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Abstract

An analytical and numerical study has been carried out for self-focusing of an intense
cosh-Gaussian laser beam in collisionless plasma and its impact on the excitation of ion-
acoustic wave and stimulated Brillouin backscattering process. The analytical model has
been developed under Wentzel-Kramers—Brillouin and paraxial ray approximations. The
nonlinearities of ponderomotive force on electron and the relativistic oscillation of the
electron mass have been used in this study. The nonlinear differential equations have been
set up for the beam width parameters of the main beam, ion-acoustic wave, backscattered
wave and back reflectivity of stimulated Brillouin scattering (SBS). These equations have
been solved numerically for different values of decentred parameter (), relative plasma
density (a)po/wo) and incident laser intensity (a). The results have been compared with only
relativistic nonlinearity and Gaussian profile of laser beam. The focusing of laser beam,
ion-acoustic wave and scattered wave are found to be strong under relativistic-pondero-
motive regime compared to only relativistic regime. Further, it is observed that focusing/
intensity of main laser beam, ion acoustic wave and SBS back reflectivity increases with
increasing the values of b and w,o/w,. Itis also found that back reflectivity of SBS pro-
cess gets suppressed with the increase in the value of a. This study may be useful in laser
induced fusion scheme where back scattering of SBS plays very important role.

Keywords Self-focusing - Relativistic-ponderomotive nonlinearity - Collisionless plasma -
Cosh-Gaussian laser beam - Ion-acoustic wave - Stimulated Brillouin scattering

1 Introduction

Stimulated Brillouin scattering (SBS) of laser radiation in plasmas is a parametric pro-
cess which describes the decay of the incident high-power laser radiation into the scattered
electromagnetic wave and low frequency ion-acoustic wave (Kruer 1988). The incident
laser flux becomes depleting and redirecting in this process. It is one of the most important
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parametric instability in laser plasma interaction, which plays an important role in inertial
confinement fusion (ICF) scheme (Labaune et al. 1997; Neumayer et al. 2008). This insta-
bility may grow in the entire subcritical density region of the plasma resulting in a large
amount of backscattered laser radiation. SBS reduce the laser plasma coupling efficiency
and modify uniformity of energy deposition. Further, the uniformity of energy deposition
inside the plasma is also affected by self-focusing/filamentation of laser beam (Kaw et al.
1973; Wei et al. 2004; Varaki and Jafari 2017; Gupta and Singh 2017; Thakur and Kant
2019). Self-focusing and stimulated Brillouin scattering of laser beam become greatly
affected the laser plasma coupling. Therefore, the suppression of filamentation and stimu-
lated Brillouin scattering of an intense laser beam in plasma are two important issues for
the success of ICF scheme.

Stimulated Brillouin scattering of an intense self-focused/filamented laser beam in
plasma has been studied to a great extent in the past (Aleksandrov et al. 1985; Rozmus
et al. 1987; Mahmoud et al. 1999; Giulietti et al. 1999; Sharma et al. 2009; Gao et al.
2010; Niknam et al. 2013; Singh and Walia 2013; Masson-Laborde et al. 2014; Purohit
and Rawat 2015). These investigations suggest that SBS is a harmful process that limits the
pulse energy of high-power laser sources. The back reflectivity of SBS depend strongly on
the intensity of the incident laser beam, plasma density and electron temperature (where
T;<T,). The backscattering of SBS process becomes affected by self-focused pump laser
beam and ion-acoustic wave. It has been found that when pump laser beam propagating
into the plasma, beam loses coherence due to self-focusing (Myatt et al. 2001; Fuchs et al.
2001). The SBS instability becomes affected by this incoherence. It has been reported that
the filamentation of laser beam may strongly influence the temporal evolution of SBS, the
amount and direction of the scattered light (Amin et al. 1993; Eliseev et al. 1995). Giulietti
et al. (1999) have performed an experimental study of stimulated Brillouin backscatter-
ing from the interaction of a laser pulse with a long-scale-length, expanding plasma in a
regime favourable to strong self-focusing/filamentation. Their results show a strong effect
of dynamical self-focusing on back SBS. Baldis et al. (1993) have presented an experimen-
tal and theoretical study of SBS in laser produced plasma using a picosecond laser pulse.
An experimental study of the dependence of the SBS reflectivity on the focusing aperture
and the incident laser intensity has been carried out by Baton et al. (1998). They found that
the saturation level of SBS reflectivities was of the order of 10%. Labaune et al. (1991)
have measured the reflectivity of SBS from an underdense homogeneous plasma irradi-
ated by a picosecond laser pulse. In Mounaix et al. (2000) have studied analytically the
effect of laser beam smoothing on stimulated Brillouin backscattering in the limit of the
independent hot spot model and found that the temporal beam smoothing can reduce the
back reflectivity of SBS significantly. In the work of Huller et al. (2008), numerical simula-
tion of SBS have been investigated for an intense mono-speckle laser beams in expanding
plasmas. They found very good agreement between the theoretical numerical modelling
and the experimental results, particularly for the SBS activity in the plasma and the back-
scatter level. Niknam et al. (2013) have investigated the effects of relativistic mass and
ponderomotive nonlinearities on self-focusing and stimulated Brillouin back-scattering of
a long intense laser pulse in a finite temperature relativistic plasma. Their results show
that the growth rate of SBS backscattered wave increases by increasing the values of elec-
tron density and temperature. The effect of ponderomotive self -focusing (filamentation)
of the laser beam on the localization of ion acoustic wave (IAW) and on SBS process have
been studied by Sharma et al. (2009). They showed that back reflectivity of SBS process
gets suppressed. Singh and Walia (2013) have investigated the effect of self-focused Gauss-
ian laser on SBS process in collisionless plasma under ponderomotive nonlinearity using
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moment theory and paraxial-ray approximation. They found that back reflectivity of SBS
is less in moment theory approach as compared to paraxial theory approach. Other impor-
tant studies of SBS process in laser plasma interaction have been found in the literature
(Labaune et al. 1985, 1996; Chirokikh et al. 1998; Wang et al. 2009; Yahia et al. 2015;
Albright et al. 2016).

