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The process of excitation of Cherenkov electromagnetic radiation by a laser pulse in an ionic dielectric
waveguide, is investigated. The frequency spectrum and mode composition of the Cherenkov radiation are deter-
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
E, = /—[Oy/(rt) E,, =iE
0x 2 Oy 0x (l)

v =[R(r/r,)T(c/1,)]".

The function R(r/r,) describes the radial profile of
the laser pulse intensity, 7, is the characteristic pulse
radius 1, =|EO|2, R(0)=1,R(r=b)=0, b is the
waveguide radius, T'(z/t,) is the function, which de-
scribes the longitudinal profile, T'(z/t,)=T(-7/t,),

r=t—z/vg, v, Is the group velocity of the wave
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packet, ¢, is the characteristic duration of the laser
pulse, [, 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

= 1
rotE = ————, rotH =———+—j _,,

c ot c ot c (2)
divEE = —47zdiv16NL, divH =0,
where & is the operator of the permittivity of the ionic
dielectric,
j pol = ag%

is the current density of nonlinear polarization, B, 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

E.(r,z,t)= j E (rz)e “do. 3)

The equation for the longitudinal Fourier component
of the electric field has the form

1 op k,
AE. +ke(w)E. =dg| —— e ;20 (4
zo 0 ( ) zw (E(Q)) 62 c ]“pul(uj ()

where p is the Fourier component of the polariza-

polo

tion charge density, j is the Fourier component of

zpolw
the polarization longitudinal current density, &(@) is
permittivity.

For a circularly polarized laser pulse (3), expressions

for p have the form

polw ® ]pul(u

&y 1 ikyz
Proiw = 1| (A —K2 )1, (r)+ ”"’6 AL (r)]e",

oo =0k, i1, (r)e",

J zpolw
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where £, =a)/vg, A, is the transverse part of the

Laplacian, 7, (7) is the Fourier component of the in-
tensity of the laser pulse field. The parameter i 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

E_, (r:b,z)=0. ()

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]

2 2
0o
g(0)=¢,, Pl (6)
o, is frequency of longitudinal optical phonons, @, is
frequency of transverse optical phonons, &,, 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 (divEt =0) elec-
tromagnetic waves. The frequency spectrum of longitu-
dinal vibrations contains only the frequency of longitu-
dinal optical phonons «, . Behind the laser pulse, the
longitudinal field of optical phonons has the form of a
monochromatic wave
E.(r,t)=E,®(NT(Q,)cosw,r, Q, =t

E, is amplitude of the oscillations. The function O(r)

L

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

T(t,/t,)=exp(—1 [1;), (7)
we have
£(Q,)= \/;exp(—Qi/4) .
Longitudinal optical phonons are most efficiently
radiated when the coherence condition w,;, <1 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 NaCl 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 NaCl

N
E (NaCl)=74-10" —Lt—a’[V ,
. (NaCl) i ]ao[ /em]
for KI
E,(KI)=1.16-10" N, a; [V/em].

A, [vm]
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Here N, is the number of wavelengths in the laser

pulse, f, =7.62-10”Hz for Kl and f, =4-10"Hz for
NaCl are the frequencies of longitudinal optical pho-

ek,
mecao,

nons, a, = is the parameter of the wave force,

o, 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

R(r/r,)= exp(—rz/rf) .
The expression for the Cherenkov electromagnetic
field has the form

E.(r)=—EN72(r,17), (8)

2(r) =Y By (Ap)eos(@ur). (O
n=1 _% i

E,=x,&e * m (10)

ny
&= [ eI (Amp)pdp,
0
TIL = rL/b’ Qm‘h = wm‘htL’

_ELK (11)

a =
nch [ n?
b gst - gupt

o, — are the frequencies of the excited radial modes of

nch
the dielectric waveguide, which are in the terahertz (in-
frared) range o, < @, ,

nch

1
K =
2

n [ 5 5
1 + wnd/a)T
L

&, =¢,,— is static dielectric constant, J, (x) is Bes-
T
sel function, A, 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

