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Abstract

This paper presents a scheme for beat wave excitation of an electron plasma wave (EPW) by cross-focusing of two intense
cosh-Gaussian (ChG) laser beams in an under dense collisional plasma. The plasma wave is generated on account of
beating of two ChG laser beams of frequencies ω1 and ω2. Starting from Maxwell’s equations, coupled differential
equations governing the evolution of spot size of laser beams with distance of propagation have been derived by using
Moment theory approach in Wentzel–Kramers–Brillouin approximation. The collisional nonlinearity depends not only
on the intensity of first laser beam, but also on that of second laser beam. Therefore, dynamics of first laser beam
affects that of other and hence cross-focusing of the two laser beams takes place. Numerical simulations have been
carried out to investigate the effect of laser as well as plasma parameters on cross-focusing of laser beams and further
its effect on power of excited EPW. It has been found that decentered parameters of the two laser beams have
significant effect on power of EPW.
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1. INTRODUCTION

Ever since the invention of laser (Maiman, 1960), the area of
laser–plasma interactions due to its vivid applications has
been a topic of immense interest to physicists. There have
been ongoing conscious efforts to consistently improve
upon the understanding of the subject by carrying out com-
prehensive studies encompassing theoretical as well as exper-
imental aspects. All these works have collectively
contributed to the rapid development of potential applica-
tions, including fast ignition schemes for inertial confine-
ment fusion (Tabak et al., 1994; Deutsch et al., 1996),
laser-driven plasma-based particle accelerators (Tajima &
Dawson, 1979; Geddes et al., 2004), X-ray lasers (Eder
et al., 1994; Lemoff et al., 1995), laser–plasma channeling
(Singh & Walia, 2010), etc. Efficient coupling of laser
energy with plasmas is an important prerequisite for the fea-
sibility of all these applications. In the absence of an optical
guiding mechanism, the interaction length is limited approx-
imately to a Rayleigh length due to diffraction divergence of
the laser beam. Therefore, diffraction broadening is one of
the fundamental phenomena that negate the efficient

coupling of laser energy with plasmas. In conventional
optics, diffraction of laser beam can be averted by using op-
tical fibers or by relying on the phenomenon of self-focusing.
When an intense laser beam with non-uniform spatial inten-
sity distribution along its wave front propagates through a
collisional plasma, it produces non-uniform ohmic heating
of plasma electrons. Due to spatial intensity distribution of
the laser beam, the electrons will experience temperature
change according to their radial position. The temperature
change will translate into modification of dielectric proper-
ties of the plasma in such a way that the plasma starts behav-
ing like a convex lens leading to self-contraction of
transverse dimensions of the laser beam.

Several nonlinear effects such as excitation of electron
plasma wave (EPW), filamentation of laser beam, stimulated
Raman scattering, stimulated Brillouin scattering, etc. come
to existence, during the propagation of intense laser beams
through plasmas. Some of these phenomena lead to anomalous
electron and ion heating, others to depleting and redirecting the
incident laser flux. Therefore, theoretical as well as experimen-
tal investigations of some of these nonlinear phenomena are
of paramount importance in inertial confinement fusion and
other applications involving laser–plasma interactions.

The propagation of laser beams through plasmas can excite
natural modes of vibration of plasmas, that is, EPW or ion-
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acoustic waves. The plasma waves can be excited either by
beating two co-propagating laser beams, differing in frequen-
cies by the plasma frequency, or by a single short pulse of du-
ration equal to the plasma period. Recently, there has been a
renewed interest in the nonlinear excitation of plasma waves
in view of their various applications such as plasma-heating
mechanism for laboratory fusion devices (Bruce et al., 1972),
acceleration of charged particles to ultrahigh energies (Tajima
& Dawson, 1979), generation of terahertz radiations, etc.
A lot of theoretical and experimental work has been re-

ported related to the beat wave excitation of EPWs in the
past. Rosenbluth and Liu (1972) investigated the growth
and saturation of large amplitude plasma wave in cold homo-
geneous collisionless plasma due to the beating of two laser
beams with frequencies much above the plasma frequency by
taking into account the modulation of Lorentz force. Darrow
et al. (1986, 1987), have reported a model for beat wave ex-
citation of EPWs in rippled density plasma. Leemans et al.
(1992) have examined the nonlinear dynamics of the laser-
driven plasma beat wave in the presence of a strong short
wavelength density ripple using the relativistic Lagrangian
oscillator model. Sharma and Chauhan (2008) investigated
the effect of cross-focusing of two coaxial laser beams on
beat wave excitation in relativistic plasmas.
The vast majority of earlier works on excitation of EPWout-

