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Enhanced Raman scattering of a rippled laser beam
iIn a magnetized collisional plasma
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Abstract

In the laser—plasma interaction experiments, self-focusing and filamentation affect quite a large number of other
parametric processes including stimulated scattering processes. Nonlinearity considered in the present problem is the
collisional type. The coupling between the main beam, ripple, and excited electron plasma wave is strong. Authors have
investigated the growing interaction of a rippled laser beam with an electron plasma wave leading to enhanced Raman
scattering. An expression for scattered power is derived and the effect of the externally applied magnetic field on the
enhancement of scattered power is observed. From computational results, it is observed that the effect of increased
intensity of the main beam leads to suppression of power associated with the Raman scattered wave.
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1. INTRODUCTION tron thermal pressure via ponderomotive force or other non-

. ) . . linear mechanisms. The resulting redistribution of the carriers
The stimulated scattering processes and filamentation qf,4s o an increased index of refraction which further re-

laser light remain key issues of laser—plasma interactiong,ts jn concentration of intensity in the regions of hot spots.

relevant to inertial confinement fusidfiCF). In the stimu- 1,5 perturbation grows at the cost of the main beam and
lated Raman scatterin@RS, incident light on plasma is e gyerall effect is distortion of propagation characteris-

converted into an electron plasma wave and I_ow-frequencylcs, inefficient laser—energy coupling to the target, and a
scattered photons. Two major problems associated with SR of symmetry of the energy deposition, leading to hy-

are as follows: drodynamical instabilities of the target.
Intheoretical studies, many interesting properties of stim-
1. First, the scattered wave represents a substantial amouftated back scattering, self-focusing, and filamentation have
of wasted energy as SRS yields are as high 25%.  peen carried out separately, ignoring interplay among them.
2. Second, the large amplitude plasma wave produceshere is also no reason to separate the evolution of these
superthermal electrons that penetrate and preheat thgstabilities in the nonlinear regime where they coexist and
target core, thereby preventing the efficientimplosion.affect each othefAmin et al, 1993. It is important to

. , . investigate and understand interplay among various insta-
Furthermore, self-focusing and filamentation are other, ... - . . . )

o bilities. Liu and Tripathi(1999 have recently studied the
basic issues to be resolved for the success of ICF. In th

: , ermal effects on coupled self-focusing and Raman scatter-
laser—plasma experiments, the filamentary structure create ; .
. . ing of laser beams in a self-focused plasma channel. In light
in underdense plasma undergoes self-focusing by the sam ; g : )
. . . ) of considerable current interest in self-focusing and SRS
mechanism as that of the main beam. The origin of filamen- . ) ]
S - . . - (Short & Simon, 1998; Russedt al, 1999; Fuch=t al,
tation instability may be attributed to a small-scale intensity.

. . ; : . . 000 and in view of earlier workSodhaet al., 1981; Singh
spike associated with the main beam. Particularly in the hoﬁt al, 1987: Saini & Gill, 2002, we here study the growing

spots of the laser beam, self-focusing or filamentation grows . . .
X . interaction of a rippled laser beam with a electron plasma

unstably through a feedback mechanism of increased elec- : .
wave mode leading to enhanced Raman scattering for mag-

. _ netized collisional plasma. This model was used earlier in
Address correspondence and reprint requests to: Nareshpal Singh Salmth l itati &inah & Singh. 1990
Department of Physics, Guru Nanak Dev University, Amritsar—l43005,o €r noniinear excitation process{ ng Ingn, '

India. E-mail: nssaini@yahoo.com 1999; Saini & Gill, 2002. This model takes care of whole
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beam self-focusing, small-scale self-focusing, and their comand

bined effect on the excitation of a plasma wave that conse-

quently affects the stimulated scattering processes. Thus, j2g,, 1( 80+>< a2 92 >
Eir

it is important to investigate nonlinear coupling of self- 52~ + 2 1+ ax2 ay2
focusing, filamentation, and SRS. In the case of magnetized

collisional plasma the nonlinearity arises due nonuniform w2

heating of the carriers along the wave front, and the redis- t 2 [eo+ + @4 (Ers-Ef)]Ess
tribution of carriers is affected by the change in the static

magnetic field.