Self-focusing and SBS process of an intense laser beam in the plasma depends on the
spatial intensity profile of laser beams as well as nonlinearities associated with them. Self-
focusing of an intense laser beam in the plasma is an intensity-dependent changes in the
plasma index of refraction, which is mainly due to ponderomotive and relativistic nonlin-
earities. Due to self-focusing of intense laser beam in the plasma, there may be reduction
in the plasma density by ponderomotive expulsion of electrons and ions, or a reduction
in the plasma frequency due to relativistic mass increase of electrons. Self-focusing/fila-
mentation instability of an intense laser at high plasma densities has been a main moti-
vation for studying the utility of SBS process. In most of earlier work on self-focusing
and SBS instability in laser plasma interaction, the effect of ponderomotive and relativistic
nonlinearity have been taken separately. An ultra-intense laser pulse may generate different
types of nonlinearities at different timescales in the plasma (Borisov et al. 1992; Brandi
et al. 1993a, b). When 1, <7<t (Where 7, the laser-pulse duration, z,; is the ion plasma
period, and 7,,, is the electron plasma period), relativistic and ponderomotive nonlinearities
are operative. These nonlinearities contribute to focusing on femtosecond time scale. The
combined effect of ponderomotive and relativistic nonlinearities on self-focusing and SBS
process have been found in few studies (Niknam et al. 2013; Gauniyal et al. 2017). Moreo-
ver, different intensity profiles of laser beams such as Gaussian, ring-rippled, super Gauss-
ian, hollow Gaussian, elliptical, cosh-Gaussian etc. behave differently in plasmas. Except
of Gaussian profile of laser beams, other profiles have been less used in the study of self-
focusing and SBS process. In particular the cosh-Gaussian intensity profile of a laser beam
(decentred Gaussian beams) have evinced the great interest due to its unique propaga-
tion properties and attractive applications (Lu and Luo 2000; Zhou 2011; Gill et al. 2011;
Nanda and Kant 2014; Habibi and Ghamari 2015). The cosh-Gaussian laser beams can be
produced by the superposition of two decentered laser beams that are having same spot
size and are in phase with each other. In the laboratory, such decentered laser beams can
be produced by reflection of Gaussian laser beams from a spherical mirror whose centre is
offset from a beam axis (Al-Rashed and Saleh 1995). These beams having higher efficient
power in comparison to the Gaussian laser beam (Konar et al. 2007). One of the important
characteristics of cosh-Gaussian laser beams is that they may be focused at a desired posi-
tion by choosing a suitable decentred parameter.