lined above have been carried out under the assumption of uni-
form laser beam or laser beams having Gaussian distribution of
intensity along their wave fronts. In contrast to this picture, a
new class of laser beams known as ChG laser beams is gaining
much interest among researchers because they possess high
power and low divergence in comparison with Gaussian
beams. A review of literature reveals the fact that no earlier the-
oretical investigation on beat wave excitation of EPW has been
carried out for ChG laser beams. The aim of this paper is to de-
lineate for the first time the effect of cross-focusing of two co-
axial ChG laser beams on beat wave excitation of EPW in an
underdense plasma having collisional nonlinearity.
This paper is organized as follows: In Section 2, nonlinear

dielectric function of the plasma has been obtained. In Section
3, coupled differential equations governing the cross-focusing
of the laser beams have been derived. In Section 4, expression
for normalized power of EPW has been derived. Section 5
gives detailed conclusions of the results obtained.

2. DIELECTRIC FUNCTION OF PLASMA

Consider the propagation of two coaxial, linearly polarized
laser beams having electric field vectors

Ej(r, z, t) = Aj(r, z)e−ι(ωj t−kjz)ex (1)

through an under dense collisional plasma having dielectric
function

ej = 1− ω2
p

ω2
j

(2)

where, j= 1, 2 and ωj and kj, respectively are angular
frequencies and vacuum wave numbers of the laser beams,
Aj(r,z) are the slowly varying complex amplitudes of the
laser beams and

ω2
p =

4πe2

m
ne (3)

is the plasma frequency in the presence of laser beams. The
initial intensity distribution of the laser beams along their
wavefronts is assumed to be ChG and is given by Konar
et al. (2007); Gill et al. (2011); Patil et al. (2012)

AjA
⋆
j |z = 0 = E2

j0 e
−(r2/r2j )cosh2

bj
rj
r

( )
(4)

where rj are the radii of the laser beams at the plane of inci-
dence, that is, at z= 0, Ej0 are the axial amplitudes of the
electric fields of the laser beams, bj/rj are the parameters as-
sociated with cosh function and are known as cosh factors.
Such ChG laser beams can be produced in the laboratory
by superposition of two decentered Gaussian laser beams
having same spot size and that are in phase with each other
(Lu et al., 1999). Hence, the parameters bj are also known
as decentered parameters.
For z> 0, energy conserving ansatz for the intensity distri-

bution of the ChG laser beams propagating along z-axis are
given by

AjA
⋆
j = E2

j0

f 2j
e−r2/r2j f

2
j cosh2

bj
rj fj

r

( )
(5)

where rj fj are the instantaneous radii of the laser beams.
Hence, the parameters fj are termed as dimensionless beam
width parameters that are measure of both axial intensity
and spot size of the laser beams. For bj= 0, the ChG distri-
bution gradually gets converted into usual Gaussian distribu-
tion that is,

lim
bj�0

AjA
⋆
j = E2

j0

f 2j
e−r2/r2j f

2
j

The nonuniform intensity distribution along the wavefronts
of the laser beams produce nonuniform heating of plasma
electrons as a result of which redistribution of electrons
takes place. The resultant distribution of electrons is given
by Sodha et al., (1976)

ne = n0
2T0

T0 + T

( )1−(s/2)
(6)

where n0 is the equilibrium electron density of plasma, T0 is
the equilibrium plasma temperature and T is the temperature
of plasma in the presence of laser beams which is related to
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laser electric fields by

T

T0
= 1+

∑
j

βjEjE
⋆
j (7)

where βj= (e2M / 6K0T0m
2ωj

2) are the coefficients of colli-
sional nonlinearity; e, m, respectively are the electronic
charge and mass, M is the mass of ions, and K0 is the Boltz-
mann constant. Using Eqs (3)–(7) in Eq. (2) we get

ej = 1− ω2
p0

ω2
j

1+ 1
2

βjE
2
j0

f 2j
e−r2/r2j f

2
j cosh2

bj
rj fj

r

( ){ }(s/2)−1

(8)