€0zz

2
[0]
- C—S [®, (E,-Efy) — @, (Eqs -Ep.)]Eo. = 0. (5)

2. SOLUTION OF THE WAVE EQUATION For the sake of simplicity, we shall drop the subscript

Consider th i fal b ¢ lar f from subsequent analysis. Following Akhmarebel.(1968
onsider the propagation ot a laser béam of anguiar ré; oy g jhat 5. (1976, the solutions of Eq44) and(5) are

qutencycﬁo ina lf_log]otg?neous m?gr:ftlzed pla.s?atalq?r? th%btamed and the dimensionless beam width parameters of
externally applied stalic magnetic ".EB’O coincigent with - ain beamfy, and ripplef; are governed by the following
the z-axis. The initial intensity distributions of the main

: . equations:
beam and the ripple are given by q
€p 2 €p
r2 42 (1-!—8 > <1+8 ) w2
Eox-Eb. = ESoexp - (N —0_ 922 0z aE2 —
re dz2 ACIETE 2e0r8fR(l— wo/we)® w2
and y 1
2 ano
r 2n r2 (1 wc/wo) fO
E,.-Eil: = E1200<_> eXp<__2>‘ 2
ET) Mo aEZ,
5 (6)
. . . £2(1 2(9 L
respectively. Here is a positive number,? = x2 + y2 and o (L= we/wo) ™| 24+ 7 ot
rois the width of the ripple. As increases, the maximum
(Fmax= r10nY?) of the ripple shifts away from the axis. The , e \2
ripple is symmetrically superimposed on the main Gaussian col 1+ o 1+ o f,aE&Hw}
zZ ZZ
beam. In collisional magnetoplasma, whefi < (wg — d a'h - _
w¢)?, we obtain a modified carrier density that is given by dz°  4wirivfles  2ewird(1l— we/wo)?
(Sodheaet al., 1983
X T2
aE§OT3
8 M E.-Ef. 24+ —m—
P et (1— wc/wo)?
3 " m (1- we/wo)?
Noe = No| 1— - y (3)
8 M E[i'E[i D[EZ T
24+ —ay— 7 00 '3
37°m (1- wc/wo)? X 1= >
(1— wc/wg)?| 2+ __FooTs
e (1~ we/wo)?
whereag = €%/(16kg Tomw3), E,. = Eq. + E;. ande, =
g0+ + P.(Eix +-EfL). In WKB approximation, we can 2cos ¢, T,
write the wave equation for the total electric vector, which + f&
leads to the following equatiorifor one modefor the main
beam and the ripple: (2 + 2aE2T,)
24 aE§0T4 2
= +} 1+ g0+ 3_2 N 3_2 £ fA(l — we/wg)?
972 2 Sozp) \ OX2  ay? ) %"
Z(QEgo)ZTAZ
) - 5 S )]
wg . 1- 2¢a| 0 4 aBgo Ty
+ ?[Sm + @, (Eos-E§:)]Eqy =0 (4) (1 - wc/wo)*fo f2(1— w,/wg)2
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where d?n’ N
2ven' + wgew"e n =0. (11

dt2 — Vih b
réfen
expl —
P réfé Cos¢, N"2(Ey00/Eoo)

Using WKB and paraxial rayPR) approximations and fol-

T =
2 fo! fo' f, lowing the approach developed by Akhmarehal. (1968
) s and Sodhat al. (1976, the dimensionless beam width pa-
Zk q n rfifin rameterf, of the plasma wave is governed by the following
X exp| — idzlexpl —- — 53 -
0 2 2rgfg equation:
rf0f12n> 2
- d?f 1 wp fp
réfé 2 c0sp,N"2(E g/l — P _ _
T, = R e (Froo/Foo) dZ2  K2a3fd  K2R(1— we/wo)?
} n o rifen " N2a ’
expl —= —
P\ 72T etz 2+ ﬁEt-ET
— We/Wo
< rfof12n> ®
Ts = exp| — , 8 EooE z 1
réfé X [%’cos(qsp)n“/zexp(—fo kidz)?fo2
with
y n  rfen N E rZ,f2n
w203 P2 e ) T TP\ T e |
€9 =

