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Abstract

Stimulated Raman backward scattering of an X-mode laser beam propagating in a homogenous plasma is studied in the
presence of a transverse magnetic field. As the laser propagates in its X-mode in plasma, it decays into an upper hybrid
wave and a down-shifted sideband wave. Beating the incident laser with the sideband exerts a nonlinear ponderomotive
force acting on plasma electrons driving the excited upper hybrid wave. The incident wave then parametrically couples
with the upper hybrid wave to drive the sideband. Using the fluid model and nonlinear current density, the nonlinear
ponderomotive force is obtained to find the dispersion relation of the scattered sideband wave and the growth rate of
the instability in the weakly relativistic regime. It is shown that the growth rate decreases and the cut-off points in the
normalized wave number of the upper-hybrid wave become smaller by increasing the static magnetic field.
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1. INTRODUCTION

Raman scattering is a parametric instability in which an inci-
dent light wave decays resonantly into an electron plasma
wave and a scattered sideband wave at a shifted frequency.
The sideband wave interacts with the pump wave field pro-
ducing a ponderomotive bunching force which amplifies
the original density perturbation created by electron plasma
wave leading to the instability and transferring energy into
the plasma. This instability is an excellent example of an im-
portant nonlinear optical process and decreases the efficiency
in inertial confinement fusion (ICF) hohlraums or particle ac-
celeration experiments (Barr et al., 1984b; Kruer, 2000).
Raman scattering takes place in the subcritical (underdense)
region of the plasma. Occurrence of this instability can po-
tentially prevent laser energy from ever arriving at the critical
surface where the enhanced absorption mechanism can oper-
ate (Forslund et al., 1975). In an early basic work on scatter-
ing instabilities, Drake e al., derived the general dispersion
relation in the interaction of high amplitude electromagnetic
wave with homogeneous unmagnetized plasma for nonrela-
tivistic case and obtained the linear growth rates for Raman
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instability as well as the other parametric instabilities. They
showed that, in general, stimulated scattering of the incident
pump electromagnetic wave is strongest in the backscatter di-
rection (Drake er al., 1974). Raman backward scattering
(RBS) is significant for a number of reasons. As the RBS
mode grows to large amplitude, it can trap background
plasma electrons, thus heating the plasma and creating a
fast tail on the electron distribution. It has been reported
that spontaneous dc-magnetic field of the order of a few
Mega-gauss which are easily achieved in laser—plasma inter-
actions and laser-produced plasmas can affect the propaga-
tion of both the laser and plasma wave as well as transport
coefficients in plasma (Sharma & Dragila, 1988; Nicolai
et al., 1994, McKenna et al., 2013). The constant
dc-magnetic field could be externally applied or self-
generated in the plasma (Bawaaneh, 2006). In the context
of ICF, experiments and theory have shown that the
self-generated-dc magnetic field is perpendicular to the po-
larization and propagation vector of the incident laser radia-
tion (Stamper et al., 1978; Grebogi & Liu, 1980; Nabil,
1995). It has been shown experimentally that the self-
generated magnetic field rises from 600 KG at the critical
density to 2-3 MG around quarter critical density. Then, it
drops steeply with decreasing density until it reaches zero
at about 0.1 critical density (Nabil, 1995). When an
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electromagnetic wave travels perpendicularly to the external
magnetic field in magnetized plasma, it becomes partly lon-
gitudinal and gains a longitudinal electric field which makes
it an extraordinary wave which is elliptically polarized (Krall
& Trivelpiece, 1973; Cho et al., 2014). In this case, we say
that the electromagnetic wave propagates in its X-mode in
plasma. As such a wave propagates through a region in
which plasma frequency and electron cyclotron frequency
are changing; it may encounter cut-offs and resonances
which correspond to plasmas, respectively. A wave generally
reflected at a cut-off and absorbed at a resonance. Since we
consider the interaction of a high frequency laser pulse
with underdense plasma, the cut-off points therefore do not
appear in our investigation. It has been found from the
X-mode dispersion relation that the frequency of the back-
ward scattered wave is downshifted by an amount of upper
hybrid frequency (Cho et al., 2014). So, Raman scattering
process in the transversely magnetized plasma with a cons-
tant dc-magnetic field includes the decay of an electromag-
netic pump wave into an upper hybrid wave and two
scattered daughter waves (Paknezhad & Dorranian, 2011;