where ωp0
2 = (4πe2 / m)n0 is the plasma frequency in the ab-

sence of the laser beams. The parameter s describes the
nature of collisions and can be defined through the depen-
dence of collision frequency n on electron’s random velocity
v and temperature T as n∝ (v2 / T )s. For velocity-dependent
collisions s= 0, for collisions between electrons and dia-
tomic molecules s= 2 and for electron–ion collisions
s=−3. Taking

e = e0j + fj(A1A⋆
1 ,A2A⋆

2 ) (9)

we get,

e0j = 1− ω2
p0

ω2
j

(10)

and

fj(A1A
⋆
1 ,A2A

⋆
2 ) =

ω2
p0

ω2
j

1− 1+ 1
2

∑
j

βjE
2
j0

f 2j
e−(r2/r2j f 2j )

{[

cosh2
bj
rj fj

r

( )}(s/2)−1
] (11)

where, e0j and fj, respectively, are the linear and nonlinear
parts of the dielectric function of the plasma.

3. CROSS-FOCUSING OF LASER BEAMS

Starting from Ampere’s and Faraday’s laws for an isotropic,
non-conducting, and non-absorbing medium (J= 0, ρ= 0,
μ= 1), we get

∇ × Bj = 1
c

∂Dj

∂t
(12)

∇ × Ej = − 1
c

∂Bj

∂t
(13)

where Ej and Bj are electric and magnetic fields associated
with the laser beams and Dj= ejEj are the electric displace-
ment vectors. Eliminating Bj from Eqs (12) and (13) it can be

shown that electric field vectors Ej of the laser beams satisfy
the wave equation

∇2Ej +
ω2
j

c2
ejEj = 0 (14)

In deriving Eq. (14) the polarization term∇(∇.Ej) has been ne-
glected under the assumption that either the transverse dielectric
variations are weak or the plasma is significantly under dense.

Using Eq. (1) in Eq. (14) we get

ι
dAj

dz
= 1

2kj
∇2

⊥Aj + kj
2e0j

fj(A1A
⋆
1 ,A2A

⋆
2 )Aj (15)

where

∇2
⊥ = ∂2

∂r2
+ 1

r

∂
∂r

is the Laplacian along the transverse direction. Equation (15)
is the well-known nonlinear Schrödinger wave equation that
describes propagation characteristics of electromagnetic
beams in nonlinear media under the assumption that wave-
amplitude scale length along the z-axis is much larger as
compared with characteristic scale in the transverse direction.

Due to its symmetrical properties, thewaveEq. (15) possesses
a number of conserved quantities. In view of self-focusing of
the laser beams, the two most important invariants are

I0j =
∫2π
0

∫∞
0
AjA

⋆
j r dr dθ (16)

Hj =
∫2π
0

∫∞
0

1

2k2j
( ∇⊥Aj

∣∣ ∣∣2 − Fj)r dr dθ (17)

where

Fj = 1
2e0j

∫AjA⋆
j

0
fj(A1A

⋆
1 ,A2A

⋆
2 )d(AjA

⋆
j ) (18)

The first invariant I0j ismerely a statement of the conservation of
energy of the laser beams and second invariant Hj relates the
wavefront curvature of the laser beams to the plasma nonlinear-
ity. In moment theory approach the average value of a physical
quantityMj is defined as

〈M2
j 〉 =

1
I0j

∫2π
0

∫∞
0
AjA

⋆
j Mjrdrdθ (19)

The quantity of particular importance from the standpoint of
self-focusing is mean square radius of the laser beams,

〈R2
j 〉 =

1
I0j

∫2π
0

∫∞
0
r2AjA

⋆
j r drdθ (20)
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Following the procedure of Lam et al. (1977),we get the follow-
ing quasi-optic equation governing the evolution of mean-
square radius of laser beams with distance of propagation

d2

dz2
〈a2j 〉 = 4

Hj

I0j
− 4

I0j

∫2π
0

∫∞
0

2Fj − 1
2e0j

AjA
⋆
j fj

( )
rdrdθ (21)

UsingEqs (5), (11), (16)–(19), (20) in (21),we get the following
coupled differential equations governing the cross-focusing of
the laser beams.

d2 f1
dξ2

+ 1
f1

d f1
dξ

( )2

= 1+ e−b21 (1− b21)
2(1+ b21)

( )

1

f 31
+ s

2
− 1

( ) ωp0r1
c

( )2 e−b21

1+ b21

( )
J1( f1, f2)