(17 wo/wp)’

(12
g0,2=1— wf,/wg and a = (8/3)(M/m)ag.
The initial conditions orfy andf, for a plane wave front, are 4. ENHANCED RAMAN SCATTERING
df,/dz= 0= df,/dzandf,=1=f, atz= 0. The expression

for the growth rate of the ripple can be written as Interaction of the incident pum(w,, ko) with the electron

plasma wavéw, k) leads to generation of a scattered wave
1og 1 1 w2 E2, (ws, kg). Using the approach in Singh and Salimul{aB87),

k==-———=— —————sin(2¢,) T 9 the wave equation for the scattered electric field can be
i 2 02 ko f02 wg (l_wc/wo)g Sln( d)p) 51 ( ) q

derived as
with 2 2 2
) w§|, @ Noe _ wfwsn™
) VEs+ [1 N |5 207 B (13)
o oy o
f(1 — wc/wo)? We assume the following solution f&s:
— aEgo l 10 — ! k ” k
12(1— w,/wg)? aEZ, - (10 Es = E5(X, Y, 2)exp(iks2) + EX(X, Y, 2)exp(—tkg 2),  (14)
24—
foz(l_ wc/wo)z
where
3. EXCITATION OF ELECTRON PLASMA
2 2
WAVE (EPW) ké—%f(l—w—;’), o= koK
ws

A weak electron plasma wave is nonlinearly coupled to a

rippled laser beam via modified background density. Thus,

self-focusing of the main beam, ripple, and the dynamics oEquation(13) can be solved following the procedure of
growth of the ripple, all substantially affect the excitation of Akhmanovet al.(1968, Sodhaet al. (1976, and Singh and
the plasma wave. Using perturbation analysis and Sodh&alimullah(1987). The dimensionless beam width param-
etal.(198)), itis possible to show the excitation of EPW by eterfs of the scattered beam is governed by the following
the following equation: equation:
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d’fs 1 i fs

dz2  K2aifd k2c%(1— wg/wp)?

\2a 2

L«
(1 - wc/wo)2

EowE z 1
X | /=2 cos(¢hp)N"2 exp —f kidz) 5—
fofy 0 ré fo

< ex _E_rlzoflzn n Eé ex _r120f12n
P73 réfé réfs P réfé )|
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rowy \2
<° p) =20, ®-05 = w,=1.778x10%rads,

C (0]
1.0 T Mo_gs Mo_gg
n=10, ==, —=03 —=08,
2 2 ré ao
;
2°-04, aE%4=40 —=0.3.
as o

Equation(6) is a second-order, nonlinear, ordinary differ-
ential equation, governing the focusjftefocusing of the
main beam as it propagates through the plasma. If the first
term is large in comparison to the second, then diffraction
dominates over the nonlinear phenomenon, leading to de-
focusing of the beam. The situation is quite the opposite
when the second term is larger than the first and self-

Finally, the total scattered power of the scattered laser bea%cusing of the beam is observed. It must be mentioned that

is given by(Singh, 1981

2\2 2
C Eoonoowp [OF]
PS — 81/2 ( - = -

T 32 Noc?2 | w2

co (ko — K) z,
co(Ksz.)

(=Y 2 a2k,
— exp(—2kq z
fO fp Z=7. Drzl(o) a5

1 1
" iZigpg P2 i
rgfé  agf?
_4(&) 1 exp(—kgze —kg2)
fO fp z=2; fO fp fS Drl Drl(o)
cosky — k)z, €0sQ;
cosksz:) (1/(rgfd) +1/(a§f?) +1/(aifs)) |’
(16)
whereQ; = ks S5+ koS — kS + (ks + kg1)zand
_ 2 (U_é _ wg NOe
Drl (kO k) 02 |:1 wé No ’ (17)

with D,; = D,1(0) atz= z. andr = 0.

5. DISCUSSION

It is obvious from the present analysis that because of th:

relative magnitudes of these terms keep on changing with
the distance of propagation. We have solved all equations
numerically using the Runge—Kutta method.

