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The process of excitation of Cherenkov electromagnetic radiation by a laser pulse in ion dielectric waveguide is
investigated. Nonlinear electric polarization in isotropic ion dielectric medium and, accordingly, polarization
charges and currents induced by a ponderomotive force of a laser pulse are determined. Frequency spectra of the
excited wakefields in the infrared and microwave frequency ranges are obtained. The spatio-temporal structure of
the wakefield in ion dielectric waveguide is obtained and studied. It is shown that the excited field consists of a po-

tential polarization electric field, as well as a set of eigen electromagnetic waves of ion dielectric waveguide.
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INTRODUCTION

A effect of Cherenkov radiation takes place when a
high-power laser pulse propagates in a dielectric [1 - 5].
A necessary condition for the appearance of a Cher-
enkov radiation of a laser pulse is that the group veloc-
ity of the laser pulse must exceed the phase velocity of
the radiated electromagnetic wave. The effect of Cher-
enkov radiation of a laser pulse in a dielectric medium is
as follows. When a laser pulse propagates in a dielectric
a pulsed ponderomotive force quadratic in the laser field
propagating in the medium with the group velocity of
the laser pulse will act on the bonded electrons of the
atoms (ions) of a medium. This force, in turn, will lead
to the polarization of the atoms (ions) of the dielectric.
Induced polarization charges and currents will coher-
ently radiate electromagnetic waves (Cherenkov radia-
tion). The effect of the Cherenkov radiation of a laser
pulse is quite similar to the Cherenkov radiation of an
electron bunch moving in a dielectric medium, with the
difference that the ponderomotive force of the laser
pulse plays the role of the pulse electric field of the
electron bunch.

The Cherenkov wakefield radiation in a dielectric
medium of a high-power ultrashort laser pulse can be
used to accelerate charged particles similarly to a laser-
plasma wakefield acceleration method [6].

A wider class of dielectrics is formed by ion-bonded
dielectrics [7 - 9]. No pure element of the periodic table
is related to dielectrics of this class. All ion dielectrics
are chemical compounds. Ion crystals are composed of
positive and negative ions. These ions form a crystal
lattice as a result of Coulomb attraction of oppositely
charged ions.

The traditional example of ion dielectrics are crys-
tals of an alkali-halide group with the formula 4,B,,

(for example, NaCl and KCI). In crystals of this group,
it is energetically advantageous for an atom of alkali
metal to transfer its valence electron to an adjacent hal-
ide atom and fill its outer shell. As a result, an ion bond
arises between the atoms of different elements. This
bond is due to the interaction of oppositely charged
ions. Below we restrict consideration to the simplest
case of diatomic crystals.
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In determining the total electric polarization induced
by a laser pulse in an ion dielectric, it is necessary to
take into account both the total contribution of the po-
larizations of the electron shells of all the ions which
form the crystal and the total contribution of the positive
and negative ions of the crystal.

In this paper, a system of nonlinear equations of
macroscopic electrodynamics is formulated, which de-
scribes the process of excitation of Cherenkov radiation
by a laser pulse in an ion dielectric medium.

On the basis of these equations, the effect of the Cher-
enkov radiation of a laser pulse in a dielectric
waveguide (light guide) will be investigated. A com-
plete picture of the excitation of Cherenkov radiation by
a laser pulse propagating in an ion dielectric is pre-
sented. The frequency spectrum of Cherenkow radiation
is determined. The spatio-temporal structure of the
Cherenkov electromagnetic field has been obtained and
studied. Note that when the laser pulse crosses the di-
electric boundary, the transition radiation effect is pos-
sible by analogy with the case of an electron bunch [10].

1. PROBLEM STATEMENT.
BASIC EQUATIONS

A laser pulse (wave packet) with electromagnetic
field components propagates in a homogeneous dielec-
tric medium

- 1 - _ .
E (F,t)= EEO (7,t)e" +cc.;

H, (7,t)= rot| E,(F,t)e"" |+cc.: (1

D= [ By (00" ] (1)
w, =k,F—w,t, k, is wave vector; ky=w,/c, o, is
carrier frequency of a laser pulse; EO (7,t) is a laser

pulse envelope slowly varying in space and time.