(22)

d2 f2
dξ2

+ 1
f2

d f2
dξ

( )2

= r1
r2

( )4 ω1

ω2

( )2
e01
e02

( )
1+ e−b22 (1− b22)

2(1+ b22)

( )
1

f 32

[

+ s

2
− 1

( ) ωp0r1
c

( )2 e−b22

1+ b22

( )
J2( f1, f2)

]

(23)

where ξ= z / k1r1
2 is the dimensionless distance of propagation

and,

J1( f1, f2) = β1E
2
10

f 31
(T1 − b1T2)

{

+ β2E
2
20

f 31

r21
r22

f 41
f 42
T3 − b2

r1
r2

f 31
f 32
T4

( )}

J2( f1, f2) = β1E
2
10

f 32
(T3 − b1T5)

{

+ β2E
2
20

f 32

r21
r22

f 41
f 42
T6 − b2

r1
r2

f 31
f 32
T7

( )}

T1 =
∫∞
0
x3e−2x2 cosh4(b1x)G(x)dx

T2 =
∫∞
0
x2e−2x2 cosh3(b1x)sinh(b1x)G(x)dx

T3 =
∫∞
0
x3e−x2e−(r1 f1/r2 f2)2x2

cosh2(b1x)cosh2 b2
r1 f1
r2 f2

x

( )
G(x)dx

T4 =
∫∞
0
x2e−x2e−(r1 f1/r2 f2)2x2 cosh2(b1x)

cosh b2
r1 f1
r2 f2

x

( )
sinh b2

r1 f1
r2 f2

x

( )
G(x)dx

T5 =
∫∞
0
x2e−x2e−(r1 f1/r2 f2)2x2 cosh(b1x)sinh(b1x)

cosh2 b2
r1 f1
r2 f2

x

( )
sinh b2

r1 f1
r2 f2

x

( )
G(x)dx

T6 =
∫∞
0
x3e−2(r1 f1/r2 f2)2x2 cosh4 b2

r1 f1
r2 f2

x

( )
G(x)dx

T7 =
∫∞
0
x3e−2(r1 f1/r2 f2)2x2 cosh3 b2

r1 f1
r2 f2

x

( )

sinh b2
r1 f1
r2 f2

x

( )
G(x)dx

G(x) = 1+ 1
2
β1E

2
10

f 21
e−x2 cosh2(b1x)

{

+ 1
2
β2E

2
20

f 22
e−(r1 f1/r2 f2)2x2 cosh2 b2

r1 f1
r2 f2

x

( )}(s/2)−2

x = r

r1 f1

For initially planewavefronts Eqs (22) and (23) are subjected to
boundary conditions fj= 1 and dfj / dξ= 0 at ξ= 0.
Equations (22) and (23) are the coupled nonlinear differen-

tial equations governing the relativistic cross-focusing of two
coaxial ChG laser beams in an under dense plasma. Analyt-
ical solutions to these equations are not possible. We there-
fore seek numerical computational techniques to investigate
the beam dynamics. Before that, it is worth noting to under-
stand the physical mechanisms that originate various terms
on the right-hand sides (RHS) of Eqs (22) and (23). The
first terms on RHS of Eqs (22) and (23) are responsible for
diffraction divergence of the laser beams and have their
origin in the Laplacian ∇2

⊥, appearing in nonlinear wave
Eq. (15). The second terms on RHS of these equations
arise under the combined effect of relativistic mass nonline-
arity and nonlinear coupling between the two laser beams.
These terms are responsible for nonlinear refraction of the
laser beams. It is the relative competition between the two
terms that determine the focusing/defocusing of the laser
beams in plasma.
Equations (22) and (23) have been solved for the following

set of laser–plasma parameters

ω1 =1.78 × 1015 rad/s; ω2 = 1.98 × 1015 rad/s

r1 =15 μm; r2 = 16.67 μm

T0 =106 K

to analyze the effect of decentered parameters and plasma
density on cross focusing of the laser beams and beat wave
excitation of EPW.
Figures 1 and 2 illustrate the effect of decentered parame-

ter b1 on focusing/defocusing of first laser beam. The plots
in Fig. 1 depict that as the value of decentered parameter of
first laser beam increases for 0≤ b1< 1, there is increase
in the extent of its self-focusing. This is due to the fact that
for 0≤ b1< 1 the intensity profile of ChG laser beam
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Fig. 1. Variationof normalized intensityof first beamwith normalized distanceof propagation ξ and radial distance r/ r1, keeping (ωp0r1/ c)
2=

12, βE10
2 = 1.0, βE20

2 = 1.5, b2= 0.25, collisional parameter s=−3 fixed and at different values of decentered parameter, (a) b1= 0, (b) b1=
0.25, (c) b1= 0.50, (d) b1= 0.75, respectively.