Equation(7) governs the dynamics of the ripple intensity
with the distance of propagation. As is apparent from the
form of (7), its structure is similar t96) for f, and it is also
a nonlinear, ordinary differential equation. Besides that, the
beam width parametdy of the main beam appears in this
equation forf,. Apparently, the focusing of the main beam
drastically affects the focusing of the ripple.

In Figure 1, we have plotted beam width paramdter
as a function of the normalized distance of propagation
£(=20¢/wqr ) for two values oh, with «EZ, = 4.0,w./wo =
0.6, and the other chosen parameters are the same. Curve 1
is forn = 1, whereas Curve 2 is for= 2. The smaller the
value ofn, the larger oscillatory self-defocusifigcusing is
observed.

coupling between the main beam and ripple, the ripple cal 0 0 : : : 1 "

grow/decay inside the plasma and the growth rde is

given by(9). As is apparent from this expression, it depends g
on pump and plasma parameters. Besides that, it depends on

the angle between the ripple and main beam and the exte

Fig. 1. Beam width parametdi of the ripple plotted against the normal-
{z_ed distance of propagatiofi(= zG/wor%) in a collisional magneto-

nally applied magnetic field. We have chosen the followingp|asma for the chosen set of parameters. Curve 1 is fot.0 and Curve 2

set of parameters for numerical calculations:
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Figure 2 depicts the variation of the beam width param-
eterf;, of the excited plasma wave for the above mentionec g gg -
set of parameters and for three values of the magnetic fielc AN
Curve lis forw./wy = 0.0, Curve 2 is fok./wy = 0.3, and tee oo -
Curve 3is forw./wy = 0.6. It is observed that an increase in 0.06 |
the magnetic field not only slows down the self-focusing,
but also leads to oscillatory defocusjtigcusing of the beam. 2
This is due to reduced nonlinear coupling of the electror 0.04
plasma wave to the rippled laser beam with an increasini
magnetic field.

The excited electron plasma wave is so strong that i 0.02
nonlinearly interacts with the main beam, leading to a Raman
scattered wave. Equatidid5) determines the dynamics of
self-focusing of the scattered wave as a functiorg .ofVe 0
observe here thdt, f;, andf, jointly determine the focus-
ing/defocusing of the scattered wave and consequently th

Va”atlo,n of the normallzed scattered pOVFB(r: PS/PO) as Fig. 3. Variation of the normalized pow&(= Ps/Py) with the normalized

a function of¢. In Figure 3, Curve 1 is fote/wo = 0.0, gistance of propagatiog for different values of the magnetic field; the
Curve 2 is forw./wy = 0.3, and Curve 3 is fab./wg = 0.6. other parameters are the same. Curve 1 isfgwo = 0, Curve 2 corre-
For lower values of the magnetic field, however, scatteredponds tasc/wo = 0.3, and Curve 3 correspondsdg/wo = 0.6.

power depends on focusing fgf f;, andf, as well ad, but

is peaked dominantly bff. However, a low magnetic field

suppresses the scattered power. But when the magnetic fief@urve 1is forrEg, = 4.0, Curve 2 istE§,= 5.0, and Curve 3

is increased ta./wy = 0.6, normalized scattered power is for aE§ = 6.0. The following observations are made:
reaches as high as 8% with the distance of propagation.

Moreover, scattered powéris dominantly determined by 1. Scattered power is highest for the low intensity
focusing of the main beam and plasma wave as well as the  parameter.

scattered wave. Besides other parameters, the ripple dynam-2. Anincrease inintensity suppresses the scattered power.
ics and magnetic field play a significant role for scattered 3. There is a shift in the maximum scattered power with

power. ¢ for different values of the intensity parameter. It is

Figure 4 displays the normalized scattered power as a  due to phase mixing of various terms in the expression
function of ¢ for three different values of intensity param- for scattered power as these terms keep on varying
eter and a fixed value of the magnetic figld./wo = 0.6). with £.

