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RELATIVISTIC LASER-PLASMA INTERACTIONS.
MOVING SOLITARY WAVES IN PLASMA CHANNELS
AND THE KINETIC DISPERSION RELATION

OF CHERENKOV RADIATION

The propagation of an intense laser beam in a preformed plasma channel is stud-
ied. Considering a propagating Gaussian laser pulse in a relativistic plasma channel which has
a parabolic density profile, the evolution equation of the laser spot size is derived analytically
and solved numerically. The governing equation includes the effects of relativistic corrections
to the ponderomotive self-channeling, preformed channel focusing, and self-focusing. In order
to investigate the conditions for the existence of electromagnetic solitary waves, the solutions
of the evolution equation for the laser spot size are discussed in terms of a relativistic effective
potential. Some solitary wave solutions are illustrated numerically. The relativistic corrections
to the dispersion relation of Cherenkov emission in dusty plasma is presented briefly. In the
low-velocity limit, all the expressions in the present study are reduced to their associated coun-

terparts in the nonrelativistic regime, as should be.
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1. Introduction

The nonlinear interaction of plasmas with high inten-
sity lasers is of great current interest [1-7]. The possi-
bility of reaching the extreme power levels with such
setups is one of the promising aspects of laser-plasma
systems [8] and holds the potential of overcoming
the laser intensity limit h &~ 1025 W /cm® [9]. As the
field strength approaches the critical Schwinger value
Eeiy &~ 10*° V/cm [10], there is a possibility of the
photon-photon scattering, even within a plasma [11],
since the ponderomotive force due to the intense laser
pulse gives rise to plasma channels [12-14].

The main nonlinear effects in the propagation of in-
tense electromagnetic pulses through a plasma arise
from the relativistic variation of the electron mass
(relativistic nonlinearity) and from a perturbation in
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the electron density, which takes place because of
the ponderomotive forces due to the radiation fields
(strict nonlinearity). Both these effects change the
effective dielectric constant of the plasma medium
for the propagation of electromagnetic waves and
lead to a coupling between the transverse electromag-
netic wave and the longitudinal waves in the plasma
medium [15].

The study of the formation and propagation of rel-
ativistic electromagnetic solitary waves and their ef-
fects on a plasma due to the highly nonlinear pro-
cesses of strong electromagnetic wave coupling with
the plasma wave is important to understand many
aspects of the laser-plasma interaction such as the
fast ignition scheme, laser wake field acceleration, and
laser overdense penetration [16-22].

It is well known that the characteristic distance
for the propagation of a directed radiation beam
in vacuum is the Rayleigh range, Z,. On the other
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hand, although a laser pulse in a uniform plasma
can guide itself by the effect of relativistic self-fo-
cusing and ponderomotive self-channeling, the diff-
raction would dominate over these effects, when
the laser power is smaller than the critical power
P. = 17(wo/wp)*(GW), where w, is the plasma fre-
quency, and wg is the laser frequency. It has been
shown that a preformed plasma channel can prevent
the diffraction and allow the propagation of an intense
laser pulse through many Rayleigh lengths without
disruption.

In Ref. [16], Zhang et al. studied the necessary
conditions for the existence of the electromagnetic
solitary waves in plasma channels. They presented
the equation of evolution of the pulse spot size
and illustrated some solitary wave solutions numer-
ically. When the velocity of a charged particle pass-
ing through a dielectric medium exceeds the phase
speed of light in that medium, the molecules of the
medium will be polarized. Then the molecules may
emit a specific type of emission, viz., Cherenkov emis-
sion, when they turn back to their ground state. The
Cherenkov wakes excited by intense laser drivers in
a perpendicularly magnetized plasma are a potential
source of high-power terahertz radiation. Cherenkov
radiation is possible under certain conditions in the
plasma and nuclear environment. Since the plasma
is a diffuser, different frequencies are emitted at dif-
ferent angles. Cherenkov radiation is emitted mostly
in the forward direction, because a significant speed
is required to enable the exit of radiation out of
the plasma. When the plasma is deposited with a
laser pulse, the energy exits in the minimum time
interval between the plasma energy transition and
plasma wave life. Cherenkov wave creates some of
dusty plasma waves: acoustic-dust and acoustic ion-
dust ones. These shear waves support Alfven ones and
are the cause for the Mach cone observed in Saturn’s
dense rings.

In a recent research paper, El-Bendary et al. [23],
by using a kinetic method based on the Vlasov equa-
tion, found a dispersion relation for a 1D Cherenkov
wave in an inhomogeneous plasma. Considering some
restrictive conditions, they estimated the growth rate
of kinetic Cherenkov waves.