Under the action of the ponderomotive force (RF-
pressure force) a polarization arises in the dielectric,
slow on the carrier frequency scale, which in turn is the
source of the electromagnetic field of the laser pulse
(Cherenkov radiation). Maxwell's system of equations
describing the electromagnetic field, which is excited by
a polarization induced by a laser pulse, has the form

rotE = ——a—, rotH =16_E+4_7z6_P’
c Ot cot ¢ ot
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divE = -4ndivP, divi =0, 2)
P is vector of electric polarization.

In ion dielectrics there are two mechanisms of elec-
tric polarization. This is primarily an electron polariza-
tion mechanism inherent in all types of dielectrics. Elec-
tron polarization is due to the displacement of a shell of
bound electrons relative to their nuclei under the action
of an electric field. The second polarization mechanism
is ionic; it is caused by the relative displacement of op-
positely charged ions.

First of all, we formulate equations describing the
electron polarization of diatomic ion crystals induced by
a laser pulse.

In a condensed medium, each atom is in a local (act-

ing) electric field E, , which can differ substantially

loc »
from the macroscopic field E included in Maxwell's
equations (2). The local electric field E,oc includes both

the external electric field and the total electric field of
the induced dipoles surrounding a given atom (ion). In a
crystal medium with a cubic crystal lattice, the local
electric field is described by the Lorentz formula [7 - 9]

=1::+4T“r>. 3)

E

loc

Taking into account the local field effect, the expres-
sion for the ponderomotive force acting on the electrons
of the crystal ion shell from the side of the laser pulse
has the form [3 - 5]

po etz 1 g
o = 4m L3 sy —OF t @
i=vig,[ +8L3‘1[(1::;;v)1::0 HEV)E ] ©

The indexes ( £ ) correspond to positive and negative
ions, a,,., are frequencies of the dipole oscillations of

the electron shells of ions, ¢, is the dielectric constant

of the medium at the frequency of the laser pulse. The
first term in (5) describes the gradient force of HF-
pressure. The second term appears only in the case of a
crystal medium and is caused by the difference between
the local electric field in a crystal and the average elec-
tric field of a laser pulse in dielectric medium. In dielec-
tric media where the active field coincides with the ex-
ternal field, for example, in the gas dielectric or plasma
this term is absent.

Under the action of ponderomotive force in dielec-
tric electron and ion polarizations appear. Full polariza-
tion of ion dielectrics is

P=P®+P9 1P, (6)
where Ii(i) are the partial electron polarizations of posi-

tive and negative ions; P is ion polarization. Partial

polarizations are described by a system of coupled lin-
ear oscillators

2 p+) = 1 = = R

4@, PO —~w), (P + P+ P)=

t e e 3 pe e e 1
Lo eNoe+2 m
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3 pe e e i (7)
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o*P - 1 ~ ~ - 1 -
4 B -~ (B +P+P)=—aw}E,
ot 37 Az "
where a!” are electron polarizabilities of individual

positive and negative ions at laser pulse frequencies;
=4req™ N, /m is square of the effective elec-
)

2
B ey

tron plasma frequency; ¢'~ is full charge of the elec-

tron shell of the corresponding ion; N, is concentration
of ions of each type; o, is the eigen frequency of ion
dipole oscillations; @?, =4mq/N,/M is the square of

the ion plasma frequency; M is reduced mass of ions;
g, ision charge.

The left-hand sides of equations (7) for electron po-
larizations include complete polarization of the ion di-

electric, which also includes ion polarization P . Note

that since the ponderomotive force acting on ions is
inversely proportional to the mass of the ions, then it is
small and we neglected it in equation (7).