Fig. 2. Beam width parametdg of the excited plasma wave plotted against
the normalized distance of propagatiéfior different values of the mag-  Fig. 4. Variation of the normalized pow&{(= Ps/Py) with the normalized

netic field; the other parameters are the same. Curve 1 iefano = 0, distance of propagatiahfor different values of intensity witk;/wo = 0.6;
Curve 2 corresponds ta./wo = 0.3, and Curve 3 corresponds the other parameters are the same. Curve 1 iskg = 4.0, Curve 2 is
t0 w¢/wo = 0.6. aE& = 5.0, and Curve 3 is forE&, = 6.0.
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6. CONCLUSIONS RusseLL, D.A., DuBors, D.F. & Rosg, H.A. (1999. Nonlinear

he i . f ic fiel K h i saturation of stimulated Raman scattering in laser hot spots.
The introduction of a magnetic fie d weakens the nonlinear Phys. Plasmas, 1294-1317.

term, leading to decreased self-focusing of the ripple. This,;x; NS, & Girr, T.S. (2002. Advances in contemporary phys-
behavior becomes more succinct as is obvious from Figure 1 ics & energy(supplementNew Delhi, India: Allied Publishers
and Figure 2. Further, the effect of an increasing magnetic Ppvt. Ltd., 111-127.

field leads to a decrease in coupling of EPW to the rippledSuorT, R. W. & Simon, A. (1998. Collisionless damping of
laser beam. This behavior is quite opposite to the one ob- localized plasma waves in laser-produced plasmas and applica-
served earlie(Saini & Gill, 2002. We also obtain high tion to stimulated Raman scattering in filameriys. Plas-
scattered power for low intensity and wiggles in the scat- MasS, 4134-4143. _ o

tered power are smoothed. This behavior is also contrary t§IN¢H: A- & SINGH, T. (1990. The effect of a static magnetic field
the one observed earligBaini & Gill, 2002. Thus, the on the growth of a rippled electromagnetic beamPlasma

magnetic field pl rucial role in the dvnamics of the . T NYS#43, 465-474.
ioplod laser b propagation i e cynamics eSINGH, N. & SiNGH, T. (1999. Growth of laser ripple in a colli-
rippled laser beam propagation in plasma.

sional magnetoplasma and its effect on plasma wave excitation.
J. Plasma Fusion Reg, 423—-426

REFERENCES SiNGH, T. (198)). Excitation of waves and scattering phenomena
in Plasmas, PhD Thesis, Indian Institute of Technology Delhi.
AKHMANOV, S.A., SUKHORBIKOV, A.P. & KHOKHLOV, RV. (1968. New Delhi: India.

Sov. Phys. Uspl0, 609. SinGH, T. & SALIMULLAH, M. (1987). Nonlinear Interaction
AMIN, M.R., Capiack, C.E., Frycz, P., Rozmus, W. & TIKHON- of a Gaussian EM Beam with an Electrostatic Upper Hybrid
CHUK, V.T. (1993. Two-dimensional studies of stimulated Bril- Wave: Stimulated Raman Scatterinid. Nuovo Cimento9,

louin scattering, filamentation, and self-focusing instabilities ~ 987-998.
of laser light in plasmas?hys. Fluids5, 3748—-3764. SopHA, M.S., GHATAK, A.K. & TripaTHI, V.K. (1976). Progress
Fucsas, J., LABAUNE, C., DEPIERREUX, S., TIKHONCHUK, V.T. & in Optics13, 169.

BaLpis, H.A. (2000. Stimulated Brillouin and Raman scatter- SopHa, M.S., SINGH, T., SINGH, D.P. & SHARMA, R.P. (1981).
ing from a randomized laser beam in large inhomogeneous Growth of laser ripple in a plasma and its effect on plasma wave
collisional plasmad. Experiment Phys. Plasma@s4659—4668. excitation.Phys. Fluids24, 914-919.

Liu, C.S. & TripaTHI, V.K. (1995. Thermal effects on coupled SobHa, M.S., TEwARI, D.P. & SuBBARAO, D. (1983. Contempo-
self-focusing and Raman scattering of alaser in a self-consistent rary Plasma PhysicDelhi, India: Macmillan India Ltd.
plasma channePhys. Plasmag, 3111-3114.

https://doi.org/10.1017/50263034604221073 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034604221073