This paper investigates self-focusing of an intense cosh-Gaussian laser beam in collision-
less plasma and its effect on the excitation of ion-acoustic wave and stimulated Brillouin back
scattering process. This study has been carried out in the presence of relativistic and pondero-
motive nonlinearities. Paraxial ray theory (Sodha et al. 1974; Akhmanov et al. 1968) have
been used in this study, which is based on the expansion of the eikonal and nonlinear dielectric
constant up to square term 12, where r is the distance from the axis of beam. The results have
been compared with Gaussian profile of laser beam and only relativistic nonlinearity. Suitable
set of laser and plasma parameters have been taken in this study. In Sect. 2, we have derived
the equations for the effective dielectric constant of the plasma and the beam width parameter
for cosh-Gaussian beam propagating in the plasmas using WKB and paraxial-ray approxima-
tions, when relativistic and ponderomotive nonlinearities are operative. Section 3 describes
the equations for the excitation of ion-acoustic wave in presence of relativistic-ponderomotive
nonlinearity. The equations that govern the dynamics of SBS process and back reflectivity of
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SBS have been derived in Sect. 4. The numerical results have been discussed in Sect. 5 and the
conclusions of the present work are summarized in Sect. 6.

2 Analytical formulation

We consider the propagation of an intense cosh-Gaussian laser beam of frequency w, along
the z-direction in collisionless plasma. The field distribution of the beam propagating in
the plasma along z-axis is given by (Casperson et al. 1997; Lu et al. 1999; Nanda and Kant

2014)

E(r,z) = —ex b2 ex - L+é2 +ex - L—éz 1
where r is the radial coordinate of the cylindrical coordinate system, r, is the initial beam
width, b is the decentred parameter of the beam, fis the dimensionless beam width param-

eter of the laser beam in plasma which is unity at z=0, and E; is the amplitude of cosh-
Gaussian laser beam for the central position at r=z=0.

2.1 Effective dielectric constant of the plasma

The effective dielectric constant of the plasma at frequency w, is given by
e=¢gy+ PE-E) (2)

where g, and ¢(E-E*) represent the linear and nonlinear parts of dielectric constant respec-
tively. The linear part of dielectric constant of the plasma can be expressed as

2

so—l—w%" 3)
0

47rn06
where w,,, and w, are the relativistic electron plasma frequency given by w,, = -

and

the pump wave frequency (with e is the charge of an electron, my, its rest mass and no 1s the
density of plasma electrons in the absence of laser beam) respectively. The relativistic fac-
tor y, can be written as

vo = (1 +aE - E*) )

where &
od = 5.
The relativistic-ponderomotive force is given by (Borisov et al. 1992; Brandi et al.

1993a, b)
Fp=-myc*V(yy—1). 6))
The electron density in the plasma can be written as
n,=ny+n, (6)

where n, is the modified electron density due to the ponderomotive force and is given by
(Brandi et al. 1993a, b)
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The nonlinear part of dielectric constant is given by
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Expanding the dielectric constant around r=0 in Eq. (3) by Taylor expansion, one

can write

e=g+yr (10)

where

and
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o[ g 2a [((16—4p7)  a(26® - 16)
n= w0 ;/Sf“r2 * w20f2 y(2)f4r4 * y4rgf6 '
0 0 P 0 0

2.2 Propagation of cosh-Gaussian laser beam in plasma

The propagation of the laser beam in a collisionless plasma is governed by the wave
equation
2
2 “%
VZE-V(V-E)+ —€¢E=0 (1)
¢

where ¢ is the effective dielectric function of the plasma and c is the velocity of light.
The second term on left hand side of Eq. (11) can be neglected under WKB approxima-
tion (Sodha et al. 1974). The solution of Eq. (11) can be written as

E = A(r, z) exp(—ikyz) (12)

where A(r, z) is the slowly varying complex amplitude of the electric field. The complex
amplitude (r, z) may be expressed as

A(r,z2) = Ay(r, 2) exp(—ikySy) (13)

where A, and S are the real function of r and z. Substituting Eqgs. (12) and (13) into
Eq. (11) and separating the real and imaginary parts, we get

Sy [3S5\> 1 [# &* 10 g
224 2) =S+ A+ ==
oz ( 0z ) k(z]AO o2 o2 ror)0 k%czg (14)
and
2 2
%4_%% + A2 1o ﬁ =0 (15)
0z or or O\ ror or? '

The solution of the above coupled equations can be written as (Sodha et al. 1974;
Akhmanov et al. 1968)

2
So = ¢o(a) + %ﬁo(z)

1 df(z)

bo(@) = @ dz

and the laser beam intensity is given by

E2 . 2 . 2\ 12
Aé:#exp(b;) [exp{—<ﬁ+§> }+exp{—<ﬁ—g> }] . (16)

Substituting Eq. (16) in Eq. (14) and equating the coefficients of 7* on both sides, the
laser beam width parameter f'is given by
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&f _ (12-120> - b* @0\ a af (16-4b7) a(26” - 16)
e (=) |F )i
a7
where &(=z/kyr?) is the dimensionless distance of propagation. Equation (16) shows the
variation of beam width in plasma, when both relativistic and ponderomotive nonlinearities
are operative. The first term on right hand side is responsible for diffractional divergence of

the laser beam, and the second term is the nonlinear term which arises due to relativistic-
ponderomotive force and is responsible for focusing/defocusing of laser beam in plasma.

