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The present work explores stimulated Raman scattering of a high-power beam in quantum plasma due to the joint action of relativistic
ponderomotive force (RP force). The RP force creates nonlinearity in the plasma’s dielectric function. This results in a change in the
density profile in a transverse direction to the axis of the pump beam. This change in density profile has a significant impact on all
three waves involved in the process, viz., the input beam, the electron plasma beam, and the scattered wave. Second-order ODEs for
all three waves, as well as the SRS back-reflectivity expression, are set up and further solved numerically. Impact of well-known laser-
plasma parameters, quantum contribution, and combined action of RP force on beam waists of various waves, and also on SRS back-
reflectivity are explored.
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1. INTRODUCTION

Among theoretical/experimental research groups, there has been interest in the interaction of ultra-intense lasers
with plasmas, resulting from their applicability to laser-driven fusion [1-3] and the acceleration of charged
species [4-9]. During laser-plasma interaction, distinct instabilities are produced, including scattering instabilities,
filamentation, self-focusing, modulation instability, and trapping [3, 10-13]. There is a significant reduction in the
coupling efficiency of lasers due to these nonlinear phenomena. These instabilities can lead to production of highly
energetic electrons. These high-speed electrons preheat the fusion fuel and also cause great reduction in compression
rate. Moreover, there is a modification in the irradiance distribution due to these nonlinear phenomena. The transition
of lasers through plasmas is mainly controlled by Stimulated Raman Scattering (SRS) process. In fact, it helps in
exploring the transmission of energy from lasers to plasmas [14-17]. SRS is a key research topic in laser-plasma
interaction for theoretical/experimental researchers [18-22]. In SRS, the pump wave splits up into an electron plasma
wave (EPW) and a scattered beam. EPW generates electrons travelling at extremely high speeds, which could, in fact,
preheat the target core. A scattered beam helps in identifying the amount of wasted energy. So, Raman reflectivity is
very crucial parameter for exploring percentage of useful/wasted energy during laser-plasma interaction. It has already
been revealed from literature that mostly research on scattering instabilities is carried out through plane waves. If
intensity associated with main beam is kept non-uniform, then self-focusing phenomenon becomes extremely
dominant. Self-focusing greatly affects other nonlinear processes, including SRS, SBS, pair production, and harmonic
generation [23-31]. So, the inclusion of the self-focusing phenomenon while exploring the SRS process becomes
extremely important. Many research groups have explored inter-connection between self-focusing and SRS in the past
[32-42]. Most of these studies were explored in classical plasmas. In case of classical plasmas, density is kept low and
temperature is kept high. Whenever density is high and temperature is low, we obtain quantum plasmas [43-46].
Theoretical/experimental research groups are motivated to explore quantum plasmas due to their direct connection in
diverse fields, including laser-driven fusion, quantum dots, and quantum optics [47-54]. In case of quantum plasmas,
A =1y 13 je. nyA3 = 1. So, de-Broglie Wavelength is greater than or equal to average distance between electrons.
For quantum plasmas, Tf = T. Where Ty and T are Fermi temperature and plasma temperature respectively. There has
been keen curiosity of various researchers in exploring instabilities in quantum plasmas due to their relevance in light-
matter interaction [55-57]. Also, notable attention has been received by laser-quantum plasmas interaction as a result
of its direct involvement in exploring scattering instabilities, inertial fusion and X-ray lasers. Keeping in view these
objectives, our aim in the present study is to explore Stimulated Raman Scattering of a laser in quantum plasma due to
the joint action of RP force. The main beam (wy, ky) interacts with EPW (w, k) thereby producing a scattered wave
(wy — w, ko — k). Here, we have taken the back-scattering case for k = 2k,. The carrier's redistribution takes place
due to the joint action of the RP force, thereby causing self-focusing. The dispersion relation associated with EPW
gets modified. Moreover, change in phase velocity of EPW is observed. The 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.
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2. SOLUTION OF PUMP WAVE IN THERMAL QUANTUM PLASMA
Consider the transition of an intense laser beam having wave number k and the angular frequency w, along z-axis
in TQP. We are considering the combined influence of RP force in the present investigation. Irradiance distribution for
laser beam at z = 0 is expressed as