Thus, partial polarizations are described by a sys-
tem of coupled linear oscillators. The external force
exciting these oscillators is the ponderomotive force
from the side of the laser pulse.

The Maxwell equations (2), together with the equa-
tions for partial polarizations (7) and the relation (6) for
the full polarization, are closed and describe the Cher-
enkov excitation of electromagnetic radiation of a laser
pulse in an ion dielectric.

We will solve this system of equations by the
method of Fourier transform

E(F.f) = j E, (r)edo, P(F,t)= j B (e do,

where Ew(r), ﬁw(?) are Fourier-components of the

corresponding quantities. From the system of coupled
equations for partial polarizations (7) we find the ex-
pression for the Fourier components of the full polariza-
tion vector

- g(a)—)—le _ #ﬁw’ (8)
4r
1+§A(a))

R,

where

. o 3
Aw) = 2plz+ 2[” >t 2[%2;
Oy — @ Oy — @ -

_eNy g, +2
4m 3 1

1 is Fourier-component of the quadratic depend-

o]

ence of the ponderomotive force (5) on the intensity of
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the electric field of a laser pulse. The value &(w) is the

dielectric constant of a diatomic dielectric with an ion
bond.

Maxwell's system of equations for Fourier-
component of the electromagnetic field, taking into ac-
count the relation for the full polarization (8) can be
represented as

47 - ~
rotH,, = —ik,e(®)E, +—— rotE, =ik,H

](upul s

e(0)divE, = 47zpwwl, divH, =0, (10)
k, =w/c. The Fourier-components of the polarization

currents and charges induced in the dielectric by the
ponderomotive force of a laser pulse are described by
the expressions

]pul(u (l 1)

The resulting working system of equations makes it
possible to investigate Cherenkov radiation in a wide
variety of physical situations: the model of an infinite
dielectric medium, dielectric waveguides and cavities.

2. CHERENKOYV RADIATION OF A LASER
PULSE IN A DIELECTRIC WAVEGUIDE

We consider the dielectric waveguide, made in the
form of a homogeneous dielectric cylinder, the lateral
surface of which is covered with a perfectly conductive
metal film. A circularly polarized laser pulse with elec-
tric field components propagates along the axis of the
waveguide

1 .
E,, = \/g\u(r,r) JE,, =iE,,w=[R(1)T(x)]". (12)
The function R(r) describes the radial profile of the
R(0)=1, R(r=b)=0,

ioull Potor = udivil, .

w?

- |2
laser pulse intensity I, = |E0| ,

b is the waveguide radius, the function 7(z) describes
the longitudinal profile, z=¢t-z/v,, v, is the group
velocity, maxT(r) =1, I, is the maximum intensity.

From the system of Maxwell equations (10) the
wave equation for the longitudinal Fourier component
of the Cherenkov electric field follows

1 0Py . k
. i szolm (13)
g(@) 0z c

For a circularly polarized laser pulse (12), expres-
sions for p take the form

-1

AE,, +kle(0)E,, = 47{

polw > Jpalw

- =u[<Al L () 5, ()} (14)

~ok,ul, (r)eikgz, (15)
is the transverse part of Lapla-

jzpolm =
where k, =w/v, A,
cian; I (r) is Fourier component of the intensity of the
laser pulse field. The result of solving equation (13) is
the following expression for the longitudinal component
of the electric field in the form of a convolution

E.(r,7) = 4, L T T(z,)G(r,v —7,)dz,-  (16)
2r <,

Here
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(17)

is Green function. For further analysis, we will present
the Green function in the form

G(r,t—1,)=G,(r,1—17,)+G,

T g(w)+2T(w)

G (r.t—1))=i
(r,t T)z:[oa) 3 (@)

1= ,
G(i’, T— ‘1,'0) o p— J. G(’,.’ a))efz(u(rfrn)dw
2 =,

(18)

(D ( ) —io(t— r,,)da)