Paknezhad, 2013a). In this process, the laser and the side-
bands exert a nonlinear ponderomotive force on electrons
driving the upper hybrid wave. In the previous works,
some researchers have tried to investigate the Raman scatter-
ing instability of X-mode laser in magnetized plasma. Nabil
studied the effect of static self-generated magnetic field on
the growth rate of Raman backscattering in homogeneous
collisionless plasma and obtained a general expression for
the growth rate of Raman backscattering instability in homo-
geneous plasma by ignoring the relativistic effect and effects
due to other nonlinearities. He found that the growth rate of
this instability decreases and its threshold power increases if
self-generated magnetic fields are taken into consideration
(Nabil, 1995). Grebogi and Liu (1980) made a theoretical
study and examined the effects of self-generated dc-magnetic
field on the Brillouin and Raman scattering of an extraordi-
nary electromagnetic pump in plasma without taking the rel-
ativistic and ponderomotive nonlinearities into account and
found the expressions for the Raman and Brillouin growth
rates in the fluid theory limit. They reported that for laser
fusion parameters in the magnetized plasma, the Raman scat-
tering by the upper hybrid wave has substantial growth rate.
Barr et al. (1984a), studied the Raman backscatter of intense
laser light from an inhomogeneous plasma in the presence of
a self-generated magnetic field. They observed a significant
blue shift in the frequency of the Raman backscattered
wave. They also remarked reduced levels of Raman backscat-
ter. They attributed these reduced levels to the linear mode
conversion of the daughter wave of Raman instability.
Sharma et al. (2010), analyzed the RFS instability in the
presence of a background dc-magnetic field and found an
explicit expression for the growth rate of instability. They
demonstrated that the presence of the dc-magnetic field
causes an increase of the growth rate for the perpendicular
propagation of the pump laser beam as an elliptically
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polarized extraordinary wave. Hassoon et al. (2009), studied
the effect of a transverse magnetic field on the stimulated
Raman forward scattering (RFS) in a laser-produced
plasma and showed that the growth rate of stimulated RFS in-
stability first increases on increasing magnetic field, maxi-
mizes at some optimum value of magnetic field, and then
decreases. In our previous theoretical study (Paknezhad &
Dorranian, 2011), we considered the interaction of a linearly
polarized laser with a transversely magnetized underdense
cold plasma and we investigated the RBS instability and ob-
tained an explicit expression for the temporal growth rate of
the instability by ignoring the effect of extraordinary property
of laser in underdense plasma. We showed that in transverse-
ly magnetized cold plasma, the growth rate of RBS instability
increases by increasing the external magnetic field. Gill and
Saini (2007), studied the growing interaction of the rippled
laser beam with upper hybrid mode leading to enhanced
Raman scattering for collisional plasma. They demonstrated
that the electron—ion collisions maintain almost less oscilla-
tory intensity of ripple. However, collisions between elec-
trons and di-atomic molecules do not play significant role
in the intensity dynamics of the ripple. They also concluded
that increasing the strength of the magnetic field leads to sub-
stantial increase in the scattered power. In another similar
study, Liu et al. (2009) developed 1D Vlasov—Maxwell nu-
merical simulation to examine RBS instability in unmagne-
tized collisional plasma. Their results showed that RBS will
be enhanced by electron—ion collisions. The present work re-
ports the effect of self-generated magnetic field on the growth
rate of Raman backscattering of X-mode laser in the presence
of electron—ion collisions. Here, we consider homogeneous
plasma in which the uniform self-generated magnetic field
is perpendicular to both, the direction of propagation and
electric vector of the radiation field. Nonlinear wave equation
is set up and nonlinear ponderomotive force is obtained and
coupled equations are solved to find the growth rate. Thermal
effects of the plasma electrons and effect of the electron—ion
collisions are examined in this research. Since we consider
the weakly relativistic regime, we neglect the self-focusing
and filamentation effects. These effects may enhance the
growth rate (Saini & Gill, 2004). Our resulting analysis is
only valid for short time compared with the characteristic
evolution time of the pump laser (laser duration). This
paper is organized as follows. In Section 2, a theoretical anal-
ysis is introduced and an expression for the nonlinear ponder-
omotive force is acquired. In Section 3, we obtain a
mathematical expression for the dispersion relation of the
Raman-scattered wave and find a new expression for the
maximum nonlinear growth rate. The discussion is presented
in Section 4.

