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PERIODIC LAYERED DIELECTRIC

V.1. Tkachenko™?, 1.V. Tkachenko®, A.P. Tolstoluzhsky', S.N. Khizhnyak®
'National Science Center “Kharkov Institute of Physics and Technology”, Kharkov, Ukraine;
2\/.N. Karazin Kharkiv National University, Kharkov, Ukraine

The parametric Cherenkov radiation of a uniformly moving particle in an ideally conducting metal waveguide
filled with a spatially periodic layered dielectric is investigated analytically and numerically for the case of wave-
lengths comparable with the inhomogeneity period. Fields and spectra of parametric Cherenkov radiation are de-
scribed. The particle's average energy losses on the period of the structure and energy fluxes of the fields are deter-

mined.
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INTRODUCTION

In [1], for the first time, a general expression was
obtained for the energy losses of a uniformly moving
charged particle in an unbounded layered medium and
in a waveguide filled with a layered dielectric. The main
attention was paid to the energy losses of the charged
particle for the case of wavelengths exceeding the peri-
od of the dielectric structure. Here the spectral distribu-
tion of the polarization losses as well as the losses to the
parametric Cherenkov radiation due to the specificity of
the interaction of waves in a layered dielectric is studied
in detail.

For the case of wavelengths comparable with the in-
homogeneity period, the energy losses of an oscillating
charge moving with a nonrelativistic velocity in a peri-
odically changing medium are considered in [2, 3]. In
the present paper we continue the investigation of the
parametric Cherenkov radiation of a uniformly moving
particle in a layered dielectric for the case of wave-
lengths comparable to the inhomogeneity period.

The fields of the parametric Cerenkov radiation and
the spectra of this radiation are obtained, the energy loss
of the particle are averaged over the period of the struc-
ture and the energy fluxes of the fields are determined.

However, it should be noted that the conclusions of
[1] are based not on calculating the radiation obtained
for the spectral distribution, but on the basis of the tran-
sition to an equivalent anisotropic dielectric. Such tran-
sition is possible in the case when the wavelength of the
radiation considerably exceeds the period of the struc-
ture. However, such limitation on the wavelength of the
radiation is not always justified.

Therefore, it is of interest to consider the parametric
Cherenkov radiation of a uniformly moving particle in
an ideally conducting metal waveguide filled with a
spatially periodic layered dielectric for the case of the
wavelengths comparable with the period of inhomoge-
neity.

Let’s consider the radiation of a charged particle
moving along the axis of an ideally conducting metal
waveguide filled with a spatially periodic layered die-
lectric. Let us determine the spectrum of its parametric
Cherenkov radiation.
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1. OBTAINING EQUATIONS DESCRIBING
PARTICLE RADIATION IN A SPATIALLY
PERIODIC LAYERED DIELECTRIC

To solve the stated problem let's start from the sys-
tem of Maxwell equations describing the interaction of a
uniformly moving particle with the electromagnetic
waves of a given medium [1]:
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Here the operators &, zz, are defined as
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q is the charge and v is the velocity of the particle.

In the considered case of a charged particle's motion
along the axis of a waveguide filled with a dielectric,
the equation for determining the Fourier component of
the longitudinal component of the electric induction
D, ..(z) can be represented as:
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Here the component of D, , (z) is obtained from
the expression for the electric induction
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using the orthogonality condition of Bessel functions, R
is the radius of the waveguide, and A4, the n-th root of

the zero-order Bessel function J;(4,)=0. In what fol-

lows we omit the @, n indices.

The layered medium is represented by layers of two
homogeneous and isotropic dielectrics alternating along
the axis of the waveguide: the layer —a <z <0 has die-
lectric and magnetic permeabilities &, 4, , respectively,

the layer has 0<z<b permeabilities ¢,,z,. Thus, in
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each layer, equation (5) is an equation with constant
coefficients, the solutions of which in each layer will
have the form:
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From equations (1) we find expressions for the com-
ponents of the electric and magnetic field strength in
each of the regions:
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From the boundary conditions on the surface of die-
lectrics and the conditions for the periodicity of the

fields
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we obtain a system of linear algebraic equations for
finding the coefficients A, B, C and D:
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From (10) we find the expression for the coefficients
A, B, C and D:
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It should be noted that the field A (z) contains

the derivative with respect to the longitudinal coordinate
from the longitudinal field dE,  (z)/dz, so that the
right-hand sides of equations (10) have the terms pro-
portional to w/v=k/A.

Thus, the equalities (11) allow us to determine the
coefficients A, B, C, D.

