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The present problem investigates Stimulated Raman Scattering of high-power beam in Collisional magnetoplasma. The laser beam
has two propagation modes viz. extraordinary and ordinary modes, while its transition along the direction of static magnetic fields.
The carrier redistribution affected due to modification in static magnetic field. The carrier redistribution will take place due to non-
uniform heating, which results in variation in density profile in a transverse direction to axis of main beam. This density profile
further causes modification in all the three waves involved in the process viz. incident beam, electron plasma wave and scattered
wave. Here, 2" order ODE for beam waists of pump beam, EPW and back-scattered wave and also expression for reflectivity will be
obtained and further their numerical simulations will be carried out in order to explore impact of change in laser and plasma
parameters and also externally applied magnetic field on beam waists of various waves and on SRS back-reflectivity.
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1. INTRODUCTION

New developments in laser technology resulted in generation of laser beams of small duration having peak power
up to petawatt range are available [1, 2]. Researchers are interested in exploring lasers interaction with plasma medium
as a result of its diverse applications such as particle acceleration, laser driven fusion and new radiation sources [3-8].
Much deeper lasers transition through plasmas is chief concern in accomplishing success in these applications. Further,
laser-plasma interaction generates various instabilities such as self-focusing, scattering instabilities, harmonic
generation and two plasmon decay [9-22]. The laser energy is not properly transferred to plasma medium due to these
instabilities [23]. The coupling efficiency between lasers and plasma can be improved by controlling these instabilities.
Self-focusing and Scattering instabilities play crucial role in laser driven fusion. In Self-focusing, laser beam transition
through plasmas results in change in plasma’s refractive index [24]. The density gradient created in plasmas is main
cause behind self-focusing. There is rise in beam’s irradiance due to self-focusing. Self-focusing causes variation in
beam’s angular divergence. [25]. SRS causes the breaking of main beam in to electron plasma wave (EPW) and
scattered wave. SRS causes reduction in amount of laser energy transferred to plasma target. Excited EPW due to SRS
has phase velocity equivalent to light’s speed. It could in fact accelerate electrons that can preheat fusion fuel and
reduce implosion efficiency. There is major effect of focusing of beam on SRS back-reflectivity [26]. The reduction in
laser-plasma coupling efficiency is found due to both self-focusing and SRS. It is essential to have some control on
these instabilities for success of inertial confinement fusion. Researchers have investigated Self-focusing and Scattering
instabilities of intense laser pulses in plasmas in the past [27-34]. Barr et al. [35] investigated that SRS growth rate is
greatly affected due to self-focusing. Short et al. [36] investigated effect of self-focusing on SRS instability in laser
driven plasmas. In their investigation, they find that self-focusing greatly enhances SRS growth rate. The novel method
has been proposed for control of SRS and electron production by Dodd and Umstadter [37]. Kalmykova and Shvets
have explored SRS of laser radiation in deep plasma channels [38]. They explored that there is great reduction in
growth rate of SRS on account of localization of EPW. The impact of beam irradiance and electron temperature on SRS
growth rate has been explored with Kirkwood et al. [39]. The impact of filamentation of beam on SRS has been
explored using non-paraxial approach by using Sharma et al. [40]. The impact of filamentation of beam on EPW and
SRS back-reflectivity has been explored by Purohit et al. [41]. Singh and Walia [42] investigated effect of self-focusing
on SRS and observed that focusing tendency of waves involved enhances SRS back-reflectivity. Rawat et al. [43]
explored joint action of relativistic-ponderomotive forces on ring rippled beam transition in unmagnetized plasma and
its effect on SRS. In their case, SRS back-reflectivity is greatly reduced at larger intensities. Sharma et al. [44] explored
SRS of dark hollow Gaussian beam in unmagnetized plasma. They found that there is focusing tendency and scattered
power are decreased with increment in hollow Gaussian beam’s order. In fact, it has been revealed from the literature
that various beam profiles have been used for exploring self-focusing and SRS [45-57]. But, impact of self-focusing on
SRS has not been investigated yet in cylindrical Gaussian beams in collisional magnetized plasma. So, in present work,
we are investigating for first time impact of self-focusing of Gaussian laser beams in collisional magnetized plasma.
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EPW (w, k) interacts with main beam (w,, k) to produce scattered wave (wy — w, ky — k). The case of backscattering
for k = 2k, is considered in present case. The carrier’s redistribution take place due to non-uniform heating thereby
causing self-focusing. There is modification in dispersion relation connected with EPW and hence EPW also gets self-
focused under suitable boundary conditions. Irradiance associated with scattered wave is directly proportional to
irradiance related with main wave and EPW. So, self-focusing results in improvement in back-scattering.