2. NONLINEAR PONDEROMOTIVE FORCE

When a laser beam propagates through a plasma imbedded in
a background dc-magnetic field, a longitudinal electrostatic
field is generated due to the ponderomotive force acting on


https://doi.org/10.1017/S0263034615000932

82

plasma electrons, and this makes the laser beam to become
extraordinary which is called X-mode laser. Consider the
propagation of an X-mode intense laser pump wave with
electric field E = 1/2Ey(Xx + iﬁoé)eie" at (wg, kg) in a
plasma of initial electron density 7, immersed in a static
transverse magnetic field B = By, with 0y = (koz — wot) and

2
_ W W

T om0 2
Wo Wg — Wy

Bo
where, wp, w., and wyy are the plasma frequency, electron
cyclotron frequency, and upper-hybrid frequency, respec-
tively (Liu et al., 2009).

The response of plasma electrons to the laser radiation
field is described by the Lorentz force

e

d _ e v x (By + Bs)
o = (e )
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Here, yy is the relativistic factor. Using the Lorentz equation,
the orders of electron velocity components in the interaction
of X-mode laser with magnetized plasma are read as (Paknez-
had, 2013a)
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It may be noted that the second-order velocities vf), V;z) are
not in resonance, that is, are not proportional to ¢® and do
not satisfy the phase-matching condition and do not appear
in our calculations. So, just the third-order velocities need
to be considered to find the nonlinear current density.
Plasma electrons initially oscillate at the pump wave frequen-
cy. The response of plasma electron to the laser radiation
field is described by the longitudinal and transverse compo-
nents of the current density,

Jow = =m0 +7) = S necanlpe™ (1)

1 )
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The nonlinear terms in the definition of above parameters
comes from the relativistic effects and effects due to the
presence of the uniform magnetic field. In the weakly rela-
tivistic regime(a(z) < 1), the second term in the definitions
of {y and 1y can be neglected. In the absence of the self-
generated magnetic field, the nonlinear coefficients are re-
duced to {=1— (3/8)a(2) and no=0. In this case, the
incident radiation field will not appear in its extraordinary
mode. Nonlinear dispersion relation for the X-mode pump
laser beam propagating in the transversely magnetized
plasma is of the form (Paknezhad, 2013a),

1/2
Cko w?, /
—=|1-{—
wo Wy

In the weakly relativistic regime, this dispersion relation is
simplified to

172
cko _ 1 1+ By(we/wo) ) @5
wy 1 —w2/w} )}

Now, let us consider the response of plasma electrons to the
nonlinear ponderomotive force F, and a self-consistent
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potential ¢ which is governed by the equation of motion and
continuity

2
@+vch:£V(¢+¢p)—3ﬁVn 3)
ot m n
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where, w.(= eBy/mc) the vector of electron cyclotron
frequency and vy(= /T./m) is the electron thermal velo-

city in plasma. Using the perturbed equations of motion
of an electron in the external magnetic field (6V,/0f = w v,

0v,/0t = —w.Vy), the longitudinal component of Eq. (3)
takes the form
G P L1 5)
o TV T 5t lmez YT %

Assuming that the phase matching condition is satisfied,
multiplying Eq. (5) by n = ng + 71, and then taking its diver-
gence, yields,
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Using the continuity equation in Eq. (6), gives

2 ~

a2 a , Ot

Now, replacing 0/0¢ with —iw and replacing 0/dz with ik in
Eq. (7), one obtains

_ nge 2k2

(0 — 0 — 343 = (d+ by ®)
Using the definition of plasma frequency w, = \/4nnge?/m
in Eq. (8), we obtain the perturbed density 7, arising from
the scattering of the large-amplitude incident wave into the
sideband daughter wave

k2 + (1)2
dne  w? — w? — 3k
Now, substituting Eq. (9) in the Poisson’s equation,
V2¢ = 4miie, and solving, we reach to
2
=—° 10
¢ wz—w§—3k2v%¢p (10)

Let the ponderomotive force due to the beating of the pump
and sideband waves be such that