Fig. 2. Variation of normalized intensity of first beamwith normalized distance of propagation ξ and radial distance r/ r1, keeping (ωp0r1 / c)
2=

12, βE10
2 = 1.0, βE20

2 = 1.50, b2= 0.25, collisional parameter s=−3 fixed and at different values of decentered parameter, (a) b1= 1.0, (b) b1=
1.25, (c) b1= 1.50, (d) b1= 1.75, respectively.
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resembles to that of flat topped beam and extent of flatness
increases with increase in the value of b1. As a result of
this nonlinear refraction of most of the transverse part of its
wavefront opposes the diffraction divergence. Hence, in-
crease in the value of b1 from 0 to 1 leads to stronger focusing
of the first laser beam. The plots in Fig. 2 depict that as the
value of b1 increases for b1≥ 1 there is decrease in extent
of self-focusing of first laser beam. This is due to the fact
that as the value of decentered parameter b1 increases from
1 onwards up to 1.50 the diffractive term relatively dominates
the refractive term but still maintaining the focusing character
of the first laser beam. As the value of b1 becomes more than
1.50 (or b1> 1.50) the diffractive term completely dominates
over refractive term leading to complete defocusing of the
first laser beam.
Figures 3 and 4 illustrate the effect of decentered parame-

ter b1 of first laser beam on focusing/defocusing of second
laser beam. It is observed that with increase in the decentered
parameter of first laser beam there is decrease in the extent of
self-focusing of the second laser beam. This is due to the fact
that with an increase in the value of b1 the magnitude of re-
fractive term in Eq. (23) decreases which leads to reduced fo-
cusing of second laser beam.
Figures 5 and 6 illustrate the effect of plasma density (ωp0

2 r1
2

/ c2) on focusing/defocusing of laser beams. It is observed that
with increase in plasma density there is increase in the extent of
self-focusing of both the laser beams. This is due to the fact that
with increase in plasma density the number of electrons con-
tributing to the collisional nonlinearity also increases.

Figures 7 and 8 illustrate the effect of nature of collisions on
focusing/defocusing of laser beams. It is observed that in plas-
mas dominant with collisions between electrons and diatomic
molecules, no self-focusing of both the laser beams takes
place. This is due to the fact that s= 2 corresponds to the sit-
uation where ne= n0= n0i and hence no redistribution of elec-
trons takes place. Thus, nonlinear terms in Eqs (22) and (23)
are zero. Diffraction is dominant mechanism in this case.

4. BEAT WAVE EXCITATION

In the dynamics of excitation of EPW, it must be mentioned
here that the contribution of ions is negligible because they
only provide a positive background, that is, only plasma elec-
trons are responsible for excitation of EPW. The background
plasma density is modified via non-uniform ohmic heating of
plasma. Therefore, amplitude of the EPW, which depends on
the background electron density, gets strongly coupled to the
laser beams. The generated plasma wave is governed by equa-
tion of continuity, equation of motion and Poisson’s equation:

∂N
∂t

+∇(Nv) = 0 (24)

m
dv
dt

= −eE− 3
K0T0
N

∇N (25)

∇.E = −4πeN (26)

Fig. 3. Variation of normalized intensity of second beam with normalized distance of propagation ξ and radial distance r / r2, keeping
(ωp0r1 / c)2= 12, βE10

2 = 1.0, βE20
2 = 1.50, b2= 0.25, collisional parameter s=−3 fixed and at different values of decentered parameter,

(a) b1= 0, (b) b1= 0.25, (c) b1= 0.50, (d) b1= 0.75, respectively.
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Fig. 4. Variation of normalized intensity of second beam with normalized distance of propagation ξ and radial distance r / r2, keeping
(ωp0r1 / c)2= 12, βE10

2 = 1.0, βE20
2 = 1.50, b2= 0.25, collisional parameter s=−3 fixed and at different values of decentered parameter,

(a) b1= 1.0, (b) b1= 1.25, (c) b1= 1.50, (d) b1= 1.75, respectively.