(I",T—TO),

Gtr(r’T_To)z ( JS (T TO)
n=1
T r
S (r-1,)= ij g(a)) +2 kT(w) R
s 3 k A, (a))
where
A Py P -
8 =Ty Nn =S Axp, jR (lﬂ erdr;

An ((D) = kég(&)) - kn s

1
Z%JO(/I” %j;k,f =K A2 /B

n=1 ",

@, (r) = R(r) + 2L

The Green function actually describes the structure
of the wakefield in a dielectric medium excited by a
laser pulse with a &-shaped longitudinal intensity pro-
file. Moreover, the term G, (r,7 —7,) takes into account
the excitation of potential longitudinal oscillations of
the ion dielectric, and the term G, (r,7—7,) describes
the excitation of transverse electromagnetic waves.

2.1. DISPERSION PROPERTIES
OF ION DIELECTRIC WAVEGUIDE

Let us now briefly discuss the question of the propa-
gation of electromagnetic waves in an ion dielectric
waveguide. Dispersion equations for potential longitu-
dinal oscillations and electromagnetic waves have the
form

&(w)=0,
2 2
A
—e(a)) k> - b’; =0,
k, is longitudinal wave number. The dielectric constant

(19)
(20)

is described by the formula (9). The expression for the
dielectric constant can be represented as [5]

e ) g

(@ —op)(0" - oy, N0 -or,

The frequency w,, is the frequency of longitudinal

(a)2 - a)z[)(a)2

e(w) =

optical phonons and belongs to the infrared frequency
range. Frequencies w,,,, are the frequencies of longi-

tudinal polarization electron oscillations and are in the
optical or even ultraviolet frequency ranges. The fre-
quencies @, @, are the absorption lines of the elec-

tromagnetic waves of an ion crystal. In the vicinity of
these frequencies, the imaginary part of the dielectric
constant and, accordingly, the energy losses of electro-
magnetic waves increase greatly. The frequency of ab-
sorption by the ion subsystem «,, is the frequency of

transverse optical phonons.
In total, there are three branches of longitudinal os-
cillations @ = w,;,®,,,, and four branches of electro-
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magnetic waves [5]. The low-frequency branch o = w,,

corresponds to the longitudinal optical phonons, and the
other two branches w=w,,,, are frequencies of the

polarization electron oscillations. As for the electro-
magnetic branches, the lowest frequency (ion) branchl
is in the infrared and microwave ranges

o, >o(k)>0, , o, =1 c/b\/; is low ion cutoff

ci— n st

frequency
2 2 2
e =%, _ Ol Dres
st 2 Copt> Copt T2 2 0
a)Ti a)Te— a)T

g, is the static dielectric constant. In the frequency

range @, >> o >>a®,_, the dispersion curve has a lin-

ear plot w=k.c/,/s, . The frequencies of the electro-

magnetic branch 2 are within w,,_ > o,(k,)> 0, = o,;,

.. 1s high frequency ion cutoff frequency The low-
frequency section of this branch corresponds to the in-
frared frequency range and the high-frequency region

corresponds to the optical one. This branch also has a
linear dispersion region @ =k_c/ &, 1s the optic

gupt s
dielectric constant. The tilt angle of this line exceeds the
tilt angle of the straight section of branch 1. And finally,
branches 3 and 4 are purely electron branches and locate
in the optical and ultraviolet frequency ranges. The
phase velocity of electromagnetic waves belonging to
the fourth branch exceeds the speed of light and in the
limiting case approaches it.

2.2. CALCULATION OF GREEN'S FUNCTION

The Green function (18) contains two terms that de-
scribe the excitation of longitudinal potential oscilla-
tions and electromagnetic waves. The potential Green's
function G,(r,7—7,) has only simple poles, which are
the zeros of the dielectric constant &(w)=0. The fre-
quency spectrum of longitudinal oscillations contains
the frequency of longitudinal optical phonons ®,, and
the frequencies @, ., of electron polarization oscilla-
tions. Below we restrict ourselves to the study of wake
fields in the infrared and lower frequency ranges.