CEF = E? _r
Ey Eo—Eooexp[ Tg] Q)

In Eq. (1), Eqo and 7y, represent maximum field amplitude and initial beam width at z = 0. Also, 72 = x2? + y2. The TQP’s
dielectric function incorporating the Bohm potential, the Fermi pressure, and quantum involvement can be stated
as [53-54].
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In Eq. (2), vp = fZK:ITf and y = (1 + aEyE})"/? denote Fermi speed and Lorentz factor respectively and §q = m.
0
If Tr—> 0 is substituted, then cold quantum plasma’s (CQP’s) dielectric function is obtained. On the other hand, if T —
2

0, T 0, then classical relativistic plasma’s (CRP’s) dielectric function is obtained. Here, @ = m and w, =
0

4mne?

are known as nonlinear coefficient and plasma frequency respectively. The nonlinear ponderomotive force results

in change in density of electrons. We can express this changed number density as [53-54]

2
n = neexp (- == (y - 1)) 3)
For TQP, one can express generalized dielectric function as
2 2
InEq.(4),e =1— % & ¢ (EyE;) = % [1 - %] are linear & nonlinear portions for € respectively. Including the effect
0 0 0
of nonlinear ponderomotive force, we can write nonlinear term @ (E,E;) for TQP as
. w3 1 k§v:  sq -1 me?
¢(EE)=wlgo[1—;(1—:—({—7) exp (——— (- 1) (%)

__ |4mnge?
Where, wpo = ’T

The field E; of the pump wave represents wave equation as;

@b Noe

szi+‘:—§[1— ]E_o (6)

One can write the solution for Eq. (6) following the approach [58-60] as

E; = Eg expli(wot — ko(So + 2))] (7
B} = Seewp |- ] ®)
So = ; 2Rt a3 (@) ©)

Here, f, is the pump wave’s beam waist satisfying differential equation

exp _me? 1+aE°°
T,
a1 w§ aEd ‘ k°”f>+ me

2.2
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=

Here, the boundary condition used is as follows, f, = 0 and i—fzo =0atz=0.
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3. EXCITATION OF ELECTRON PLASMA WAVE
The nonlinear interaction between the pump wave and EPW leads to its excitation. For analyzing the excitation of
EPW in TQP, the following standard equations are considered;
(a) Continuity Equation

ZHV-(VV) =0 (11)
(b) Equation of motion
v . - _ 1 _ _Ye
m [+ V- VV]=—e|E+2(V x B)| - 2rmy —evp (12)
(c) Poisson’s equation
V-E = —4meN (13)

In the above equations, the 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
the standard approach, we can obtain the following equation denoting the change in electron density as

3%n on N
§+2F5—3vfhvzn+w§ﬁn=0 (14)
Following [58-60], the Solution of Eq. (14) can be expressed as
n = ny(r, z)expli(wt — k(z + S(r, 2)))] (15)

Here, wave vector, angular frequency, and Eikonal for the EPW are denoted by k, w and S respectively. Further, the
dispersion relation for EPW is expressed as

w? = ngN—‘: + 3k%v?, (16)

Further, on putting the Eq. (15) in Eq. (14) further separating real and imaginary terms, we have

2$+(g—f)2 =k2—20v3n0+%[1—“}’v—°ﬂ (17)
%+$%+ngvis+%“’%5=o (18)

Following [58-60], the solution of Eq. (17) and (18) can be expressed as
n3 = 7jc—‘z’z"exp (_a;_;z - Zkiz) (19)
S =%r2%%+¢>(z) (20)

Here, k; denotes the damping factor and 'f’ denotes the beam waist of EPW and 2™ order ODE satisfied by it is expressed
as

E
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Here, the boundary condition used is f = 0 and Z—Z =0atz=0.
4. STIMULATED RAMAN SCATTERING
The total field vector E can be written as addition of fields of main wave E and scattered wave Ej. i.e.
E; = E exp(iwgt) + Es exp(iwgt) 22)
Now, the field vector E; satisfies the following wave equation