F, = —%(VO.VVI +vi.Vvy) = eV, (11)
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Here, vo = voX + vo;Z and vi = v, X + vy;Z, are the oscilla-
tory velocities of electrons due to the pump and scattered
sideband waves, respectively, with v, = —(i/ 2)ca0C0eie°,
viy = —(i/2)caie®,  vo, = (1/2)cagnee™, and ;.=
(1/2)ca1n1eie‘, where 0; = k;z — w;. Note that, {; and n;
are defined by replacing wy, ko and ay with w,, k;, and a;
in the definition of {y and no. Also, ay = eEy/mcw,y and
a, = eE|/mcw, are the normalized vector potential of the
pump and the slowly-varying sideband wave, respectively,
such that ay > a,. Hence, we obtain the ponderomotive po-
tential from Eq. (11) as

e nony EoEy
Cbp = W(Co(l —neny) 12)

Now, substituting Eq. (12) in Eq. (10), we come into the self-
consistent electrostatic potential

W

b e T]orllEO 1
b= . ( )(COCI — NoNy) (13)

0? — w2 = 3k2A | 2mwow;

3. GROWTH RATE

The nonlinear growth rate of Raman instability can be ob-
tained by the use of the nonlinear wave equation. In order
to find the nonlinear wave equation, we need to set up the
nonlinear current density at (wy, k1), so we call the definition
of the current density, Ji, = —ngevy, — fevg,. Using the
Poisson’s equation and the definitions of v, and v,,, we get

iek>bw,
16mmw

moe

Cl Ix — CO Ox (14)

where, E; =1/2E, (3+if,2)e® and B, =wc/w) (w]/0] —wfy)
are the amplitude of the scattered wave and its extraordinary
coefficient, respectively. As a matter of fact, the ponderomo-
tive potential due to the nonlinear interaction between the
laser and density ripple generates a nonlinear current at a dif-
ferent frequency (Sharma et al., 2010). The response of elec-
trons to the sideband wave is governed by the nonlinear wave

equation
2 2
F_1E,
ozr  c2or?

Combining Eqs (13)—(15) gives the dispersion relation of the
scattered sideband wave

4T[ 6J1X
2o

s)

2120 2
ek agw,Go

(0> — w2 = 3kA2)DEy = — .

(e NoMy) (16)

where, Dy = @ — ?k? — C1‘U§ is the dispersion coefficient

of the downshifted scattered sideband wave. The total maxi-
mum growth rate of Raman scattering instability of X-mode
laser ytmax, Which occurs in backward scattering is obtained
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easily by replacing w = Q + iyrmax With w in Eq. (16) and
choosing the real part, where Q = (w3, + 3k*v2)!/? is the
frequency of the excited upper-hybrid wave in warm
plasma. Thus, the total growth rate y,,, turns out to be

L@l —ngny)
Qwp — Q)

ckapw,
YTmax = 4

an

For the weakly relativistic regime, the maximum growth rate
of RBS of extraordinary mode laser in magnetized plasma
tends to be

(W} + Bywowe /Wi — w?)

X(w} + B w0 /0] — w?)

—(Bowd + wowe/wi — w?)

X(B, 0} + w0 /0] — w?)
QUwy — Q)

ckayw,
Ymax = 4

13)

where, w; = wy — Q is the frequency of the scattered sideband
wave. It may be noted that, in the absence of external magnetic
field, by neglecting the nonlinear terms in Eq. (18), this growth
rate reduces to the conventional growth rate of RBS instability
in unmagnetized plasma (Kruer, 1988)

ckapw,

Vimax = 4/ ek (Wo — Wek)

where, wex = (wg + 3k12)!/2 is the frequency of the excited
plasma wave in unmagnetized plasma. The wave number of
the excited upper-hybrid wave can be calculated from the res-
onance condition (w = Q, w; = wy — Q, D; = 0) of the side-
band wave that is, (wy— Q)> — 2(k — ko)*> — {op =0.
Therefore, the wave number k takes the form

_ wun @
k_k0(1+\/<1 Ck) Clc2k3) 19)

To consider the effects of collisional damping and Landau
damping on the growth rate, we employ the conventional in-
stability analysis. Thus, the total growth rate of Raman back-
scattering instability of the X-mode laser in plasma I' comes
in the form

