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mined. The spatio-temporal structure of the Cherenkov electromagnetic field is obtained and investigated. 
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INTRODUCTION 
A laser pulse propagating in a dielectric can excite 

Cherenkov radiation [1 - 6]. For the appearance of Cher-
enkov radiation of a laser pulse, it is necessary that the 
group velocity of the laser pulse (wave packet) exceeds 
the phase velocity of an electromagnetic wave propagat-
ing in the medium. The effect of Cherenkov radiation of 
a laser pulse in a dielectric medium is as follows. When 
a laser pulse propagates in a dielectric, a pulsed pon-
deromotive force, quadratic in the laser field, will act on 
the bound electrons of the atoms (ions) of the medium, 
which, in turn, will lead to polarization of the dielectric. 
The induced polarization charges and currents will co-
herently radiate electromagnetic waves. The effect of 
Cherenkov radiation of a laser pulse is quite equivalent 
to the Cherenkov radiation of an electron bunch, with 
the only difference that the ponderomotive force of a 
laser pulse plays the role of a pulsed electric field of an 
electron bunch. 

In present work, the space-time pattern of the elec-
tromagnetic field of Cherenkov radiation, excited by a 
laser pulse in an ionic dielectric waveguide, is investi-
gated. The frequency spectrum and mode composition 
of the Cherenkov radiation are determined. 

1. STATEMENT OF THE PROBLEM  
AND BASIC EQUATIONS 

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

 
 

   

0
0 0 0

1 2

2x y x

L L

IE r,t , E iE ,

R r r T t .



 

 

   

 (1) 

The function  LR r r  describes the radial profile of 
the laser pulse intensity, Lr  is the characteristic pulse 
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waveguide radius,  LT t  is the function, which de-

scribes the longitudinal profile,    L LT t T t   , 

gt z v   , gv  is the group velocity of the wave 

packet, Lt  is the characteristic duration of the laser 
pulse, 0I  is the maximum intensity. The system of 
Maxwell equations, which describes the electromagnetic 
field excited by the polarization induced by a laser 
pulse, has the form 
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where ̂  is the operator of the permittivity of the ionic 
dielectric, 
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is the current density of nonlinear polarization, NLP


 is 
the vector of nonlinear electric polarization, quadratic in 
the laser field. The nonlinear polarization in an ionic 
dielectric, induced by the ponderomotive force from the 
side of the laser pulse, was determined and presented in 
[6, 7]. 

In Maxwell's equations (2), the nonlinear polariza-
tion current is a source of Cherenkov electromagnetic 
radiation. It is convenient to solve the inhomogeneous 
system of Maxwell's equations by the Fourier transform 
method and represent the components of the electro-
magnetic field in the form of a Fourier integral. For ex-
ample 
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The equation for the longitudinal Fourier component 
of the electric field has the form 
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where pol  is the Fourier component of the polariza-
tion charge density, zpolj   is the Fourier component of 
the polarization longitudinal current density, ( )   is 
permittivity. 

For a circularly polarized laser pulse (3), expressions 
for pol , polj 


 have the form 
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where g gk v ,   is the transverse part of the 
Laplacian, I ( r )  is the Fourier component of the  in-
tensity of the laser pulse field. The parameter   is de-
fined in [5, 6]. 

The longitudinal Fourier component of the electric 
field must satisfy the boundary condition on the side 
surface of the waveguide 

   0zE r b,z   . (5) 
Below we will restrict ourselves to the study of wake 

fields in the terahertz and infrared ranges. The expres-
sion for the permittivity in these ranges can be repre-
sented as [7 - 9] 
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L  is frequency of longitudinal optical phonons, T  is 
frequency of transverse optical phonons, opt  is permit-
tivity in the optical frequency range. 

Equation (4) together with boundary condition (5) 
makes it possible to find the longitudinal Fourier com-
ponent of the electric field. Calculation the Fourier Inte-
gral (3), in turn, gives possible to determine the total 
field excited by a laser pulse in a dielectric waveguide. 