3 Generation of ion-acoustic wave

The background density of the plasma gets modified due to ponderomotive force and rela-
tivistic effect and the laser beam becomes self-focused/filamented. The laser beam exhibits
a steep intensity gradient in the transverse direction, which generate an ion-acoustic wave
at pump frequency. The ion-acoustic wave is excited due to nonlinear coupling of intense
cosh-Gaussian laser beam with modified density of plasma. The magnitude of this ion-
acoustic wave can be obtained by using the equation of continuity, equation of motion and
Poisson’s equation. Using these equations, one obtains the following equation for the ion
density variation (Gauniyal et al. 2017)

2 272
()]
p0 T ki Ay

2 42 "0
14 n01+ki/1d

62’1'0 ano
2 g2
3 +2F-—; — 105, Von, +

on i (18)

where v,, = fn—T is the thermal velocity of ions, y; is the ratio of specific heat of ion-gas, and

T2
Ay = (ﬂ) is the Debye length. The Landau damping coefficient (2I';) for ion acous-

2
4rnye*

tic wave is given by (Krall and Trivelpicec 1973)

— k. kg, 1/2 m 1/2 T, 3/2 T,
i = o\ 8 Mo ) T3] P T a2
(1+k242) m, m; ; T,(1 +k; A

(19)
where k; is the wave vector of the ion-acoustic wave, T, and 7, are the electron and ion tem-
peratures (7,>> T;), m; is the ionic mass and other symbols have their usual meaning. The
relation between perturbation in the electron and ion densities is given by

i d

292 !
N, = Ny ll + W] (20)

where n;, and n, are the perturbation in the ion and electron density.
The solution of Eq. (18) can be written as

ny = n(r, 2) expliloit — k(z + S,(r, )1} @1

where n; is the slowly varying real function for r and z and S; is the eikonal for the ion-
acoustic wave. The frequency (w;) and wave number (k;) of the ion-acoustic wave satisfy
the Bohm-Gross dispersion relation
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2.2
kl. c;

Wi = 252 ]
L+ k7 A5 (n, /ngy)

(22)

kB Te

where ¢, = is the speed of ion-acoustic wave.

m;

Substitutingl Eq. (21) into (18) and separating the real and imaginary parts, one obtains

zaSi+<aS’>2— ! <02ni+1ani>+ i 1 ! (23)
o) T\ 52 T e el )
0z oar kin or r or kicg 1+k?/1§<:_(}>

0

and

o (108 S\ o, 908, 2w , "
0z ror Do )T o or kic? = 24

The solution of Egs. (23) and (24) can be written as (Sodha et al. 1974; Akhmanov et al.
1968)

n? b2 b\’ b\’ ’
2% 2 Y (L _2 2k,
n3 =i exp(z)[exp{ (aif,-+2> }+exp{ <afi 2) exp(=2k;pz)
(25)
and

P df,

S=——
2f dz

+ ¢:(2) (26)

where k(= Iw/k;c?) is the damping factor, ny, and a; are the axial amplitude of den-
sity perturbation and the initial beam width of ion-acoustic wave, and f; is a dimensionless
beam width parameter of ion-acoustic wave. Substituting Eqs. (25) and (26) in Eq. (23) and
equating the coefficients of 72 on both sides, we obtain the following equation for f;:

@:<12—12b2—b4)r_i_£<ﬁ>

de? 3 ai  1i\v,
5\ a , af (16-47) a(26”-16) kidg
[( @ >Ff< T )]m%v

Equation (27) describes the beam width parameter (f;) of the ion acoustic wave in collision
less plasma. The initial conditions for f; are df/dz=0, and f;=1 at z=0.