Here, we will extend the previous works in the non-
relativistic limit [16, 23] and study the effect of the
relativistic flow velocity of a plasma on the solitary
wave solutions.
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The aim of this paper is to investigate the exis-
tence of relativistic solitary waves of a Gaussian laser
pulse in a preformed plasma channel with a parabolic
density profile. The organization of this paper is as
follows: In Section 2, considering the appropriate
equations, we obtain the differential equation describ-
ing the evolution of the laser spot size. The govern-
ing equation presents the effects of ponderomotive
self-channeling, preformed channel focusing, and self-
focusing with relativistic corrections. Section 3 is de-
voted to the numerical analysis. Some solitary wave
solutions are illustrated. In Section 4, the relativistic
corrections to the kinetic dispersion relation for the
Cherenkov radiation are discussed briefly. Section 5
summarizes the finding of this study.

2. Evolution Equations
for the Laser Spot Size

The normalized vector potential with a slowly varying
complex envelope for a circularly polarized laser pulse
propagating the plasma channel with a parabolic den-
sity profile of the form n(r) = ng(1 + r?/r%) can be
written as [16]

a(r, z, t)
2

(éz +1ié,) exp [i(koz — wot)] + c.c,

1)
where €, and &, show the unit vectors along the z
and y directions, respectively, in a Cartesian coordi-
nate system, ng is the initial axial electron density, ¢,
is the effective channel radius, a(r, 2, t) is the complex
amplitude, and ky and wy are the laser center wave
number and the frequency, respectively. In the rela-
tivistic regime with the use of the Coulomb gauge

V -a =0, we present the wave equation for the laser
field as

a(r, z,t) =

2 2
(v2 _ 18) a—= k2 <1 +7VMTT —
c? ot? P Yo (Bo — V)% r3,
2 2

737(21 o) I 2La')a, (2)
2 Y5 (Bo — V) 2

where k, = w,/c is the plasma wave number, and
v, = (1 = v?)71/2 is the relativistic factor associ-
ated with the velocity of the wave and should not
be confused with the particle relativistic factor, v =
= (1 — B%)~/2 related to the fluid velocity of the
plasma. We have 8 = u/¢, v = V/e¢, and the sub-
script 0 represents the quantities at infinity. We note
that, in the derivation of Eq. (2), the long pulse
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limit, i.e., wpTr > 1 is used. The quantities w, =
= (4mnge?/me)"/? and 71, are the plasma frequency
and the laser pulse duration, respectively. It is worth
to note that, in the weakly relativistic limit, Eq. (2)
reduces to its counterpart in [16]. Let us substitute
Eq. (1) into Eq. (2) and assume that the complex
amplitude of the vector potential has a solution with
the Gaussian transverse profile

2

a(r,z) = a.(2) exp {762(2)} expli (b(z)r* + ®(z))]. (3)

S

Then the relativistic equation describing the evolu-
tion of the laser spot size is given as

0?r _ w1 —=fov) (1 —p)
022 y(Bo—v)* 3
(1= Bov)? ag

Y5 (Bo —v)* 21y’

— Ncrs _

(4)

where a,(z),75(2),b(2), and ¢(z) are the real am-
plitude, spot size, spatial chirp parameter, and
phase shift of a laser pulse, respectively. The quan-
tity p = kga%Tg /16 is the normalized laser power,
Ne = Agk2rg/4r?, is a parameter related to the ef-
fect of reformed channel focusing, and the dimen-
sionless variables z/Zr — z and ry/rog — 15, where
Zr = k3r3/2 is the Rayleigh length, are used. Now,
considering a collimated incident laser pulse, i.e.,
by = (9rs/dz) __, = 0 and the initial condition ry = 1
at z = 0 and integrating Eq. (4), we get

% (8;;)2 +V(re) =0, (5)
where )
e o
o ©
in which

b=y e

We note that, for 5y = 0, Eqgs. (4)—(7) can be obvi-
ously reduced to the expressions for the nonrelativis-
tic limits [16].
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3. Solution and Results

The evolution equation, Eq. (5), can be used to study
the variation of the spot size of a laser beam. Putting
V(rs) = 0 and defining 72 = R;, one obtains a cubic
equation for the spot size as

1
N.R?® - 2VoR? + 3 (Np + a3> Ry —

1 (N, + ag 2 2
16 <1+p> ag =0, (8)
in which
(1= Bov)1—p) o
— — as. 9
b 27v0(Bo — v)? 0 ®)

