-1

) &)

where: l;m El€+m£={2\/§_000s(9)+m'lc,kl},
c

lgm_l={2\/gcos(0)+(m—1).;<,ki} wave vectors of
c

periodical medium’s eigen waves; 6 — angle between vec-

tor of reverse lattice of medium and wave km or k

m-172

k=2 sin(g) — horizontal wave number; &, e =g,.
c

From the first expression (9) we can obtain that the
condition of radiation is similar to (1):

— o K
\J& —:cosd— —=K-n.
2

C

(10)

On formulation of (9) resonance relation @ = K;IO ,

was used which corresponds to the condition of para-
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metric relation of eigen waves frequencies and fre-
quency of periodic lattice (second expression (9)).

2. With the use of (10) it is easy to find the solution of
dispersion equation of paper [2] (in original symbols)

2w
cos( @ a) = cos(p,a)-cos(p,a)—
VO
1 . .
—— (B2 Py Gin(pa)sin(pya) . (1)

2 p& p&
in [11] this solution is considered as solution that can't

be solved in obvious form.

Fig.2. The scheme of interaction between the wave vec-

tors of the self-waves of periodical medium &,k and

vector of inverse lattice of periodically inhomogeneous
medium K
In considered case the solution of equation (11) al-
lowing for (10), may be obtained in following way.
Assume in (11) that w=am,+AQ ; |AQ|D , ;

ploa:§(2n+l) and onb:%(z”l)’ where n, [ are inte-

ger numbers (from condition a=b it follows / = n). Then
it is ease to obtain the desired solution of equation (11):

\4 _.Vy & —€&
0y, =—+7(2p+1); AQ=Fi-——,
2a 2a |Jge,
where p — integer numbers. Relations

2 2
Pio =46 ——k} [ pyy = 4|6, ———k} and the condition
c c

that for high values of n in (11) the terms of first and
second infinitesimal order of parameter w,”AQ in ex-
pansions of p, and p, may be neglected were used

while finding these solutions.

Under the condition of satisfaction of equations (9)-
(11) integral losses of electron for radiation may be rep-
resented as:

- _ 2
dW |82 _8]| €2K2V0 'x3 (280 _B ? _xz) dx
|l 2 s .[ T oy 12
t €, ‘T (go —B2-x )
k L .
where: A, LIk, —; d, — mean distance between
@ p

atoms of medium; g = Yo7 ;.
C
Characteristic angles of radiation & are in the range
[0,7] and may be determined from relation:

2(1+2n)
p(1+2p)

It must be noted that radiation is possible under the con-
dition 2(1+2n)< f(1+2p) that is true for compara-

cos(0) = (13)

tively high-frequency waves.



Evaluation of effective length of losses for electron’s
radiation with energy 2,0 (6,0) MeV in composition of
tungsten-aluminum for value of period L ~0,3-10° cm
from relation (12) gives the value 7, ~0,17(0,5)cm that

is comparable with mean path of electron in the medium,
calculated by traditional methods [1]: R ~ 0,1 (0,32) cm.

CONCLUSIONS

In this paper evaluation of electron energy’s radiation
loss in inhomogeneous media is presented; investigated
media may be formed by layers of materials with differ-
ent dielectric constants or may be modeled introducing
dielectric permeability varying in space by harmonic law.

It is shown that in inhomogeneous media with vary-
ing dielectric permeability the radiation losses of elec-
tron are proportional to the square of parameter of in-
homogeneity i.e. are low.

In the case when the conditions of parametric rela-
tion of medium’ eigen waves are satisfied the radiation
losses of electron are proportional to the parameter of
inhomogeneity in first degree and are comparable with
losses which are caused by the elementary events of
scattering.

Effective length of losses for radiation of electron
with energy 2,0 (6,0) MeV in multi layer bimetallic
tungsten-aluminum medium with value of period
L ~0,3-10"° cm is comparable with mean path of electron
in such medium.

Characteristic angles of radiation have discrete char-
acter and are directed from 0 to 180°. With increase of
angle of radiation the losses increase but only up to cer-
tain determined value, because with the approach to 180°
the theory becomes inapplicable and must be revised.

REFERENCES

1. A.P. Chernyaev. Interaction of ionizing radiation
with matter. M.: “Physmatlit”, 2004, p.152.

2. J.B. Fayinberg, N.A. Khijnyak. Energy losses by
particle on passing through laminar dielectric//
JETPh. 1957, v.32, Issue 4, p.883-895.

3. M.L. Ter-Mikaelyan. Influence of medium on elec-
tromagnetic processes under high energies. Erevan:
“AS of Arm. SSR”, 1969, p.459.

4. Y.N. Adishev, V.N. Zabaev, Y.L. Pivovarov, et al. //
International Worshop “Many-particle Effects in
Radiation Physics”. September 7-10, 2004, Bel-
gorod, Russia, p.40.

5. A.E. Kaplan, C.T. Law, P.L. Shkolnikov. X-ray nar-
row-line transition radiation source based on low-
energy electron beam traversing a multilayer nanos-
tructure // Phys. Rev. E. 1995, v.52, Ne6, p.6795-
6808.