Calculating the residues in the integral G,(r,7 —7,)
at the poles @ = *w,, —i0 , we find the following for the
potential Green function expression

4 1
G, = T”wg — @ (N -1, 080, (T-7,), (22)
Eyp
where 3(r —17,) is the Heaviside function;
ge/‘f _M’ ki =wLi /vg’ rst = az;) + aéi) 2
) gst - gupt a)de+ a)def
®,(r) = R(r)+ L — k jG (r, 1 )R(ry )1yl ;

G.(r,r)=

1 1,(kr)A(kry), r<r
1,(kb) |1, (kry)A (kr), r>T1y;

Ay (kr) = 1, (k) Ky (kib) — I, (kD) Ky (k)
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Term in the total Green's function G, (r,7 —7,) de-
scribes the Cherenkov excitation of the eigen electro-
magnetic waves of the dielectric waveguide. Integrands
of Fourier integrals S (r—7,) contain only simple
poles, which are the roots of the equation

A, (0)=0. (23)

As we are interested in the infrared (microwave)
frequency range equation three pairs of roots. Two of
them are located on the real axis

-0, @,=—"—F———, (24)

o =*o, -
b B, -1

in

and one pair @ = *iw,, on the imaginary axis. Calculat-

ing the residues in these poles we find the expression for
the Green function

G, =——e¢,[,9(r - TO)zmerlJ( bjCOSa)m(T—TO)—

n=1

e ”Zwmo—,,J ( ) f][% —z)cosw, (—7)— (20)
T8 4 b
T— To‘):|,

~De, +2) (e, —De, +2)

Gn N st T > Sopt T
n gst gupt

en

1
—Eszgn(z' 7,) exp(—w,

where
pn e = (gL

The first term in the expression for the electromag-
netic Green's function (26) describes the electric field in

the microwave (terahertz) frequency range ;, >> @,
(ion branch 1) and is a set of eigen electromagnetic
waves with frequencies ®,, . The second term in expres-

sion (26) describes a purely electron electromagnetic
field and belongs to branch 2 in the infrared frequency
range @, >> ., >> w;,. The longitudinal structure of
this field is more complicated. Each radial harmonic
contains a wake monochromatic wave, as well as a bi-
polar antisymmetric solitary pulse. Moreover, the height
of this pulse is exactly two times smaller than the ampli-
tude of the wake wave. Since the amplitudes of the
waves entering the Green function are proportional to
the square of their frequencies, the electron electromag-
netic waves will have a larger amplitude compared to
the ion waves.

2.3. THE EXCITATION OF WAKE FIELD
BY LASER PULSE

The wakefield excited by a laser pulse is described
by convolution (16), in which the Green function is the
key element. We first consider the excitation of longitu-
dinal optical phonons. Using the potential polarization
part of the Green function, we obtain the following ex-
pression for the wake field of longitudinal optical pho-
nons

E (r,1)=E,®,(r)Z(o,7), (27)
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1 T
where Z(wr)=— j T(z,./t,.)coso(r —7,)dT, ;
tL —0
2 (g, +2) ew;, V!,
L~ 9 . .z ..
9 gy Ve T
t, is characteristic duration of a laser pulse.

E

2.
14 >

2
e
2 2 2 2
k, = ,Now,, r,=e /mc, a; = 1.
me®,

The wake function Z(w7) describes the distribution
of the wakefield on frequency @ in the longitudinal
direction at each moment of time. We will consider a
laser pulse with a symmetric longitudinal profile
T(r,)=T(-t,). The wake function is conveniently rep-
resented as

Z(w7) =T(Q)I(r)coswr — X (T), (28)

where Q=wt,;7 =7/t ; T(Q) = EI T(s)cos(Qs)ds;
0

X7)= signTT T(s)cos Q(|7|—s)ds .
7

The first term in (28) describes the wake wave
propagating behind the laser pulse. The second term in
(28) describes a bipolar antisymmetric pulse of a polari-
zation field localized in the region of a laser pulse. The
field of this pulse decreases and tends to zero with in-
creasing distance from the laser pulse.