The total field contains the field of longitudinal os-
cillations, and the field of transverse ( 0)tdivE 


 elec-

tromagnetic waves. The frequency spectrum of longitu-
dinal vibrations contains only the frequency of longitu-
dinal optical phonons L . Behind the laser pulse, the 
longitudinal field of optical phonons has the form of a 
monochromatic wave 

 ( , ) ( ) cos ,lz L L L L L LE r E r T t       


, 

LE  is amplitude of the oscillations. The function ( )r  
describes the distribution of the wake potential in the 
radial direction. For the Gaussian model of the longitu-
dinal profile of the laser pulse intensity 

    2 2
0 0expL LT t t t t  , (7) 

we have 
    2€ exp 4L LT    . 
Longitudinal optical phonons are most efficiently 

radiated when the coherence condition 1Li Lt   is satis-
fied. If this condition is not satisfied, longitudinal opti-
cal phonons are emitted incoherently, and the wave am-
plitude is exponentially small. 

Let us present expressions for the amplitudes of lon-
gitudinal optical phonons for two ionic dielectrics: so-
dium chloride NaСl and potassium iodide KI. These two 
alkali halide ionic crystals NaCl and KI are chosen due 
to the relatively high polarizability of ions. 

The obtained expressions for the amplitude of ex-
cited longitudinal optical phonons are the followings:  
for NaСl 
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Here LN  is the number of wavelengths in the laser 
pulse, 127.62 10 HzLf    for KI and 124 10 HzLf    for 
NaCl are the frequencies of longitudinal optical pho-

nons, 0
0

L

eE
a

mc
  is the parameter of the wave forсe, 

L  is the frequency of the laser pulse. 
Let us now consider the excitation of wake electro-

magnetic waves by a laser pulse in ionic dielectric 
waveguide. Behind the laser pulse, the Cherenkov elec-
tromagnetic field is a superposition of the radial har-
monics of the dielectric waveguide. For the bi-Gaussian 
profile of the laser pulse intensity (7) and 

    2 2expL LR r r r r  . 
The expression for the Cherenkov electromagnetic 

field has the form 
    , ,tz wE r E r     , (8) 
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nch  are the frequencies of the excited radial modes of 
the dielectric waveguide, which are in the terahertz (in-
frared) range nch T  , 
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  is static dielectric constant,  0J x  is Bes-

sel function, n  are roots of this function. 
For NaCl and KI ion dielectric waveguide the ex-

cited amplitude can be represented in a form convenient 
for numerical estimates 
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where ( )W J  is the laser pulse energy in joules. 

2. ANALYSIS OF NUMERICAL RESULTS 
Fig. 1 shows the values of the frequencies of the ra-

dial modes of the Cherenkov field of a laser pulse in a 
dielectric waveguide with a radius 100 мmb   for the 
above crystals. With an increase in the number of the 
radial mode n , in accordance with relation (11), the 
frequency first increases and then reaches the frequency 
of transverse optical phonons T . 



ISSN 1562-6016. ВАНТ. 2021. № 4(134)  76 

 
Fig. 1. Dependencies of the radial mode frequency  

on its number n . Nacl  red, KJ  blue 
The distribution of the wake field in the dielectric 
waveguide behind the laser pulse is described by func-
tion (9). In Fig. 2 the dependences of this function on 
the variable  gt z v c b    are shown, which is ob-

tained for a laser pulse with a wavelength 1мmL   
and duration 20fsLt  . This figure illustrates the case 
of a laser pulse with a relatively small laser pulse radius 

0.1Lr b . As follows from the figure, the distribution of 
the wakefield in the longitudinal direction at a fixed 
instant of time (or the dependence of the wake field on 
time at a given point behind the laser pulse) has a com-
plicated non-periodic character. 

 

 
Fig. 2. Dependencies  ,r   for 0.4r b  (a)  

and on the axis 0r   (b), 0.1Lr b  

In Fig. 3 the dependences of the amplitude of the ra-
dial mode nE  (10) of the Cherenkov field on the num-
ber n  are shown. From this dependence it follows that 
in the case of laser pulse with a small radius 0 1Lr . b , a 
multimode Cherenkov excitation regime is realized. 
Moreover, the maximum amplitude is for the radial 
mode with 5n   for NaCl crystal and with 4n   for 
KI crystal. 