6. V.I. Tkachenko, I.V. Tkachenko. Radiation of oscil-
lating charge moving with non-relativistic rate in pe-
riodically inhomogeneous medium // Problems of
Atomic Science and Technology. Series “Plasma
electronics and new methods of acceleration”. 2008.
Ne4(6), p.242-244.

7. N. Ashkroft, N. Mermin. Physics of solid state. M.:
“Mir”. 1975, v.1, p.399.

8. V.L. Ginzburg, V.N. Tsitovich. Some questions of
the theory of transient radiation and ransient scatter-
ing // UPhN. 1978, v.126, issue 12, p.553-608.

9. Tables of physical values. Reference book / Edited by
academician LK. Kikoin, M.:-Atomizdat, 1976, p.1008.

10. Nuclear physics in Internet with support of SRIPh
MSU: http://nuclphys.sinp.msu.ru/

11. G.M. Garibyan, Yan Shi. X-ray transient radiation /
Executive editor Y.G. Shakhnazaryan. Erevan: Ed.
AS Arm. SSR, 1983, p.320.

Cmamows nocmynuna 6 pedaxyuio 02.11.2009 2.

PAJIMAIIMOHHBIE IMIOTEPU SHEPT MM SJIEKTPOHA B MHOT'OCJIOMHBIX
BUMETAJJIMYECKHUX CPEJAX

b.B. bopu, H.B. Tkauenxo, B.U. Tkauenko

[TpoBeneHa oleHKa paAMalMOHHBIX MOTEPb YHEPTUH JIIEKTPOHA B HEOJHOPOJHBIX Cpe/iaX, KOTOPHIE MOTYT OBITh
copMHpOBaHbI JIMOO CIOSIMU MAaTEPHAIIOB C Pa3IMYHBIMU JTUIIEKTPHIECKHIMH OCTOSTHHBIMH, JTUOO CMOJEINPOBAHbBI
M3MEHSIOIIEHCS TI0 TApMOHUYECKOMY 3aKOHY B NMPOCTPAHCTBE JUANEKTPUUECKON NMpoHUIIaeMocThio. [lokasaHo, uTo B
HEOJHOPOAHBIX CPElax ¢ M3MEHSAIOUIEHCS 10 TAPMOHUYECKOMY 3aKOHY B IIPOCTPAHCTBE JUIIEKTPUYECKON MPOHULIAE-
MOCTBIO PafMAllMOHHBIE MTOTEPU IEKTPOHA MPONOPLUOHAIBHEI KBaApaTy mapaMmeTpa HEOQHOPOAHOCTH, T.€. Maibl. B
Cllydae, KOTr/ia B Cpe/ie BBHIITOIHSIOTCS YCJIOBHS MapaMeTPUIECKOM CBSI3M COOCTBEHHBIX BOJIH CPEIbl, KOTOPBIE H3ITyda-
I0TCS 3JIEKTPOHOM, PaJHAIIOHHBIE TOTEPHU 3IEKTPOHA MPOMOPIOHAIBHBI TAPAMETPY HEOTHOPOIHOCTH B TIEPBOH CTe-
TICHU ¥ CPAaBHUMBI C IOTEPSMH, KOTOPBIE 00YCIIOBIICHBI 3JIEMEHTAPHBIMU aKTAMH PACCESTHUSL.

PAJIALIAHI BTPATYU EHEPI'Ti EJJEKTPOHA B BATATOIIAPOBUX BIMETAJITYHUX
CEPEJOBHUIIAX
b.B. bopu, 1.B. Tkauenko, B.1. Tkauenxo

[TpoBenena oriHKa paaiallifHUX BTPAT €HEPrii eJIEKTpOHa B HEOJHOPITHHMX CEPENOBHINAX, SIKI MOXKYTh OYyTH
copmoBaHi abo mIapaMu MarepialliB 3 Pi3HUMH IiCIEKTPUYHUMH NOCTIHHIMH, a00 3MOJIETIbOBaHI JIieNIeKTPHYHOIO
MPOHUKHICTIO, 10 3MIHIOIOThCS 33 TApPMOHIMHUM 3aKOHOM Yy mpocTopi. Iloka3aHo, 110 B HEOAHOPITHUX CEPEIOBH-
MIax 3 JieTCKTPUIHOIO MPOHUKHICTIO, IO 3MIHIOETHCS 32 TAPMOHIMHMM 3aKOHOM y TPOCTOpi, pamialiiifHi BTpaTH
eJIeKTPOHA TIPOTOPLIHI KBaIpaTy mapameTpa HEOTHOPITHOCTI, TOOTO Malli. Y BUMAJKY, KOJIH B CEPEIOBHII BUKO-
HYIOTBCS YMOBH IIApaMETPHYHOTO 3B'S3KY BIACHUX XBWJIb CEPENOBHINA, SKi BUIPOMIHIOIOTHCS €NEKTPOHOM, pajia-
IiiHI BTpaTH €JIEeKTPOHA MPONOPLIiiHI apaMeTpy HEOTHOPIAHOCTI B MEPIIOMY CTYIEHI i HOPIBHSHHI 13 BTpaTamu,
sIKi 00YMOBJICHI €JIeMEHTaPHIUMHU aKTaMH PO3CIFOBaHHS.
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