All the singularities in the expressions for the coeffi-
cients A, B, C, D are determined by the conditions of

[1]:

p’ —@® IV* =0, (12)
p,> —w® Iv* =0, (13)
cos(wL /v)—cos(y) = 0. (14)

We are interested in the radiation of a particle in a
medium due to the interference of fields in a layered
dielectric, which is determined by the roots of equation
(14). Since the equation cos(wL/v)—cos(y) =0 is the

dispersion equation of a layered dielectric, the frequen-
cies determined by the roots of this equation correspond
to waves propagating in such a layered medium.

We note that the values of the coefficients
A, B, C, D are expressed in terms of Z, and Z,.

Hence it follows that for small differences in the param-
eters of the medium for each of the regions, for exam-

ple, for |g —¢,|<<1, the values of the coefficients

A, B, C, D will also be small. Physically it is ex-

plained by the fact that when the media parameters dif-
ference in two regions decrease we turn to the case of a
homogeneous medium in which interference effects are
absent. Therefore, to increase the interference efficiency
of fields excited in layered media, it seems necessary to
use dielectric layers with substantially different dielec-
tric permittivities.
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2. NUMERICAL SOLUTION OF EQUATIONS
DESCRIBED OF PARTICLE RADIATION
IN SPATIALLY PERIODIC LAYER
DIELECTRIC

Since the expressions for the fields (6) - (8), and the
dispersion equation (14) in the general case can not be
analytically investigated, let us analyze them numerical-
ly. To do this, we choose the following values of the
media parameters: g =u, =1, =21, & =35,
a=b=10%J01 m, R=3.102 m, f=v/c=0.65, 0.95.

In following calculations the particle charge was
chosen equal to q=6-10°, e=9.613-10"°C..

Graphs of the dependence of the function
D(w/c)=cos(wL/ pc)—cos(y), and its spectrum,
shown in Figs.1 and 3 show that the dependence of
D(w/c) is determined mainly by the beating of two
cosines with a period A =L/f equal to the characteristic
length of the change cos(wL / Ac) and with a period A,

equal to the characteristic length of the change cos(y) .

In addition, as follows from the form of the normal-
ized spectral power SpD, there is a weakly expressed

branch of cos(y) with a small period of variation 4, .
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Fig. 1. Dependence D(w/c) =cos(wL / fc)—cos(y)
on w/c and its spectrum SpD for g=v/c=0.65.
Wherein A =0.973, A, =1.0528, 4, =0.1353
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Fig. 2. Dependences of the difference
Ak; = (o, —w,_,) | =c of the neighboring roots
of the dispersion equation D(w, /c) =0 of layered
dielectric on the values w/c of these roots
for f=v/c=0.65 and k, =4 /R
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Fig. 3. Dependence D(w/c)=cos(wL/ ﬁc) cos(y)
on @/c and its spectrum SpD for f=v/c=0.95,
=/ /R.Wherein A =0.6657, A, =1.0528,

4, =0.1353
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Fig. 4. Dependences of the difference
Ak, = (o, —w,_,) / zc of the neighboring roots of the

dispersion equation D(w, /c) =0 of layered dielectric
on the values @/ c of these roots for g=v/c=0.95
and k, =4/R

On the graphs of the difference in the wavenumbers
of the neighboring zeros of the dispersion equation
(Figs. 2 and 4), it is clearly seen that in addition to the
main two wavenumbers, which make the maximum
contribution to the change in the dispersion equation
(14), there is one more wavenumber indicating the roots
of the dispersion equation with close values of wave-
numbers. Thus, we see that there are different periods of
succession of the roots of the dispersion equation (14).
To determine the averages over the period of energy
losses of particles, the expressions for the average field
structures of the field have the form [1]:
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Summarizing the obtained fields for various trans-
verse wavenumbers with allowance for their radial dis-
tribution, we find the dependences of the mean fields

E,. E,,H, of the parametric Cherenkov radiation on
the radius (shown in the figures below), as well as the

dependence of the energy losses averages on the period
of the structure on the radius:
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(14) for each k,,, Nres isequal to the number of roots
of the dispersion equation (14) in a given frequency
interval. The values for the fields E, (o, ) are deter-

mined from equations (6) in each region.
It follows from (16) that the particle's average ener-
gy loss is determined by the average field on the period

of the structure E,.

Let us find the dependence of the fields averages on
the structure period E,, E,,H, on the radius for the
case when the thicknesses of the dielectric layers are the
same. To represent the radial dependence, the number of
steps along the radius is chosen equal to 70, Nbess=24.
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~ The graphs of the average fields dependence
E,, E,,H, on radius averaged on the structure period

are shown in Figs. 5, 6
40
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Fig. 5. Dependence of the
fields on the radius
averaged on the structure
period: @) E,;b) E,, H,
for the parameters for the parameters
p=v/c=0.65 p=vlic=0095

Analysis of (15) shows that the mean values of the
field E, are real, and the mean values of the fields E,

and H_q, are, as expected, purely imaginary. This indi-

cates on the transfer of radiation energy along the axis
of the waveguide.