2. SOLUTION OF WAVE EQUATION FOR PUMP WAVE
The laser beam having Gaussian profile is assumed to be propagating along z-axis. The direction of static
magnetic field is also along z-axis. There are basically two transition modes viz. extraordinary mode and ordinary
mode. The RH circularly polarized beam is described by extra-ordinary mode while LH circularly polarized beam is
described by ordinary mode.

A, =E, +iE, (M
A, = E, —iE, )
The field vector 'E’ of beam obeys following wave equation
2
VZE—V(V-E)+‘;’—ZeE=0 (3)

In Component form, we can express Eq. (3) as
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Here, we have considered that (V- E) = 0 and further we make use of the assumption that alteration in field along z-
direction is more rapid.

ox ay
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The term +i is multiplied with Eq. (7) and resultant is added to Eq. (4), one can easily get
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Egs. (8) and (9) are coupled with each other, but there exists a very weak coupling between them. So, one of the term
can be set equal to zero. Assuming A, =~ 0. We can write for Eq. (8) as

924, | 1 w? . *
L2 (14 ) (S + ) A+ % X Leor + 6, (4147, 4,414, = 0 (10)
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In Eq. (10), if we substitute A; = A exp[i(wt — k,z)] and further make use of WKB approach, one can get

5, 04 1 g0+ [0%4 | 9%A _
20k, 22+ 2 (1 + gm) (55+32 ) + ¢, (AADA =0 (11)
In Eq. (11 P 9B gy = [Hmmeet oy lasma i The nonli t of
n Eq. (11), gp; = ot an  fozz = o Wp = —— is known as plasma frequency. The nonlinear part o

the dielectric function for collisional magnetized plasma may be expressed as [58]

2
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In Eq. (12), the nonlinear coefficient ‘@’ is expressed as a = = (—) oy with ay = + Here, electronic mass, ionic
3\m 8mwgKpTy

mass, Boltzmann constant and plasma equilibrium temperature are expressed as m, M, K and T, respectively. Now,
following [58-59], Eq. (11) has solution given by
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A = Ay(r,z)e " HoS(r2) (13)
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ko = 2 (16)

c

S = + Py (2) 15)

In Eq. (15), the symbols ' S ' and @, (z) denote Eikonal of beam and phase shift respectively. The phase shift analysis is
not required in current problem. The beam width f, satisfied the following 2™ order differential equation,

Cf (o) (14 o) b eshy (:-59)
dz? (1 + €022/ TEF3KE 1+ €022/ €ow3 TEf3 (2( w2 aEgO)Z a7

In Eq. (17), ‘z’ denotes propagation axis. The boundary condition used in this case is f = 1 and Z—’; = 0 at z=0.

3. Electron Plasma Wave Excitation
Nonlinear interaction of EPW and pump wave leads to its excitation. The excitation process of EPW in collisional
magnetized plasma can be studied through following standard equations;
(a) Continuity Equation

Z—IZ+V-(NV)=O (18)
(b) Equation of motion
av . - _ 1 _ _Ye
m|%+ (v V)V] = e[E+C(V><B)] 2rmy —eyp (19)
(c) Poisson’s equation
V-E = —4meN (20)

In above Egs., instantaneous electron density, fluid velocity, Landau damping parameter and pressure term are
expressed by N, V, I', and P respectively. For electron gas y, = 3. Further, by using perturbation analysis and standard
approach, one can obtain the following equation denoting the change in electron density as

m+zr——3vthv2n+sz"“’n= 0 @1

Following [58-59], Solution of Eq. (21) is shown as

n = ny(r, z)expli(wt — k(z + S(r, z)))] (22)
ng = 7;"20 exp ( 227z~ 2ki Z) (23)

S = ; Z;Zf+¢>(z) 24)

w? = wiee <+ 3k, (25)

In above Egs., k, w and S are for wave vector, angular frequency and Eikonal for the EPW. Here, k; is damping factor
and 'f’ denotes beam width of EPW and 2™ order ODE satisfied by it is expressed as

_Yc
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Here, the boundary condition used is f = 0 and % =0atz=0
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4. Stimulated Raman Scattering
The total field vector E; is expressed as sum of fields of main wave E and scattered wave Ej. i.e.

Er = E exp(iwgt) + E exp(iwgt) 27)
Now, field vector E satisfies following wave equation

2
V2E, —V(V- Ep) = 5250 4 4n0r

cZ 9t2 cZ ot

(28)

Here, J; is known as total current density. One can equate the scattered frequency terms to obtain following differential
equation

2 _ wp Noe. _ [wpwsn
V2E, + 45 [1 | E, [ZC%N]E V(V-E) (29)
Eq. (29) has solution given by
E; = Ego(r,z)ets0% + E (1, z)e~tks1? 30)
2 _ 0§ wp| _ w? .
Where kg, = = 1 ~ a2 =~ €so; with wg = wy — w and kg; = ko — k.