Then the roots of the relativistic effective potential
function can be easily found, by using the solutions
of the cubic equation. Solving Eq. (8) gives three so-
lutions as

T's1 = 17 (10)
1/2

Tep = KN,, + /N2 — 16Nca3> /8Nc] : (11)
1/2

Tgo = |:(Np — Np2 - 16Nca%> /8Nc:| . (]‘2)

Three cases can be considered:
(1) if p > 1 — napy/N. — n*a2/4, where n =

= %, the equation has three real roots: r4; =

=1 and rg = rs3 = \/nag/2v/Ne > 1;

(2) if p < 1 — N, —n%a?/2, the equation V(rs) =0
has three distinct real roots ry3 < reo < 751 = 1;

(3) if 1 = Ne —n?a/2 < p < 1—naov/Ne —n*ag /4,
three kinds of cases can be considered:

(3-1) if N, = N}, where the critical channel param-
eter N* = n?a3/4, the equation V(rs) = 0 has three
real roots: twofold root r41 = 740 = 1 and ry3 < 1;

(3-2) if N. > N, three types can be discussed as
follows:

(3-2-1) if p > 1 — nagv/N. — n?a3 /4, the equation
V(rs) = 0 has only one real root, i.e., rg = 1;

(3-2-2) if 1 = N, — n?a3/2 < p < 1 — nap/N. —
—n?a3/4, the equation V (rs) = 0 has three real roots:
twofold root rgo < 51 < 743;

(3-2-3) if p = 1 — N, — n%a?/2, then the equation
V(rs) = 0 has three unequal real roots: r, = 1 <
< 7Ts3 < Ts2;
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Fig. 1. Relativistic effective potential V (rs) as a function of
the spot size rs for No = 0.3 and p = 0.85
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Fig. 2. Relativistic effective potential V(rs) as a function of
the spot size rs for N. = 0.3 and p = 0.95
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Fig. 3. Relativistic effective potential V' (rs) as a function of
the spot size rs for N. = 0.04 and p = 0.95
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Fig. 4. Relativistic effective potential V(rs) as a function of
the spot size rs for N. = 0.4 and p = 0.75
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Fig. 5. Relativistic effective potential V(rs) as a function of
the spot size rs for N. = 0.45 and p = 0.9

(3-3) if N. < N7, the following results are given:

(3-3-1) if p = 1 — napv/N. — n?a3 /4, the equation
V(rs) = 0 has triple root, i.e., rg; = rgo = rs3 = 1;

(3-3-2) if 1 — N. — n%a2/2 < p < 1 — nagy/N, —
—n2a3 /4, the equation V(rs) = 0 has only one real
root, i.e., rg1 = 1;

(3-3-3) if p = 1— N.—n?a?/2, the equation V (ry) =
= 0 has three real roots: twofold roots: r4; = 1 and
Ts2 = T's3 = \/Nag/2y/Ne < 1.

Figures 1-9 show the variations of the potential, V,
for various values of p and N, corresponding to the
cases (1)-(3-3-3), respectively. In all cases, the fixed
parameters v = 0.4,8 = 0.8, and ag = 0.3 are con-
sidered. In Fig. 3, the position ¢ = 1 is stable. In
this case, (3-1), the particle will be at rest. This case
could be related to a constant spot size. In Figs. 1,
4, 5, 8, and 9, the position s = 1 is unstable. These
cases correspond to the catastrophic focusing. In fact,
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Fig. 6. Relativistic effective potential V' (rs) as a function of
the spot size rs for No = 0.45 and p = 0.65
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Fig. 7. Relativistic effective potential V (rs) as a function of
the spot size rs for N = 0.02 and p = 1.01

in this position, the particle will move to the position
rs — 1 for the certain parameters introduced in these
cases. As is clear from Figs. 2 and 6, the particle will
move periodically between r¢; and 7,5 in cases (2) and
(3-2-3), which shows the characteristic feature of pe-
riodic solutions. Finally, in the case of (3-3-1), Fig. 7,
the particle is in the critical state.