The energy flux for the average over the period struc-
ture of the fields excited by the particle is determined by
the Umov-Poynting vector: S = Re[l?mid X I:I;id} Hence, it

Fig. 6. Dependence of the
fields on the radius
averaged on the structure
period: @) E;; b) E, H,

is not difficult to determine the values of the energy
fluxes from the projections on the coordinate axes:
s, =-Re(E,H;), S,=0,8, =Re(E,H).
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period S, for f=v/c=0.65 period S, for f=v/c=095

CONCLUSIONS

Thus, as a result of the carried out investigation of
the radiation of a charged particle moving along the axis
of an ideally conducting metal waveguide filled with a
spatially periodic layered dielectric, the following con-
clusions can be drawn.

1. The problem of radiation of charged particle in an
ideally conducting metal waveguide filles with a spatial-
ly periodic layered dielectric is solved without a transi-
tion to an equivalent anisotropic dielectric.

2. The dependencies of electric and magnetic radia-
tion fields averaged on the structure period on the
waveguide's radius are determined numerically under
conditions when the period of the structure is of the
same order as the wavelength of the radiation and the
width of the dielectrics is the same.

3. It is shown that for equal thicknesses of the dielec-

trics the mean values of the field E, are real, and the

mean values of the fields E,,H,, are purely imaginary.

4. The average over the structure period radiation
flux for equal thicknesses of dielectrics is positive, di-
rected along the waveguide axis, has a maximum at
small distances from the waveguide axis, and decreases
with approach to the waveguide wall.

5. The carried out investigation makes it possible to
determine both the average fields generated by the
charged particle and the energy fluxes of these fields for
arbitrary values of the thicknesses and dielectric permit-
tivities of the layers, the velocity of the charged particle,
and the waveguide's radius.
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H3JYUYEHUE 3APSI)KEHHOMN YACTHUIIBI B HAEAJBHO TPOBOISIIIEM METAJJIHYECKOM BOJHOBO/IE,
3ATIIOJIHEHHOM INPOCTPAHCTBEHHO NEPUOJIUYECKHUM CJIOUCTBIM JUIJEKTPUKOM
B.U. Tkauenko, U.B. Trauenxo, A.Il. Toncmonyacckuii, C.H. Xustcnax

AHaTUTHYECKH M YUCICHHO MPOBEACHO HCCIICAOBAHKUE MMAapaMETPHUUYECKOr0 YSPEHKOBCKOTO M3JIy4eHHs] PAaBHOMEPHO ABHKY-
[ICHCS YaCTHIBI B MICATHHO MPOBOJISIIEM METAIMYECKOM BOJHOBOJIE, 3alIOJTHEHHOM MPOCTPAHCTBEHHO MEPUOIMYECCKAM CIIOH-
CTBIM JANDJICKTPUKOM UIS CIydast [UTHH BOJIH, CPABHUMBIX C IEPHOIOM HEOJHOPOAHOCTH. OMHUCaHbI OIS M CHEKTPBI apaMeTpH-
YECKOTr0 YepeHKOBCKOTO M3iyueHus. HaliieHbl cpeiHue o HeproLy CTPYKTYPHI IIOTEPH SHEPTHH YaCTHIIBI U OIPEICIICHBI II0TO-
KH DHEPTHH TIOJIEH.

BUIIPOMIHIOBAHHA 3APSII)KEHOI YACTUHKHU VY IEAJIBHO ITPOBIJITHOMY METAJIEBOMY
XBUJIEBO/I, 3AIIOBHEHOMY IMPOCTOPOBO NEPIOJUYHUM IIAPYBATHUM JIEJJEKTPUKOM
B.I. Tkauenxo, I.B. Tkauenxo, O.I1. Toncmonymccokuit, C. M. Xuscnsax
AHJIITIYHO Ta YHCEIHHO MPOBEASHO JOCTIIKEHHS TapaMeTPUIHOT0 YePEHKOBCHKOTO BHUIIPOMIHIOBAHHS YAaCTHHKH, IO PIBHO-
MIpHO PYXa€ThCs B 11€aIbHO MPOBIIHOMY METAIEBOMY XBHJIEBO/Il, 3aIIOBHEHOMY IIPOCTOPOBO MEPIOANYHIM IAPYBATUM JIi€TEKTPH-
KOM ]IS BUIAJKY JOBKHH XBWJIb, SIKi MOXKHA TTOPIBHATH 3 MEpiooM HeoJHOpPigHOCTI. ONHcaHo MoJIs i CHEKTPH MapaMeTpHIHOro
YePEeHKOBCHKOTO BHUIIPOMIHIOBAaHHsI. 3HAHICHO CepeIHi IO Iepioy CTPYKTYPH BTPATH €Heprii YaCTUHKY i BU3HAUCHI IIOTOKH SHepril
TIOJIiB.
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