Behind a laser pulse, the wakefield of longitudinal
optical phonons has the form of a monochromatic wave

E. (r,7)= ELicDi(r)f(QLi)COS o7, Q=04 .

Let us give expressions for the Fourier amplitude
T(Q) for Gaussian model longitudinal profiles of a la-
ser pulse

T(z,/t,) =exp(=z / 1), E(Q) =z exp(-Q / 4).

Longitudinal optical phonons are most efficiently
radiated when the coherence condition ®,,z, <1 is satis-
fied. If the condition ®,f, >>1 is satisfied, then the

longitudinal optical phonons are radiated incoherently
and the amplitude of the wake wave is exponentially
small. We present the expressions for the amplitudes of
longitudinal optical phonons E,,. For two alkaline hal-

ide ion dielectrics: sodium chloride NaCl and potassium
iodide KI, we have

E,,(NaCl)=174-10" 7 Ny a, (V/cem),

\Hm
where N, is number of wavelengths in the laser pulse;
f,; =7.62:10" Hz is frequency of longitudinal optical
phonons. In the case of potassium iodide, we obtain

E, (KI)= 1.16-104La§ (V/em),
Ay (pm)

f =4-10" Hz . The amplitude of the longitudinal opti-
cal phonons and their frequency are lower than in the
case of potassium chloride. For A, =1um , N =30 and

a, =1 we find E,.(NaCl)=22MV /cm,
E,(KI)=035MV/cm .
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Let us now consider the excitation of electromag-
netic waves by a laser pulse. Taking advantage of the
electromagnetic Green's function, we obtain the wake
electromagnetic field as a superposition of radial har-
monics

© 2
Etz (r,7)= _Etizw_igan‘]o (An %JZ(COWT) -

n=l1 0

w 2
- Etezw_eggn']o (ﬂ'n %J|:Z(COWT) —%Y(COWT):|,

n=1 wo
where

Y(w,0) = [ T(z, /1, Jsign(c —z,)e " “ldz,

-0

2
T o +2 VI ewy
Etizﬁest 3 Ky > ay, 0,=clb;
rL‘l vg
2
T Eopt +2 Vol ey

. =—0 K .
ti 36 opt 3 L rL‘l V; 0
Behind the laser pulse 7/t >l 0, ,7>>1, the

pulse fields are negligible and only the set of eigen
waves of the dielectric waveguide remains

0 2 _(‘)i%rtlz.
E_(r,r)= —«/;Z o,J, (/ln %J{Eﬁ %e 4 cos(w,T)+

n=l1

0

CO2 _(ufnt%
+E,—%e * cos(w,7) | (29)

Wy

Let us consider, for example, a laser pulse that has a
Gaussian profile both in the longitudinal direction and
in the transverse one

R(ry /1) = exp(—ro2 )

moreover, the radius of the laser pulse is small com-
pared with the radius of the dielectric waveguide
r, <<b. In this case, for the expansion coefficients in
the series (29) we have

o1 ( inzrfj

Ow = 2 P T |

b J (4,) 4b

Accordingly, for the wake electromagnetic field in-
stead of (29) we obtain

2 2
_ @il

0 2
E_(r,7)= —\/;Z o,J, (lﬂ %j {Eﬁ w—i’z’e 4 cos(w,7)+
@,

n=l1

602 _ Oy
+E,—%e * cos(w,7) |
1)

en
0

Amplitudes of wake electromagnetic waves are pro-
portional to the square of their frequencies. Therefore, a
short laser pulse will predominantly excite electron
electromagnetic waves, since their frequencies greatly
exceed the frequencies of ion electromagnetic waves
o,, >> o, . But the number of these waves is limited by
inequality , t, <1. If the laser pulse is long at the
scale of the minimum period of electron electromag-
netic waves w,t, >1, but short compared with the peri-
ods of ion electromagnetic waves ,t, <<1, then low-
frequency ion electromagnetic waves will be most ef-
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fectively excited. Under these conditions, only low-
frequency waves are emitted coherently by a laser pulse.