E, (NaCl)=1.62-10 ") _[y/em],
{b[vm
E, (KI)=3.45-10" G [V/em],

{p[m]}

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 »=100mm 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 @; .
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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 7 = (t—z/vg)c/b are shown, which is ob-

tained for a laser pulse with a wavelength A, =1mm
and duration ¢, =20fs. This figure illustrates the case
of a laser pulse with a relatively small laser pulse radius
r, =0.15. 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.
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Fig. 2. Dependencies Z(r,z’) for r=0.4b (a)
and on the axis r=0 (b), r, =0.1b

In Fig. 3 the dependences of the amplitude of the ra-
dial mode E, (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 », =0.15, a
multimode Cherenkov excitation regime is realized.
Moreover, the maximum amplitude is for the radial
mode with n =5 for NaCl crystal and with n =4 for
KI crystal.
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Fig. 3. Dependencies of the amplitude of the radial
mode E, of the Cherenkov field on the numbern ,

r,=0.1b
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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 », =0.3b. 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).
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Fig. 4. Dependencies Z(r,z’) for r=0.4b (a)
and on the axis r=0 (b), r, =0.3b
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Fig. 5. Dependencies of the amplitude of the radial
mode E, of the Cherenkov field on numbern , r, =0.3b

And, eventually, at laser pulse radius increase to the
value 7, =0.9b there is essential wakefield regulariza-
tion. It is well visible in Fig. 6.
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Fig. 6. Dependencies Z(r,z’) for r=0.4b (a)
and on the axis r=0 (b), r, =0.9b
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Fig. 7. Dependencies of amplitude of radial wakefield
mode E, on numbern, r, =0.9b

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 7, 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 complicated 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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YEPEHKOBCKOE BO3BY/KIEHUE KNJIbBATEPHBIX JIEKTPOMAI'HUTHBIX BOJIH
JA3ZEPHBIM UMITYJIbCOM B HOHHOM /IUDJIEKTPUKE

B.A. banakupes, I1.H. Mapxoe, H.H. Onuwenxo

HCCJ’IC}IOBaH mpouecc BO36y)KI[EHI/IfI YCPCHKOBCKOI'O 3JICKTPOMArHUTHOIO MU3JTYYCHUA JIa3€PHBIM HMMITYJIILCOM B
HWOHHOM JUIJICKTPUYCCKOM BOJIHOBO/EC. Onpez[eneHLI YaCTOTHBIN CIICKTp U MO)Z[OBI)Iﬁ COCTaB YE€PECHKOBCKOI'O0 H3J1Yy-
YCHUA. Honyqua U HUCCIICAOBaHA MNPOCTPAHCTBECHHO-BPEMEHHAA CTPYKTypa YCPCHKOBCKOI'O SJICKTPOMArHUTHOI'O

TI0JI4.

YEPEHKOBCBHKE 3BY’KEHHS KIIbBATEPHUX EJIEKTPOMATI'HITHUX XBUJIb
JA3ZEPHUM IMITYJIbCOM B IOHHOMY AIEJEKTPUKY

B.A. banakipes, I1.1. Mapkos, 1. M. Oniuienko

JocmimkeHo npotec 30yIKEHHSI YepEHKOBCHKOTO €JIEKTPOMArHiTHOTO BUIIPOMIHIOBAHHS JIA3EPHUM IMITYJIbCOM
B I0HHOMY JIieJIEKTPUYHOMY XBWIJIEBOi. BH3HaueHO YacTOTHMI CIIEKTpP Ta MOIOBHI CKIIaJ] YepEHKOBCHKOTIO BHIIPO-
MiHtoBaHHs. OTprMaHa i JOCHiIKeHa TPOCTOPOBO-YacoBa CTPYKTYpa YEPEHKOBCHKOTO €JIEKTPOMArHITHOT'O TOJISL.
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