Fig. 5. Variation of normalized intensity of first beam with normalized distance of propagation ξ and radial distance r / r1, keeping βE10
2 =

1.0, βE20
2 = 1.50, b1= 0.25, b2= 0.25, collisional parameter s=−3 fixed and at different values of normalized density, (a) (ωp0r1 / c)

2=
12, (b) (ωp0r1 / c)2= 14, (c) (ωp0r1 / c)2= 16, (d) (ωp0r1 / c)2= 18, respectively.
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Fig. 6. Variation of normalized intensity of second beam with normalized distance of propagation ξ and radial distance r / r2, keeping
βE10

2 = 1.0, βE20
2 = 1.50, b1= 0.25, b2= 0.25, collisional parameter s=−3 fixed and at different values of normalized density, (a) (ωp0r1 /

c)2= 12, (b) (ωp0r1 / c)2= 14, (c) (ωp0r1 / c)2 = 16, (d) (ωp0r1 / c)2= 18, respectively.

Fig. 7. Variation of normalized intensity of first beamwith normalized distance of propagation ξ and radial distance r / r1, keeping βE10
2 =

1.0, βE20
2 = 1.50, b1= 0.25, b2= 0.25, (ωp0r1 / c)2= 12 fixed and at different values of collisional parameter (a) s=−3,, (b) s= 0,, (c)

s= 2, respectively.
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where N is the total electron density, E is the sum of electric
fields of the laser beams and EPW

N = n0 + n′

E =
∑
j

Ej + E′

and

v = ve

is the oscillatory velocity of electrons. Using linear perturbation
theory, we get the following wave equation governing the dy-
namics of EPW

∂2n′

∂t2
− v2th∇

2n′ + ω2
pn

′ = e

m
n0∇

∑
j

Ej (27)

Taking

n′ = n1e
ι(ωt−kz)

where k= k2− k1, we get the density perturbation associated

with plasma wave

n1 = en0
m0

1

(ω2 − k2v2th − ω2
p)
∑
j

E j0

fj
e−r2/2r2j f

2
j Fj( fj)

( )
(28)

where

Fj( fj) = r

r2j f
2
j

cosh
bj
rj fj

r

( )
− bj

rj fj
sinh

bj
rj fj

r

( )

Using Poisson’s equation

∇E′ = −4πen′

E′ = Ee.pe
ι(ωt−kz)

we get

Ee.p = ι

k

ω2
p0

(ω2 − k2v2th − ω2
p)
∑
j

E j0

fj
e−r2/2r2j f

2
j Fj( fj)

( )
(29)

Fig. 8. Variation of normalized intensity of second beam with normalized distance of propagation ξ and radial distance r / r2, keeping
βE10

2 = 1.0, βE20
2 = 1.50, b1= 0.25, b2= 0.25, (ωp0r1 / c)2= 12 fixed and at different values of collisional parameter (a) s=−3, (b) s= 0,

(c) s= 2, respectively.
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Defining normalized power of EPW as

η = Pe.p

P1

where

Pe.p = vg
8π

∫∞
0
Ee.pE

⋆
e.p2πrdr

P1 = c

8π

∫∞
0
A1A

⋆
1 2πrdr

vg =vth 1− ω2
p0

ω2

( )1/2

we get

η = 2
vg
c

( )
e−b21

ω2
p0

r21k
2ω4

∫∞
0

1
D(ω1,ω2)X(E10,E20)dx (30)

where

D(ω1,ω2)= 1− k2v2th
(ω2

2−ω2
1)
− ω2

p0

(ω2−ω1)2
{

1+
∑
j

1
2

βjE
2
j0

f 2j
e−(r1 f1/rj fj)2x2 cosh2 bj

r1 f1
rj fj

x

( )( )(s/2)−1
⎫⎬
⎭

2

X(E10,E20)=
∑
j

Ej0

fj
e−(1/2)(r1 f1/rj fj)2x2

[

r1 f1
rj fj

( )2

xcosh bj
r1 f1
rj fj

x

( )
−bj

r1 f1
rj fj

( )
sinh bj

r1 f1
rj fj

x

( ){ }]2

Equation (30) gives the normalized power of EPW generated as
a result of beating of the two laser beams and has been solved
numerically in conjunction with differential Eqs (22) and (23)
for the same set of parameters as in Section 3.
Figures 9 and 10 illustrate the effect of decentered param-

eter b1 of first laser beam on power of generated plasma
wave. It is observed that with an increase in value of b1
there is decrease in power of generated plasma wave. This
is due to the fact that power of plasma wave is decided by
the focusing/defocusing behavior of the laser beam with
higher intensity and with an increase in decentered parameter
of first laser beam there is decrease in extent of self-focusing
of second laser beam (i.e., the laser beam with higher initial
intensity).
Figure 11 illustrates the effect of plasma density (ωp0