2
V2E, — (V- Ep) = =250 4 4nor

cZ 9t2 cZ at

(23)

In above Eq., current density is written by /. Now, further considering scattered frequency terms, we have
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2 2
VZES+%[1—2M E, = [wpwsn ]E V(V-E;) (24)

w2 YNy 2c2woNg
The result of Eq. (24) can be written as
E; = Ego(r,2)e 07 + E_ (1, z)eHs12 (25)
2 (IJZ UJIZ; wz .
Whel‘e kSO = C_fl:l - F = C_;eso, Wlth (US = (1)0 - al’ld kSl = ko —_ k.
S

By using Eq. (25) in Eq. (24), we get

OE d2E, 10E w? N, e
_kSOESO + Zlkso 50 + (_SO + SO) + CS [650 + Z( e ]ESO - 0 (26)

or2 r or

2
—kZEZ + 2iksy T+ (L5 + 1@) 4o [eso + b ( - “I’VL)] Eg = 29BM 05 ovn(—ikySy)  (27)

or2 r or o 2 c? N wo
Now, solution of Eq. (27) is expressed as
Eg; = E&y (1, z)e " Ho%0 (28)

Now, putting Eq. (28) in Eq. (27) and further ignoring space derivatives

105 n* EE
A 0 (29)
2¢2N wp e
e ekt
Now, solution of Eq. (26) can be written as
Ego = Egppei*soSe (30)

Now, use Eq. (30) in Eq. (26) and combining the real part and imaginary part separately, we have

95 + (&)2 - _1t (625500 + 165500) + wp [1 _ %] 31
dz ar kZyEsoo \ 012 r or €sow? No
dEZo0 | 9Sc 0EZn0 92s. . 10S.
— E2 -—— =0 2
oz tor or or * Eso0 or? + r or (32)

Now, following approach of [58-60], Egs. (31) and (32) have solutions,

BZ .r2
Edoo = 73 exp |~ o] (33)
1 5 1df
Se=3 Zf 2+ 05(2) (34)

In Egs. (33) and (34), the initial beam radius for the scattered wave is denoted by b and beam width of the scattered
wave is represented by f; and it satisfies the following 2" ODE as

2 EZ
exp(——".;c 1+“f§°—1]> Y Y
e
a’fs _ 1 “’p aEdofs 0 1— kovy Lm 1 4 %o “Eoo 1— kovi  &q (35)
dz?  kZbif3 wiego 21813 2 w3 T, w3 2

2
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The boundary condition used in the present case is f; = 0 and % =0atz=0.

5. BACK-REFLECTIVITY
From Eq. (19), we find that EPW is damped while travelling along the z-axis. So, with a decrease in z, the amplitude
of the scattered wave decreases. The boundary condition used is

E; = Ego(r, 2)etks0? + B¢, (1, z)e~#s1%2 = ( (36)

at z = z.. At z = z., the amplitude for the scattered beam vanishes,
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With condition, vz = taE
Now, SRS back-reflectivity may be derived as,
R = l (w_zz’)z (&)2 (M)Z (Ll_LZ_L3) (39)
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6. DISCUSSION
Since the analytical results of Egs. (10), (21), (35), and (39) are not feasible. So, the well-known RK4 method is
used for doing numerical calculations of these equations for known laser-plasma parameters;

S8

aEZ, = 2.0,3.0,4.0; Z =0.15,0.20,0.25 ; T = 107K, 108K, 10°K

oN

Eqgs. (10), (21) and (35) contain two terms on RHS with some physical interpretation for each term. The first term
on RHS of each equation is the diffractive term, while 2" one is the focusing term. During the transition of these beams
inside, there is a relative competition between these two terms. The dominance of the first term results in the defocusing
of beams, whereas the dominance of the second term results in the focusing of beams. When these terms are exactly equal
to each other, then the beam neither focuses nor defocuses. Then, a self-trapping case is found.