27

4 Stimulated Brillouin scattering

The nonlinear coupling between high power laser beam with the low frequency mode of
the plasma i.e. ion-acoustic wave having frequency w; and wave number k; results in stimu-
lated Brillouin scattering of frequency w, and wave number k,. The total electric field E
i.e. sum of the electric field E; of the pump laser beam and of the electric field Eg of the
scattered wave in the plasma may be expressed as
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Ey = Ejexp(iogt) + Eg exp(iwgt). (28)
The high frequency electric field Ej; satisfy the following wave equation

| PEy | 4z 0Ty

2 -
VE;-=V(V-Ey) = 20 2 o

29

where J; is the current density vector. Substituting Eq. (28) into Eq. (29), and separating
the equation for pump and scattered field

) a)2 n, w20 2reim,
ViE+ > - — | Eo = =5 (n0p) (30)
o c
and
) (uf n, (1’2 27‘[‘6‘160
\ ES+C—2 1-{— ya) Eg = ————(n}v,). 31D

In order to solve Eq. (31), the term V(V X E;) may be neglected in the comparison to
the V2E;. Substituting v, = ieE,/maw, into Eq. (31), one obtains the wave equation for the
scattered field

2 w? n, w;() 1 i()a) ne()
ViEg+—|1- P o Eg= “E,. (32)

Yy S 2 C2 a)o I’lO
The solution of Eq. (32) can be written as

Eg = Eg (7, z) exp(ikgyz) + Eg (7, 2) exp(—ikg, 2) (33)

where E, and Eg, are the slowly varying real functions of r and z and kg, and kg, are the
propagation constants of scattered wave. kg, and o, satisfy the phase matching conditions
ie. o, = wy— w;and kg, = ky — k; and

2
kz wf “po o}
2 - @ | szso
S

Using Eq. (33) in (32) and separating terms with different phases, one gets

. OEg 2 19 wf
—kg‘()ESO + Zlksoa—z + <ﬁ + ;E Eg, + 0—265(1‘, DEg = 0 34)

oE 2 19 w? 19 0 ,
2 . S1 s P! eO —ikyS,
_k51ES1 . 2lkSla—Z + <ﬁ + ;E E¢ + Z(;‘S(I”,Z)E_gl 570)0 o —Eye™"0%
(35)

wzo n
where £4(r,2) = g0 + —> (1 - )
s oY

The solution for Eq. (35) may be written as
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Eg, = Ej, (r,2) exp(—ikySp). (36)

Substituting Eq. (36) into (35) and neglecting terms containing space derivatives, we
obtain

poa 1000 EE,
ST 22 a0, 50 o 0, 37
kg —kgo = Tz(l - ,,O_y)

where E is a unit vector along E.
Substituting Eg, = E(r, 2) exp(ikg,S,) in Eq. (34) and separating the real and imagi-
nary parts, one can obtain

2

aS aS.\* 0’E oF w n
2<—C>+< ) = 21 < §°°+1 5°°>+ 2”"2(1— > (38)
0z or kgoEsoo \ O ro or ke nyy

2 2
9E 500 + 9E 50 95, " (azsc + 1 aSc) 2

and

-—)E;,, =0 39
0z or2 or or2  r or ) S0 (39)

where Ej, is the real function of r and z and S, is the eikonal for the scattered wave. The
solution of these equations can be written as

E? —ﬁex b—z ex —L+é2 +ex - L—Z—JZ 4
0=z P2 TP e T2 Pl \ag 2 @

2
===+ P (41)

and

where a, is the initial beam width of the scattered wave, f is the dimensionless beam width
parameters of the scattered beam and B, is the amplitude of the scattered beam. Substitut-
ing Eqgs. (40) and (41) into Eq. (38) and equating the coefficients of #* on both sides, we get
the equation of the spot size of scattered wave as

& 12— 1207 — p* \ K2rt K2 @0\ o af (16-4b%) a(2b* - 16)
— = —— )=l > i + .
@ N Y A AN e A AL

42)

4.1 Expression of back reflectivity

The expressions for B; and a;, may be obtained by applying suitable boundary conditions.
The appropriate boundary condition would be

Eg = Eg(r,20)e™ + Eg (r,2)e” ™ =0 atz=z, 43)
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where z,.(= L — z) is the distance at which amplitude of the scattered wave is zero and L is
the interaction length.
Therefore, at z = z_, one obtains

o 1% <@ )(co_ ) £z Eyexp(—kz)  expl=itksz, +koSo)l
7o\ 2 ng g / foz.)fi(z.) [kz ) )] expli(kgyS, + kgz.)]
1

s17 k§0 = (1 - ,:)_y
(44)
with condition,
1 1 1
- aa s
afs ol a4l
where f((z,), fi(z.) and f(z,) are the values of dimensionless beam width parameter of scat-

tered wave, ion-acoustic wave and incident (pump) wave at z = z,.
Back reflectivity of stimulated Brillouin scattering is defined as the ratio of scattered