CONCLUSIONS

In this work, the process of excitation of wake Cer-
enkov radiation by a laser pulse in an ion dielectric
waveguide is investigated. For definiteness, a diatomic
ion crystal medium is considered. The nonlinear electric
polarization of the ion dielectric medium, induced by
the ponderomotive force with the side of the laser pulse,
is determined. The total electric polarization in the ion
dielectric includes the electron polarization of the elec-
tron shells of ions of opposite charges, as well as the ion
polarization proper, due to the displacement of ions in
the electric field. A system of three strongly coupled
linear oscillator equations is obtained, which describes
the excitation of partial electric polarizations of an ion
dielectric by a ponderomotive force from the side of a
laser pulse. The solution of these equations is obtained
and the complete polarization in a diatomic ion dielec-
tric medium is determined. Accordingly, expressions are
obtained for polarization charges and currents, which, in
turn, are the source of Cerenkov wake waves. The fre-
quency spectrum and the space-time structure of the
Cherenkov wake field, excited by a laser pulse in an ion
dielectric waveguide, are determined. It is shown that in
the infrared (microwave) frequency range, the excited
wake electric field consists of a potential field of longi-
tudinal optical phonons and a set of eigen wake elec-
tromagnetic waves of a dielectric waveguide. The di-
electric constant in the infrared (microwave) frequency
range in ion dielectrics always exceeds the dielectric
constant in the optical range. Therefore, the condition of
the Cherenkov radiation of a laser pulse in ion dielec-
trics is always satisfied.
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BO3BYXJIEHUE KNJIBBATEPHBIX BOJIH JIABEPHBIM UMITYJIbCOM B HOHHOM
JUIJIEKTPUKE

B.A. banakupes, H.H. Onuwenko

Hccnenoan mpouecc BO36y)KI[eHI/IH YCPCHKOBCKOI'O 3JICKTPOMArHUTHOI'O M3JIYYCHHA JIa3€PHBIM HUMITYJIBCOM B
HMOHHOM JUIJICKTPUYCCKOM BOJHOBOJIEC. HOKa3aHO, qTo BO36Y)K}18.6M06 IMOJI€ COCTOUT U3 MOTCHUHUAIBHOI'O IMOJAPU-
3aIIMOHHOT'O 3JICKTPUYECCKOI'O MOJIA IMMPOAOJIBHBIX ONTUYCCKUX (l)OHOHOB u Ha60pa COOCTBEHHBIX QJICKTPOMArnuTHBIX

BOJIH HOHHOI'O JUBJICKTPUYCCKOT'O BOJIHOBOA.

3BYKEHHSI KIJIbBATEPHUX XBUJIb JIASEPHUM IMITYJIbCOM B IOHHOMY JIEJEKTPUKY
B.O. banaxipes, I.M. Oniwgenko

JocnimkeHo nporec 30yPKEHHsT YepEeHKOBCHKOTO €JIEKTPOMArHiTHOIO OIS JIa3epPHUM IMITYJIbCOM B iOHHOMY
TieNeKTpUIHOMY XBHJIeBOi. [TokazaHo, 1m0 30ymKyBaHe MOJC CKIANAETHCA 3 MOTCHINATBHOIO MONISIPH3AI[THOTO
CIIEKTPUIHOTO TIOJIS ITO3I0BKHIX ONTHYHHUX (POHOHIB Ta HAOOPY BIIACHUX €IEKTPOMATHITHUX XBHJIb 10HHOT'O JTiCICK-

TPUYHOI'O XBWJICBOY.
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