The alteration of beam waists fo, f and f; with normalized distance n(= z/k,7¢) at distinct beam intensity aEZ, is
shown in Figures 1(a), 1(b) and 1(c) respectively. Here, only the variation of beam intensity is taken, whereas other
parameters are kept fixed. Black, green and red curves are for aEZ, = 2.0,3.0 and 4.0 respectively. The focusing
behavior of all the beams involved is found to get decreased with increase in beam intensity. This is as a result of
dominance of diffractive terms over focusing terms with increase in beam intensity.
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Figure 1. The alteration of beam waists f;, f and f; with normalized distance (= z/korZ) at distinct beam intensity aEZ, is shown
in figures 1(a), 1(b) and 1(c) respectively. Black, green and red curves are for aEZ, = 2.0, 3.0 and 4.0 respectively

2
The alteration of beam waists f, , f and f;, with normalized distance (= z/kyr¢) at a distinct plasma density Z—g is

shown in Figures 2(a), 2(b) and 2(c) respectively. Here, only the variation of plasma density is taken, whereas other

2
parameters are kept fixed. Black, green, and red curves are for % = 0.15,0.20 and 0.25 respectively. The focusing
0

behavior of all the beams is found to get increased with escalation in plasma density. This is due to the dominance of
focusing terms over diffractive terms with increase in plasma density.
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The alteration of beam waists f; , f and f; with normalized distance (= z/k,rZ) at a distinct Fermi temperature
T values is shown in Figures 3(a), 3(b) and 3(c) respectively. Here, only the variation of the Fermi temperature is taken,
whereas other parameters are kept fixed. Black, green and red curves are for Ty = 107K, 108K and 10°K respectively.

Focusing behavior of all the beams is found to get increased with the rise in Fermi temperature. This is due to supremacy
of focusing terms over diffractive terms with increase in Fermi temperature.

(@) (®) ©

2
Figure 2. The alteration of beam waists f;, f and f; with normalized distance n(= z/ky7¢) at distinct plasma density Z—g is shown

2
in figures 2(a), 2(b) and 2(c) respectively. Black, green and red curves are for % = 0.15,0.20 and 0.25 respectively
o
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Figure 3. The alteration of beam waists f; , f and f; with normalized distance (= z/kyrZ) at distinct Fermi temperature Tf values
is shown in figures 3(a), 3(b) and 3(c) respectively. Black, green and red curves are for Ty = 107K, 108K and 10°K respectively

The alteration of beam waists f,, f and f, with normalized distance (= z/k,rZ) at distinct plasma regimes are
given in Figures 4(a), 4(b) and 4(c) respectively. Black, green and red curves are for RPTQP, RPCQP, and RPCRP
respectively. From the figures, we find that focusing tendency of all waves involved is maximum in RPTQP system as
compared to RPCQP and RPCRP systems respectively. Moreover, focusing tendency of all the waves is found to be more
in RQCQP case in comparison to RPCRP case.

@ (b) ©

Figure 4. The alteration of beam waists f,, f and f; with normalized distance n(= z/k,rZ) at distinct plasma regimes are given in
figures 4(a), 4(b) and 4(c) respectively. Black, green and red curves are for RPTQP, RPCQP, and RPCRP respectively

The alteration of SRS back-reflectivity R with normalized distance n(= z/k,r¢) at distinct beam intensity aEZ, is
shown in Figure 5(a). Red and black curves are for aEZ, = 2.0 and 4.0 respectively. Increase in laser intensity results in
decrease in SRS reflectivity on account of decrease in self-focusing of various waves at increasing beam intensity.
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2
The alteration of SRS back-reflectivity R with normalized distance n(= z/k,r¢) at distinct plasma density % is
0

2
shown in Figure 5(b). Red and black curves are for % = 0.15 and 0.25 respectively. Increase in plasma density results
0

in increase in SRS reflectivity which is due to enhancement in self-focusing of various waves at increasing plasma density.