2
flux to the incident flux i.e. R = < :ES:Z
0

L0\ (100\2 (@) b? 1
R==—(-Z) () (= = x (I, +1, -1
16<62)(”0><wo> exp(z> X (b=

2 2 _ % ne
[k51 — kg — fz(l - ,,O_y>]

> and is given by

(45)
where

@) r 2 - p\?
f _m [exp {_<“1 s " > e _<a1fs a 5) exp(=2kiz,)
b= _<L+L+I_} 2 vepd -( L+ Lt 2 exp(—2k;z,)
2 f2fi2 p af.  rof 2 p af T2 p 2,

and
I =2L ex —<L+l—)>2 +ex —<L—}2>2
T TP a2 Pl \ay 72
X |ex —(L+L+l—7>2 +ex —<L+L—l—7>2
p af " rof 2 p af, " rof 2

X exp [—k;(z+z,)| X cos (ko + k) (z — 2.) |

TR

Equation (45) gives an expression for the back reflectivity of stimulated Brillouin scatter-
ing process.
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5 Numerical results and discussion

In this section, an extensive numerical investigation has been performed of the dynamics
of stimulated Brillouin scattering by self-focused cosh-Gaussian laser beam in collisionless
plasma for the following laser plasma parameters:

wo=1.778 x 10" rad/s, r,=20 um, w,0=0.3 wy, ay=pm, v,=0.1c, b=0, 0.5 and 1,
a=1, 1.4 and 1.8. The initial boundary conditions for f, f; and f, are:

af df, df;
d—];:d—JZ:d—Z:O, andf =f,=fs=1 at z=0.

When an intense cosh-Gaussian laser beam propagates through the collisionless plasma,
the background density of the plasma becomes modified due to ponderomotive force and
relativistic effect. Therefore, the refractive index of the plasma increases and the laser beam
gets focused in the plasma. Equations (16) and (17) give the intensity profile and beam
width of cosh-Gaussian laser beam in plasma in the presence of relativistic and pondero-
motive nonlinearities. The intensity profile of cosh-Gaussian laser beam depends on the
beamwidth parameter (f). These equations have been solved for different laser and plasma
parameters and the numerical results are presented in Figs. 1, 2, 3 and 4. The focusing/
intensity of laser beam in plasma have been compared with only relativistic nonlinearity.

Figure 1 represents the variation of dimensionless beam width parameter (f) and laser
beam intensity in collisionless plasma with the normalized propagation distance, when
relativistic and ponderomotive nonlinearities and only relativistic nonlinearity are opera-
tives. It is clear from Fig. 1a that beam width parameter (f) of cosh-Gaussian laser beam
decreases earlier when both nonlinearities are operative and hence self-focusing becomes
stronger. The total intensity of the beam depends upon the relativistic and ponderomotive
nonlinearities introduced in the plasma; therefore, the intensity patterns in the relativis-
tic regime is different from the ponderomotive and relativistic regime. It is obvious from
Fig. 1b that the maximum intensity of laser beam gets enhanced by a factor of about 2.5
when both nonlinearities are operative.

Figure 2 shows the variation of dimensionless beam width parameter (f) and laser beam
intensity in collisionless plasma with the normalized distance of propagation for different
values of decentred parameter (b), when relativistic and ponderomotive nonlinearities are
operative. At b=0, the beam shows Gaussian nature. It is obvious from Fig. 2a that with
the increase in the value of b, beam width parameter (f) of cosh-Gaussian laser beam is
decreases. The extent of self-focusing of cosh-Gaussian laser beam increases with increase
in b. Therefore, the intensity of the beam increases with increasing b (Fig. 2b). Because
Cosh-Gaussian beam converge earlier than Gaussian beam in plasma, so that this is one of
the main reason to choose cosh-Gaussian profile of laser beam.