T+THT+T2) =y, (20)

where, I' = vejw; 2 /2(wy — Q)? is the damping rate of ampli-
tude for the scattered sideband wave and I', = Ve, 2/ 202+
JT/8 (wf)sz )exp(—Q/2k*v3) is the amplitude damplng
rate of the excited upper-hybrid wave in which the first and
second terms are associated with the collisional damping
and Landau damping, respectively (Jiang et al., 2011). Here,
Vei & 3 X 107%10ZInA/T2/* is the electron—ion collision fre-
quency in which A is the coulomb logarithm, 7. is the elec-
tron temperature in eV and Z the ion charge state (Paknezhad,
2013b). In our assumption, we have followed typical laser
fusion parameters in the interaction of a pump laser with
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intensity 7= 10" W/cm? with an underdense magnetized

plasma with vr/c =0.03, Z= 10 and LnA = 81. Therefore,
the normalized electron—ion frequency becomes v.i/wg =
1.45x 107 (w,/ wo)*(vr/c)’.

In Figure 1, variation of the normalized growth rate T'/ckq
of RBS instability has been plotted against the normalized
wave number of the upper-hybrid wave k/kq for ay = 0.01,
0 <w,/wo <0.25. Here, we assumed the weakly relativistic
regime in which, for the onset of Raman scattering at least,
filamentation and self-focusing may really not play a role
and we consider the situation where the scattered sideband
wave varies slowly with time during the instability and it
does not affect the variation of the growth rate significantly.
So, the amplitude of the scattered sideband wave varies
slowly and we assigned a nearly constant value for a;
(a1 =0.001) for the sake of simplicity. For the given
values of w./wy, it is observed from this figure that the
growth rate has a sharp decrease at the cut-off points in
k/ko and it goes to zero at these points. It is observed that
the value of the normalized wave number of the excited
upper-hybrid wave in magnetized plasma, arising due to
the Raman backscattering of X-mode laser in plasma, is
less than that in unmagnetized plasma. One can also see
from this figure that the cut-off points in k/ ky become smaller
by increasing the magnetic field.

Figure 2, represents the variation of the normalized growth
rate T'/ ckq versus the normalized cyclotron frequency w./wq
for w,/wo = 0.05 and other same parameters as for Figure 1.
The growth rate decreases by increasing the external magnet-
ic field. The reason is that the upper hybrid frequency in-
creases by increasing the external magnetic field and this
effect reduces the frequency of the scattered sideband
wave, therefore the matching condition for the Raman back-
scattering instability cannot be significantly satisfied, and
hence, the growth rate decreases by increasing the external
magnetic field. The growth rate is also sensitive to the nor-
malized vector potential of the pump wave and it increases
by increasing the pump amplitude.

35

3k

2.5F
e‘_,D 2F | —ojo0.
e 15t - = - /0,=0.025.

A o)caf(n ,=005.
-8 mufm[]:().ﬂ?i :

0.5 |-e-o /o =0.1.
e 0

?,7 1.75 1.8 1.85 19 195 2
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Fig. 1. Variation of the normalized growth rate of Raman backscattering
instability of X-mode laser versus the normalized wave number of the
upper-hybrid wave for vr/c = 0.03.
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Fig. 2. Variation of the normalized growth rate of Raman backscattering
instability of X-mode laser versus the normalized electron cyclotron fre-
quency for vy/c = 0.03.

4. CONCLUSION

In this paper, the problem of RBS of X-mode laser beam
propagating in transversely magnetized plasma considered
in the presence of electron—ion collisions. The dispersion re-
lation of the scattered sideband wave as well as the dispersion
relation of the excited upper-hybrid wave was derived and an
expression for the wave number of the excited upper-hybrid
wave was obtained. Using the nonlinear wave equation and
the nonlinear ponderomotive force, and considering the cou-
pling between the sideband wave and the upper-hybrid wave,
we obtained an expression for the maximum growth rate of
Raman instability. As a result, we demonstrated that the
growth rate decreases by increasing the external magnetic
field since the coupling between the scattered wave and
upper-hybrid wave is weak and phase matching condition
is not well satisfied for higher external magnetic field.
Also, the cut-off points in the normalized wave number of
the upper-hybrid wave become smaller by increasing the
magnetic field. The results of our investigation should be
useful in laser—plasma interaction in ICF hohlraums.
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