4. Relativistic Kinetic Dispersion
Relation of Cherenkov Radiation

In this section, we present the relativistic corrections
to the kinetic dispersion relation for the Cherenkov
radiation waves briefly. We start with the Vlasov
equation

dfalx,u,t) o
T + V(u) . vfa(x, u, t) + mia X
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Fig. 8. Relativistic effective potential V(rs) as a function of
the spot size rg for No. = 0.02 and p = 1.02
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Fig. 9. Relativistic effective potential V(rs) as a function of
the spot size rg for No = 0.02 and p =1

Ofa(x,u,t)

oV =0.

x |E+ %(V(u) x H) (13)

Here, m is the mass, c the speed of light in vacuum, ¢
the charge, and F and H are the electric and magnetic
field vectors, respectively. The quantity « represents
the species of the plasma. Now, in the case where the
thermal pressure is much smaller than the magnetic
one, the kinetic dispersion relation of the system with
regard for relativistic corrections can be written as

2
w (o3 .
L7358 = V)rok;® Yy~ (1 +isa) =0,

o th,a

(14)

where sq = /TLaZoW (Zo)A(pta), 1 = k313, rp =
= v /w, is the Larmor radius, w. = ¢H/mc the cy-
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clotron frequency, vy, = (kT /m)'/? the thermal ve-
locity, w, = (4mne? /m)'/? the plasma frequency, n
the number density, A = Iype™* describes the effect of
the magnetic field parameter, Iy the zero-order mod-

ified Bessel function, z = %’ and
L_l_kziy’?hi(lnn—i-lnT) (15)
B we(w —kU) dx

represents the effects of the temperature and the
inhomogeneity of the plasma, and k, and k, are
the components of the wave number which are ori-
ented in parallel and perpendicularly to the magnetic
field, respectively. Note that, in the limit 5 — 0,
Eq. (14) includes the nonrelativistic dispersion rela-
tion of Cherenkov radiation [23].

5. Conclusions

Assuming a circularly polarized Gaussian laser pulse
propagating in a plasma channel with a parabolic
density profile, we have obtained a relativistic ef-
fective potential and its governing equation. Then,
by analyzing the differential equation of the pulse
spot size, we have investigated the conditions for
the existence of electromagnetic solitary waves. We
have illustrated some solitary wave solutions numeri-
cally. Furthermore, the relativistic corrections to the
kinetic dispersion relation for the Cherenkov radia-
tion are presented. To this end, we started with the
Vlasov equation and have investigated the dispersion
relation in the case where the thermal pressure is
much smaller than the magnetic one.

This research paper has been financially supported
by the office of Vice Chancellor for research of Islamic
Azad University, Bushehr Branch.
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PEJIATUBICTCBHKI JIABEP-IIJIA3SMA B3AE€MO/III.
COJIITOHU, IO PYXAIOTBECA B KAHAJIAX IIJIABMU,
I KIHETUYHE JUCHEPCIMHE CIIIBBIJIHOIIEHHA
JIgd YHEPEHKOBCBKOI'O BUITPOMIHIOBAHHSA

Pezowme

Busueno IIOIIIUPEHHA IHTEHCUBHOTO JIA3€ePHOr'o IIy4vKa B ILjIa-
3MOBOMY KaHAaJI. POSFIIHHyTO IIOIINPEHH A I'ayCOBOTI'O JIa3€PHO-
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ro iMIyJabCy B PeJIATUBICTCHKOMY IIJIa3MOBOMY KaHaJli 3 mapa-
GoniuauM nipodisieM rycTunu. PiBHSIHHS €BOJIIOINIT JIJIsT pO3MIPY
J1a3epHOI IVIAMU OTPHUMAHO AHAJITHUYHO i BUPIIIEHO YUCEJIBHO.
Horo pilenHs B TepMiHAX PEISTHBICTCHKOrO epeKTHBHOTO II0-
TEHIiaJIy 3aCTOCOBaHI JIjIs1 3HAXO/PKEHHSI YMOB iCHYBaHHS eJjle-
KTPOMAarHiTHUX COJIiTOHIB. Bu3HavaabHe piBHAHHS onucye ede-
KTH PEJIATHBICTCHKUX ITOIPABOK JO ITOHIEPOMOTOPHHUX CAMOKa-
HaJIipyBaHHIO, (POKYCYBAHHIO i CAMO(OKYCYBAHHIO IOIEPEIHBO
CTBOPEHOIo KaHaJty. JlaHo KiJIbKICHU ONKC AEAKUX COJITOHHUX
pimrens. 3HafEHO PeISATUBICTCHKI MONPABKU [0 3aKOHY JIUC-
repcil 4epeHKOBCHKOI'0 BUIIPOMIHIOBAHHS B 3allMJIEHi#l masmi.
YV Mexkax Majnx IIBHIKOCTEH yCi pe3ysibTaTu pobOoTH Iepexo-
IATH 10 BiIMOBITHUX HEPEJIATUBICTCHKUX BUPA3iB.
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