2 r1
2 / c2)

on power of plasma wave. It is observed that with increase in
plasma density there is a substantial increase in power of
plasma wave. This is due to the fact that increase in plasma
density leads to increase in extent of self-focusing of both
the laser beams.

Figure 12 illustrates the effect of nature of collisions on
power of plasma wave. It is observed that in case of collisions
between electrons and diatomic molecules no plasma wave is
generated. This is due to the fact that for s= 2, no self-
focusing of the two laser beams takes place and hence
there is no density gradient in the plasma.

5. CONCLUSIONS

In this paper authors have investigated the cross-focusing of
two intense coaxial ChG laser beams in collisional plasma
and subsequently its effect on beat wave excitation of
EPW. Following important conclusions have been drawn
from the present analysis:

Fig. 9. Variation of normalized power η of beat wave with normalized dis-
tance of propagation ξ, keeping (ωp0r1 / c)2= 12, βE10

2 = 1.0, βE20
2 = 1.50,

b2= 0.25, collisional parameter s=−3 fixed and at different values of de-
centered parameter b1= 0, 0.25, 0.50, 0.75.

Fig. 10. Variation of normalized power η of beat wave with normalized dis-
tance of propagation ξ, keeping (ωp0r1 / c)2= 12, βE10

2 = 1.0, βE20
2 = 1.50,

b2= 0.25, collisional parameter s=−3 fixed and at different values of de-
centered parameter b1= 1.0, 1.25, 1.50, 1.75.
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• Increase in the value of decentered parameter of first
laser beam for 0≤ b1< 1 enhances the extent of self-
focusing of first laser beam whereas, reduces that of
second laser beam and vice versa.

• Increase in the value of decentered parameter of first
laser beam for b1≥ 1 reduces the extent of self-focusing
of both the laser beams.

• Maximum power of the generated plasma wave depends
on the extent of self-focusing of the laser beam with
higher intensity.

• With an increase of plasma density there is an increase
in extent of self-focusing of both the laser beams as
well as power of generated plasma wave.

The results of the present analysis may be of impor-
tance in various contexts of laser plasma physics. Besides
its obvious relevance to inertial confinement fusion and
beat wave accelerators, these results can also be helpful
in other applications requiring laser beams with localized
energy. The present analysis may serve as a guide for
experimentalists working in the area of laser–plasma
interactions.

REFERENCES

BRUCE, I., COHEN, ALLAN, N., KAUFMAN & WATSON, K.M. (1972).
Beat heating of a plasma. Phys. Rev. Lett. 29, 581–584.

DARROW, C., MORI, W.B., KATSOULEAS, T., JOSHI, C., UMSTADTER, D.
& CLAYTON, C.E. (1987). Electrostatic mode coupling of
beat-excited electron plasma waves. IEEE Trans. Plasma Sci.
15, 107.

DARROW, C., UMSTADTER, D., KATSOULEAS, T., MORIM,W.B., CLAYTON,
C.E. & JOSHI, C. (1986). Saturation of beat-excited plasma waves
by electrostatic mode coupling. Phys. Rev. Lett. 56, 2629–2632.

DEUTSCH, C., FURUKAWA, H., MIMA, K., MURAKAMI, M. & NISHIHARA,
K. (1996). Interaction physics of the fast ignitor concept. Phys.
Rev. Lett. 77, 2483–2486.

EDER, D.C., AMENDT, P., DASILVA, L.B., LONDON, R.A., MACGOWAN,
B.J., MATTHEWS, D.L., PENETRANTE, B.M., ROSEN, M,D., WILKSM,
S.C., DONNELLY, T.D., FALCONE, R.W. & STROBEL, G.L. (1994).
Tabletop x-ray lasers. Phys. Plasmas 1, 1744.

GEDDES, C.G.R., TOTH, C., TILBORG, J.V., ESAREY, E., SCHROEDER,
C.B., BRUHWILER, D., NIETER, C., CARY, J. & LEEMANS, W.P.
(2004). High-quality electron beams from a laser wakefield ac-
celerator using plasma-channel guiding. Nature 431, 538–541.