The variation of dimensionless beam width parameter (f) and laser beam intensity with
the normalized distance of propagation for different values of relative plasma densities
(w,plwy) is depicted in Fig. 3. It is observed from the Fig. 3a, b that for higher value of
relative plasma density, the extent of focusing and intensity of the beam increases. This is
because ponderomotive nonlinearity enhances the self-focusing caused by relativistic non-
linearity. Furthermore, this is due to the weakening of diffractive term as compared to non-
linear refractive term in Eq. (17) at higher value of relative plasma density.
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Normalized distance

Fig. 1 a Variation of the beamwidth parameter (f) of cosh-Gaussian laser beam with normalized propaga-
tion distance (£). b Variation in the normalized intensity of cosh-Gaussian laser beam with the normalized
distance of propagation (£). Here a=1.4, b=0.5 and ®,;=0.28. Red and blue colour curve are for only
relativistic nonlinearity and relativistic-ponderomotive nonlinearity. (Color figure online)
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Fig.2 a Variation of beam width parameter (f) of cosh-Gaussian beam with the normalized distance (&)
of propagation. b Variation in the normalized intensity of cosh-Gaussian laser beam with the normalized
distance (&) of propagation for different values of decentred parameter b, when both relativistic and pon-
deromotive nonlinearities are operative. Here a=1.4 and wPO:O.ZS. Red, black and blue colour curve are
for 5=0, 0.5 and 1 respectively. (Color figure online)

Figure 4 illustrates the variation of dimensionless beam width parameter (f) and laser
beam intensity with the normalized distance of propagation for different values of incident
laser intensities in collisionless plasma. It is evident from Fig. 4a that with the increase
in the value of intensity parameter (a), beam width parameter increases and self-focusing
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Fig.3 a Variation of beam width parameter (f) of cosh-Gaussian beam with the normalized distance (¢) of
propagation. b Variation in the normalized intensity of cosh-Gaussian laser beam with the normalized dis-

tance (&) of propagation for different values of ), when both relativistic and ponderomotive nonlinearities

are operative Here 5=0.5 and a=1.4. Red, black and blue colour curve are for ,,=0.18 w, 0.28 w, and
0.38 w,, respectively. (Color figure online)

decreases. This behaviour of the laser is due to the fact that the incident laser intensity is
very high i.e. more than 10'® W/cm?. In addition, the nonlinear refractive term in Eq. (17)
is sensitive to a i.e the nonlinear refractive term becomes relatively weaker than diffractive
term at higher values of a. However, when the values of a < 10'® W/cm?, focusing/intensity
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1.1 T T T T T

(a)

03 1 1 1 1 1
0 0.5 1 1.5 2 25 3

Normalized distance

Normalized intensity

1 1 1 1 1 1
0 0.5 1 1.5 2 25 3

Normalized distance

Fig.4 a Variation of beam width parameter (f) of cosh-Gaussian beam with the normalized distance (&)
of propagation. b Variation in the normalized intensity of cosh-Gaussian laser beam with the normalized
distance (&) of propagation for different values of @, when both relativistic and ponderomotive nonlineari-
ties are operative. Here »=0.5 and mpO:O.ZS. Red, black and blue colour curve are for a=1, 1.4 and 1.8
respectively. (Color figure online)

of cosh-Gaussian laser beam increases with increasing a (Nanda and Kant 2014). Due to
weak self-focusing, the normalized intensity of the cosh-Gaussian laser beam decreases at
higher values of incident laser intensity (Fig. 4b).
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Fig.5 Variation in normalized intensity of ion-acoustic wave with normalized distance (£) of propagation
fora=1.4, b=0.5 and w,;=0.28. Red and blue colour curve are for only relativistic nonlinearity and rela-
tivistic-ponderomotive nonlinearity. (Color figure online)

Equations (25) and (27) give the expression for density profile and the dimension-
less beam width parameter (f;) of ion-acoustic wave, when the coupling between self-
focused cosh-Gaussian laser beam and ion-acoustic wave is taken into account. The
amplitude of ion-acoustic wave depends upon the focusing of cosh-Gaussian laser
beam and ion-acoustic wave in the plasma. We have solved Eq. (25) numerically with
the help of Eq. (27) for different laser and plasma parameters to obtain the amplitude
of the density perturbation at finite z and the results are displayed in Figs. 5 and 6.
Figure 5 represents the variation in the intensity of ion-acoustic wave with the normal-
ized distance of propagation, when relativistic and ponderomotive nonlinearities and
only relativistic nonlinearity are operatives. It is observed that the amplitude of excited
ion-acoustic wave gets enhanced significantly when both nonlinearities are operative.
Figure 6a-c shows the variation in the intensity of ion-acoustic wave with the normal-
ized distance of propagation for different values of b, o/, and a respectively, when
both nonlinearities are operative. It is evident from Fig. 6a, b that the amplitude of
ion-acoustic wave increases with increasing the values of b and /. This is due to
strong focusing of main laser beam and ion-acoustic wave in the plasma. However, the
amplitude of ion-acoustic wave decreases with increase in the value of incident laser
intensity due to weak focusing of main laser beam and ion-acoustic wave (Fig. 6c¢).