Now, substituting Eq. (30) in Eq. (29), one can obtain

2 2
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Now, solution of Eq. (32) is written as

Esy = Eg; (1, z)e”"0% (33)

Now, put Eq. (33) in Eq. (32) and ignoring space derivatives

105 n* EE
El — _1@pn @s 0 34
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Following [58-59], Eq. (31) has solution denoted as

Ego = Eggge'*sose (35)

BZ 2
Edoo = T3 exp |~ ] (36)

1 1d

S =277 Ef + g(2) (37)

In Eq. (36), initial beam radius for scattered wave is denoted by b and beam width of scattered wave is represented
by f; and 2nd order ODE satisfies by it is represented as

Wc
2 _@c
dzfsz 1 __Wp aB§ofs (1 mo) (38)
dz2  kZ4b4fE wiego 21Efd 5(1_0c)? akd,\’
( _w_g) t—

The boundary condition used in present case is f; = 0 and % =0atz=0.

5. Back-reflectivity
From Eq. (23), we find that EPW is damped as it transits through z-axis. So, scattered wave amplitude is decreased
with increase in z. The boundary condition used is

E, = Eyo(r,2)etkso? + E_ (1, z)e"s1Z = 0 (39)
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at z = z.. At z = z., scattered wave amplitude becomes zero.

_ @pwsNoo _ Egoe”‘*i%c fs(ze) _ exp (ikoSo+ks1Zc)) (40)
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With the condition that b2f2 = azlfz + rzlfz . Now, SRS back-reflectivity is expressed as,
0/0
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6. DISCUSSION
Egs. (17), (26), (38) and (41) can’t be solved analytically. So, RK4 method is used for doing their numerical
calculations for the following well-established parameters;

aE00—304050 = 0.10,0.15,0.20; —004008and012

owl'ﬁu

Egs. (17), (26) and (38) are the 2" order ODE representing the focusing/defocusing behavior of main beam, EPW
and scattered wave as they transit inside plasma. In each equation, two terms are present on RHS of each equation. 1
term being diffractive term, while 2" term being nonlinear refractive term. When 1% term is dominating, then
defocusing of beams take place. When 2" term is dominating, then focusing of beam takes place. It must also be noted
that there is always change in relative magnitudes of these terms with propagation distance. All the equations have been
numerically solved using RK4 method.

Figures 1, 2 and 3 denote variation of beam widths f; , f and f, with dimensionless propagation distance n(=
z/korZ). Here, only change in beam intensity parameter aEZ, is considered whereas other parameters are kept fixed.
Here, aEZ, = 3.0,4.0 and 5.0 are denoted by Black, Green and Red curves. The focusing tendency of various beams
involved is decreased with increase in beam intensity aEZ, as a result of supremacy of divergence term over converging
term with rise in aE2, parameter. The refractive index gets reduced with rise in aEZ, parameter thereby weakening
beam focusing.

Figures 4, 5 and 6 denote variation of beam widths f; , f and f, with dimensionless propagation distance n(=
2

z/korZ). Here, only change in plasma density parameter —1s considered whereas other parameters are kept fixed.

Here, w—i = (0.10,0.15,0.20 are denoted by Black, Green and Red curves. The focusing tendency of various beams is
0

. oy . . 0§ . . . s
increased with increase in plasma density 3 as a result of supremacy of converging term over diffraction term with rise

2
1n L parameter The refractive index gets enhanced with rise m parameter thereby strengthening beam focusing.

F igures 7, 8 and 9 denote variation of beam widths f; , f and f; with dimensionless propagation distance n(=
z/korZ). Here, only change in cyclotron frequency parameter % is considered whereas other parameters are kept fixed.
0
Here, % = (0.04,0.08 and 0.12 are denoted by Black, Green and Red curves. The focusing tendency of various beams
0
involved is increased with increase in cyclotron frequency % as a result of supremacy of converging term over
0

diffraction term with rise in % parameter. The refractive index gets enhanced with rise in % parameter thereby
0 0

strengthening beam focusing.
Figure 10 denotes variation of SRS back-reflectivity with dimensionless propagation distance n(= z/k,rZ). Here,
only change in beam intensity parameter aEZ, is considered whereas other parameters are kept fixed. Here, aEZ, =
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3.0 and 5.0 are denoted by Blue and Red curves. SRS back-reflectivity is found to decrease with increase in laser
intensity aEZ,. The reason behind it is that SRS back-reflectivity is directly linked with focusing tendency of waves
involved. Since, focusing tendency of waves is decreased with rise in laser intensity aEZ,. So, SRS back-reflectivity is

decreased accordingly.