The alteration of SRS back-reflectivity R with normalized distance (= z/ky7¢) at distinct Fermi temperature Ty is
shown in Figure 5(c). Red and black curves are for Ty = 107K and 10°K respectively. Increase in plasma Fermi
temperature results in increase in SRS reflectivity due to increase in self-focusing of various waves at increasing Fermi
temperature.
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Figure 5. The alteration of SRS back-reflectivity R with n(= z/kyrZ) at (a) distinct beam intensity aEZ,. Red and black curves are
2 2

for aEZ, = 2.0 and 4.0 respectively, (b) distinct plasma density %. Red and black curves are for % = 0.15 and 0.25 respectively,
0 o

(c) distinct Fermi temperature T;. Red and black curves are for Ty = 107K and 10°K respectively, (d) distinct plasma regimes. Red,
black and green curves are for RPTQP, RPCQP, and RPCRP respectively

The alteration of SRS back-reflectivity R with normalized distance (= z/kyr¢) at distinct plasma regimes is shown
in Figure 5(d). Red, black and green curves are for RPTQP, RPCQP, and RPCRP respectively. From the figure it is clear
that SRS back-reflectivity is maximum in RPTQP followed by RPCQP and RPCRP. This behavior is exactly in
accordance with self-focusing of distinct waves as observed in figures 4(a), 4(b) and 4(c) respectively.

7. CONCLUSIONS
The present research deals with the SRS of the laser beam in TQP due to the joint action of RP forces. The results
obtained from the present problem are as follows:

(1) Focusing tendency of distinct waves involved is increased with a rise in plasma density, Fermi temperature, and
with a decrease in beam intensity.

(2) Inclusion of quantum effects results in an enhancement in the focusing tendency of various waves involved.

(3) There is a rise in SRS back-reflectivity with an increment in density of plasma, Fermi temperature, and with a
decrease in beam intensity.
(4) There is an enhancement in SRS back-reflectivity with the inclusion of quantum effects.
These results are really useful in laser-driven fusion.
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CTAMYJIbOBAHE KOMBIHALIMAHE PO3CISIHHS IOTYKHOI'O IPOMEHSI B KBAHTOBIM ILJIA3MI: BILIUB
PEJ]HTI/IBlCTCbKO-ﬂOH}IEPOMOTOPHOi CnJjim
Kemap Banbs, Tapanaxor Cinrx

Kageopa gizuxu, Ynieepcumem DAV, [ocaranoxap, Inois
V 1iii poOOTi HOCTIPKYETBCS BUMYILICHE KOMOIHaIliffHE PO3CIIOBaHHS MOTY)KHOTO IPOMEHs B KBAHTOBI IJ1a3Mi BHACIIIIOK CILIBHOT
nii pensituBicTehkol monaepomotopHoi cuiu (RP force). RP cuna crBoproe HemiiliHicTh y mienektpuuHii ¢yHkuii miazmu. Le
MPU3BOAUTH JI0 3MiHHU NMPO(]III0 'YCTHHHU B MOMEPEYHOMY HAMPSMKY Z0 OCi MPOMeHs1 HakaduyBaHHs. L[5t 3MiHa npodiiaro rycTuHN Mae
CYTTEBHI BIUIUB Ha BCi TPU XBHIII, 110 OEPYTh y4acTh y MPOLEC], a caMme: BXiAHHUI TPOMiHb, TPOMiHb €JICKTPOHHOT IIa3MHU Ta PO3CISHY
XBWIIO. BcraHoBieHO Ta 101aTkoBO uucesnbHO posB'sizano ODE jnpyroro mopsiiky aist BCiX TPhOX XBWIIb, @ TaKOXK BHpPa3 IS
3BopoTHOro BinoutTs SRS. JlocmipkeHO BIUIMB BiIOMHX HapaMeTpiB Jia3epHOi IUIa3MH, KBAaHTOBOI'O BHECKY Ta KOMOiHOBaHOI il
MIOH/IEMOTOPHOI CHJIM Ha MEPETSHKKHU ITydKa Pi3HUX XBHIIb, a TAKOXK Ha 3BOPOTHE BinOUTTA SRS.
KiouoBi ciioBa: pensimusicmcbko-noHOepoMoOmopHi cuau;, 360pomue i0OUMMmMs, eNeKMpOHHO-NIA3MO8A X6Us, OieNeKmpUudHa
Gyukyis; poscisna xeuns