GILL, T.S., KAUR, R. & MAHAJAN, R. (2011). Relativistic self-
focusing and self-phase modulation of cosh-Gaussian laser
beam in magnetoplasma. Laser Part. Beams 29, 183.

KONAR, S., MISHRA, M. & JANA, S. (2007). Nonlinear evolution of
cosh-Gaussian laser beams and generation of at top spatial soli-
tons in cubic quintic nonlinear media. Phys. Lett. A 362,
505–510.

LAM, J.F., LIPPMANN, B. & TAPPERT, F. (1977). Self-trapped laser
beams in plasma. Phys. Fluids 20, 1176–1179.

LEEMANS, W.P., JOSHI, C., MORI, W.B., CLAYTON, C.E. & JOHNSTON,
T.W. (1992). Nonlinear dynamics of driven relativistic electron
plasma waves. Phys. Rev. A 46, 5112.

LEMOFF, B.E., YIN, G.Y., GORDON, C.L., BARTY, C.P.J. & HARRIS,
S.E. (1995). Demonstration of a 10-Hz Femtosecond-
Pulse-Driven XUV Laser at 41.8 nm in Xe IX. Phys. Rev.
Lett. 74, 1574–1577.

LU, B., MA, H. & ZHANG, B. (1999). Propagation properties of cosh-
Gaussian beams. Opt. Commun. 164, 165–170.

MAIMAN, T.H. (1960). Stimulated optical radiation in Ruby. Nature
187, 493–494.

PATIL, S.D., TAKALE, M.V., NAVARE, S.T., FULARI, V.J. &
DONGARE, M.B. (2012). Relativistic self-focusing of cosh-
Gaussian laser beams in a plasma. Opt. Laser Technol. 44,
314–317.

Fig. 11. Variation of normalized power η of beat wave with normalized dis-
tance of propagation ξ, keeping βE10

2 = 1.0, βE20
2 = 1.50, b1= 0.25, b2=

0.25, collisional parameter s=−3 fixed and at different values of normal-
ized plasma density (ωp0r1 / c)2= 12, 14, 16, 18.

Fig. 12. Variation of normalized power η of beat wave with normalized dis-
tance of propagation ξ, keeping βE10

2 = 1.0, βE20
2 = 1.50, b1= 0.25, b2=

0.25, (ωp0r1 / c)2= 12 fixed and at different values of collisional parameter
s=−3, 0, 2.

Beat wave excitation of EPW in collisional plasma 631

https://doi.org/10.1017/S0263034615000646 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034615000646


ROSENBLUTH, M.N. & LIU, C.S. (1972). Excitation of plasma waves
by two laser beams. Phys. Rev. Lett. 29, 701–704.

SHARMA, R.P. & CHAUHAN, P.K. (2008). Nonparaxial theory of
cross-focusing of two laser beams and its effects on plasma
wave excitation and particle acceleration: Relativistic case.
Phys. Plasmas 15, 063103.

SINGH, A. & WALIA, K. (2010). Relativistic self-focusing and self-
channeling of Gaussian laser beam in plasma. Appl. Phys. B
101, 617–622.

SODHA, M.S., GHATAK, A.K. & TRIPATHI, V.K. (1976). Progress in
Optics, (Wolf, E., Ed.), Vol. XIII, pp. 169–265. North Holland,
Amsterdam.

TABAK, M., HAMMER, J., GLINSKY, M.E., KRUER, W.L., WILKS, S.C.,
WOODWORTH, J., CAMPBELL, E.M., PERRY, M.D. & MASON, R.J.
(1994). Ignition and high gain with ultrapowerful lasers. Phys.
Plasmas 1, 1626.

TAJIMA, T. & DAWSON, J.M. (1979). Laser electron accelerator. Phys.
Rev. Lett. 43, 267–270.

A. Singh and N. Gupta632

https://doi.org/10.1017/S0263034615000646 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034615000646

	Beat wave excitation of electron plasma wave by coaxial cosh-Gaussian laser beams in collisional plasma
	Abstract
	INTRODUCTION
	DIELECTRIC FUNCTION OF PLASMA
	CROSS-FOCUSING OF LASER BEAMS
	BEAT WAVE EXCITATION
	CONCLUSIONS
	REFERENCES