1

Figure 1. Variation of beam width f, with dimensionless
propagation  distance  n(= z/kor¢). Here, aE}, =
3.0,4.0 and 5.0 are denoted by Black, Green and Red curves
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Figure 11 denotes variation of SRS back-reflectivity with dimensionless propagation distance (= z/k,rZ). Here,
2
“ = 0.10 and 0.20

2
are denoted by Blue and Red curves respectively. SRS back-reflectivity is increased with rise in plasma density %. The
0

2
. . w . .
only change in plasma density —w’z’ is considered whereas other parameters are kept fixed. Here, —
0 0
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reason behind it is that SRS back-reflectivity is directly linked with focusing tendency of waves involved. Since,

2
p

focusing tendency of waves is increased with rise in plasma density % So, SRS back-reflectivity is increased

accordingly.
11

1

width f, with dimensionless

c

w,
Here, — =
w

Figure 7. Variation of beam
propagation distance n(= z/kord).
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Figure 12 denotes variation of SRS back-reflectivity with dimensionless propagation distance (= z/k,rZ). Here,

only change in cyclotron frequency % is considered whereas other parameters are kept fixed. Here, —=
0

Wc
0

0.04 and 0.12 are denoted by blue and red curves respectively. SRS back-reflectivity is increased with rise in
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cyclotron frequency % The reason behind it is that SRS back-reflectivity is directly linked with focusing tendency of
0
2¢ S0, SRS back-
0

waves involved. Since, focusing tendency of waves is increased with rise in cyclotron frequency —

reflectivity is increased accordingly.

7. CONCLUSIONS
The present research deals with SRS of high-power beam in Collisional magnetoplasma. The results obtained from
present problem are as follows:

(1) Focusing ability of various waves involved is increased with increase in plasma density, cyclotron frequency and
with decrease in laser intensity. This is due to enhancement in net refractive index gradient, which strengthens
beam focusing.

(2) SRS back-reflectivity is increased with rise in plasma density, cyclotron frequency and with decrease in beam
intensity. This is due to enhancement in net refractive index gradient, which strengthens beam focusing and
consequently amplifies SRS back-reflectivity.

Present results are really helpful in knowing physics of laser driven fusion.
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VY wiit 3amavi OCHIHKYEThCS BUMYIICHE KOMOIHAIIHE pPO3CiIFOBaHHS TMOTY)KHOTO MPOMEHS B 3ITKHIOBAIBHINH MAarHiTOIUIa3Mi.
JlazepHuii MPOMiHb Ma€ JBa PEKUMH MMOUIMPEHHS, a caMe: He3BUYaMHHUN Ta 3BUYAMHUM, Mi Yac HOro mepexojay B3OBXK HAMPSIMKY
CTaTMYHUX MAarHiTHUX nouiB. [lepepo3noaina HOCIiB BitOyBaeThCs yepe3 MoaudiKalio CTaTUIHOro MarHiTHoro mois. [lepeposnomin
HOCIiB BinOyBa€eThcs 4epe3 HEOJHOPIHE HArpiBaHHsI, IO MPU3BOAUTE A0 3MIHH NPO(]III0 TYyCTHHU B MONEPEIHOMY HANPSAMKY 0 OCi
OCHOBHOTO TpoMeHs. L{eit mpodink rycTHHH JOAAaTKOBO BUKIMKAE MOAU(DIKAIII0 BCIX TPHOX XBHJIb, III0 OEPYTh y4acTh y MPOIEci, a
caMe: IaJIaloyoro INPOMEHs, eJIEKTPOHHOI IIa3MOBOi XBWIII Ta po3cisHOl xBwiai. TyT Oymyts otpumani 3/IP 2-ro mopsaxy mis
NIepeTsHKOK MTydKa HaKadyBaHHS, €JIEKTPOILTIBKOBOT XBHIII Ta XBHIII 3BOPOTHOTO PO3CISHHS, a TAKOXK BHPa3 IS BiJOMBHOI 31aTHOCTI,
i nami Oyae HpOBEIEHO IX YHCIOBE MOJEIIOBAHHS, 100 JOCHIAMTH BIUIMB 3MIHM IapaMeTpiB Jjazepa Ta IUIa3MH, a TaKOX
30BHIIIHBOTO IPHKJIAJCHOT0 MarHiTHOTO IOJISt Ha MEPETSDKKY ITyYKa Pi3HUX XBUJIb Ta Ha 3BOPOTHY BiOMBHY 31atHicTh BKP.
KirouoBi cioBa: sumywene xombinayitine po3ciioganns, cmamuyHe Machimue mnojae, HeOOHOPIOHUL HA2pi6; pO3CiAHA XU,
3860pomHa 6i0OUEHA 30amMHiICMb