 

 
Fig. 3. Dependencies of the amplitude of the radial 
mode nE  of the Cherenkov field on the number n , 

0 1Lr . b  

With an increase in the radius of the laser pulse, 
there is a significant change in the pattern of the wake-
field excitation by a laser pulse in an ionic dielectric. 
Figs. 4 and 5 show similar dependences obtained for the 
radius of the laser pulse 0 3Lr . b . The field, as before, 
has a non-periodic character. It can be seen that the 
maximum in the distribution on the amplitudes of the 
radial modes is shifted to the region of lower numbers. 
For both considered crystals, the maximum falls on the 
second radial mode, which has much lower frequency 
(see Fig. 1). 

 

 
Fig. 4. Dependencies  ,r   for 0.4r b  (a)  

and on the axis 0r   (b), 0.3Lr b  
 

 
Fig. 5. Dependencies of the amplitude of the radial 

mode nE  of the Cherenkov field on number n , 0 3Lr . b  

And, eventually, at laser pulse radius increase to the 
value 0.9Lr b  there is essential wakefield regulariza-
tion. It is well visible in Fig. 6. 

 

 
Fig. 6. Dependencies  ,r   for 0.4r b  (a)  

and on the axis 0r   (b), 0.9Lr b  
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Fig. 7. Dependencies of amplitude of radial wakefield 

mode nE  on number n , 0 9Lr . b  

From Fig. 7 it follows that in this case of almost sin-
gle mode operation of wakefield excitation is realized. 
The first (main) radial mode of ionic dielectric 
waveguide is excited mainly. Important circumstance is 
also that with increase in the transverse size of laser 
pulse as follows from the figures above, amplitudes of 
all excited radial modes of dielectric waveguide 
strongly decrease. This result is quite clear as at increase 
in laser radius Lr  degree of coherence of wakefield ex-
citation by laser pulse strongly deteriorates. 

It should be noted that similar change of picture of 
wakefield excitation by laser pulse will take place also 
at increase of pulse duration for its fixed radius. 

CONCLUSIONS 
In this work process of excitation of Cherenkov ra-

diation by laser pulse in ionic dielectric waveguide is 
investigated. For definiteness, a diatomic ionic crystal 
medium is considered.  

It is shown that in the terahertz (infrared) frequency 
range the excited electric field consists of potential field 
of longitudinal optical phonons and a set of eigen elec-
tromagnetic waves of dielectric waveguide (polaritons). 
Dielectric permittivity in terahertz (infrared) frequency 
range in ionic dielectrics always exceeds dielectric per-
mittivity in optical range. Therefore the Cerenkov radia-
tion condition for laser pulse in ionic dielectrics is al-
ways satisfied. 

The frequency spectrum and space-time structure of 
the Cherenkov electromagnetic field excited by laser 

pulse in ionic dielectric waveguide is determined. It is 
shown that in case of laser pulse of small radius multi-
mode operation of excitation of Cherenkov electro-
magnetic radiation is realized. Distribution of wakefield 
along waveguide has сomplicated irregular character. 
With increase in laser pulse radius the picture of field 
becomes simpler and, eventually, single mode operation 
of excitation is established. At the same time Cherenkov 
field amplitude decreases. 
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ЧЕРЕНКОВСКОЕ ВОЗБУЖДЕНИЕ КИЛЬВАТЕРНЫХ ЭЛЕКТРОМАГНИТНЫХ ВОЛН 
ЛАЗЕРНЫМ ИМПУЛЬСОМ В ИОННОМ ДИЭЛЕКТРИКЕ 

В.А. Балакирев, П.И. Марков, И.Н. Онищенко 
Исследован процесс возбуждения черенковского электромагнитного излучения лазерным импульсом в 

ионном диэлектрическом волноводе. Определены частотный спектр и модовый состав черенковского излу-
чения. Полученa и исследована пространственно-временная структура черенковского электромагнитного 
поля. 

ЧЕРЕНКОВСЬКЕ ЗБУДЖЕННЯ КІЛЬВАТЕРНИХ ЕЛЕКТРОМАГНІТНИХ ХВИЛЬ  
ЛАЗЕРНИМ ІМПУЛЬСОМ В ІОННОМУ ДІЕЛЕКТРИКУ 

В.А. Балакірєв, П.І. Марков, І.М. Оніщенко 
Досліджено процес збудження черенковського електромагнітного випромінювання лазерним імпульсом 

в іонному діелектричному хвилеводі. Визначено частотний спектр та модовий склад черенковського випро-
мінювання. Отримана й досліджена просторово-часова структура черенковського електромагнітного поля. 