In order to obtain the back reflectivity of stimulated Brillouin scattering (SBS)
process, we have solved Eq. (45) numerically for different values of b, w,i/w, and a
respectively. It is apparent from Eq. (45) that the back reflectivity of SBS is dependent
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Fig.6 Variation in normalized intensity of ion-acoustic wave with normalized distance (¢) of propagation
for a different values of b and constant value of a=1.4 and w,,=0.28. Red, black and blue colour curve
are for b=0, 0.5 and 1 respectively, b different values of ,,, and constant value of 5=0.5 and a=1.4. Red,
black and blue colour curve are for @,,=0.18 , 0.28 w, and 0.38 o, respectively, ¢ different values of a

and constant values of b=0.5 and @

P

0=0.28. Red, black and blue colour curve are for a=1, 1.4 and 1.8

respectively, when both relativistic and ponderomotive nonlinearities are taken into account. (Color figure

online)
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Fig.7 Variation of back reflectivity of SBS process with the normalized distance () of propagation for
a=14,b=0.5 and w,;=0.28. Red and blue colour curve are for only relativistic nonlinearity and relativis-
tic-ponderomotive nonlinearity. (Color figure online)

on the intensity of IAW and the beam width of scattered wave. Figure 7 represent the
variation in the back reflectivity of the SBS process with the normalized distance of
propagation, when both relativistic and ponderomotive nonlinearities and only rela-
tivistic nonlinearity are operatives. It is evident from Fig. 7 that SBS back reflectivity
enhanced when both nonlinearities are operative. This is mainly due to enhancement
of intensity of main laser beam and ion-acoustic wave in plasma under relativistic-
ponderomotive regime. Figure 8a—c depicts the variation in the back reflectivity of
the SBS process with the normalized distance of propagation for different values of
b, w,y/wy and a, when relativistic and ponderomotive nonlinearities are operative. It is
clear from the Fig. 8a, b that for higher values of b and a)po/wo, the SBS back reflectiv-
ity gets enhanced. In addition, the back reflectivity decreases with increasing the value
of incident laser intensity a (Fig. 8c). This is because the focusing/intensity of main
laser beam, ion-acoustic wave and the scattered wave increases with increasing the val-
ues of b and w,¢/w,, and decreases with increasing the value of a.
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Fig. 8 Variation of back
reflectivity of SBS process with
the normalized distance (&) of
propagation for a different values
of b and constant value of a=1.4
and ®y0= 0.28. Red, black and
blue colour curve are for b=0,
0.5 and 1 respectively, b differ-
ent values of w,, and constant
value of »=0.5 and a=1.4. Red,
black and blue colour curve are
for w,,=0.18 @, 0.28 @, and
0.38 w,, respectively, ¢ different
values of @ and constant values
of b=0.5 and W= 0.28. Red,
black and blue colour curve are
fora=1, 1.4 and 1.8 respec-
tively, when both relativistic and
ponderomotive nonlinearities are
taken into account. (Color figure
online)

6 Conclusions
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In summary, we have studied self-focusing of cosh-Gaussian laser beam in collision-
less plasma and its effect on the generation of ion-acoustic wave and back reflectivity of
stimulated Brillouin scattering, when both relativistic and ponderomotive nonlinearities

@ Springer



Self-focusing of cosh-Gaussian laser beam and its effect on... Page 210f23 398

are operative. Under WKB and paraxial-ray approximations, an analytical model have
been developed for stimulated Brillouin back scattering of self-focused cosh-Gaussian
laser beam in a collisionless plasma and proceeded by numerical computation. The
results are compared with relativistic nonlinearity. The focusing/intensity of laser beam
and ion-acoustic wave becomes enhanced in the presence of relativistic and ponderomo-
tive nonlinearities. We have examined the effect of various laser and plasma parameters
viz. decentred parameter (b), relative plasma density (a)po/a)o) and incident laser inten-
sity (a) on the focusing/intensity of cosh-Gaussian laser beam and ion-acoustic wave as
well as back reflectivity of SBS process. It is found that the extent of focusing/intensity
of laser beam and ion-acoustic wave and back reflectivity of SBS increases with increas-
ing the value of b and w,y/w,. The back reflectivity gets enhanced in the presence of
relativistic and ponderomotive nonlinearities. In addition, the back reflectivity of the
scattered wave gets suppressed at higher value of a. This is because the focusing/inten-
sity of the laser beam and ion-acoustic wave decrease with increasing the value of a.
The results of the present study are useful in laser-induced fusion scheme where SBS
plays a very important role.
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