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Abstract

Nonlinear propagation of a highly intense circularly polarized electromagnetic wave through a 3-component relativistic
quantum plasma (RQP) is studied. The plasma is composed of relativistic degenerate electrons, dynamic-degenerate ions,
and a beam of non-relativistic degenerate electrons. The relativistic degenerate electrons are modeled by a Klein—Gordon
equation (KGE), whereas the degenerate ions and beam of electrons are described by Schrodinger equations (SEs). The
dynamics of the CPEM wave through the plasma is governed by the Maxwell and Poisson equations. Four modes have
been observed through the linear analysis. It has been observed that the opacity of the plasma increases with an increase in
the beam electron concentration. Stimulated Raman scattering, modulational instability, and stimulated Brillouin scattering
have been studied, and an optimum value of the CPEM wave intensity has been found for the growth of these scattering
instabilities. The growth rates of the SRS and SBS have been found to drop with increase in the quantum parameter
(associated with the density) of the plasma. It has also been observed that the scattering spectra in both the SRS and SBS
get restricted to very small wave number regions. The spectrum and the growth rate of the MI also show dependence on the
quantum parameter.

Keywords 3-Component relativistic quantum plasma - Electron-acoustic waves - Nonlinear interaction of electromagnetic
waves

Mathematics Subject Classification 52.25.Dg - 52.27.Cm - 52.30.Ex - 52.35.-g

1 Introduction

In an extremely dense plasma, commonly referred to as the
quantum plasma, where the interparticle distance reduces
to a limit such that the wave functions of the constituent
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particles start overlapping, particles’ dynamics have to be
treated quantum mechanically (Shukla and Eliasson 2011;
Haas 2011; Bonitz et al. 2014). Not only in the extreme
astrophysical environment where the presence of ultra-
strong magnetic field in excess of the critical quantum
electrodynamical (QED) limit (B = % ~ 4.4 x 108 G)
makes the electron cyclotron energy equal to the electron
rest mass energy (m.c> =0.51 MeV), some of the con-
stituent particles in dense plasmas produced by the inter-
action of ultra-intense (> 102! W/cm?) laser pulses with

matter may also acquire relativistic speed (Bonitz et al.
2014; Marklund and Shukla 2006). This necessitates the
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inclusion of relativistic corrections in addition to the
quantum mechanical treatment in modeling the plasma
dynamics. The Quark—Gluon plasmas (QGP) produced
during the relativistic heavy-ion collision (RHIC) experi-
ments (Arsene et al. 2005) is yet another example of rel-
ativistic quantum plasmas. The subject of relativistic
quantum plasma (RQP) has, thus, been actively pursued by
the astrophysical and plasma physics community (Melrose
2008; Asenjo et al. 2011; Mendonga 2011; Eliasson and
Shukla 2011; Haas et al. 2012; Behery et al. 2016; Haas
2019; Islam et al. 2017; Singh et al. 2019; Jamil et al.
2019; Goshadze et al. 2019). Melrose (2008) has presented
an excellent account of the various aspects of waves in
unmagnetized relativistic-quantum plasmas using full QED
formalism. This work has later been extended to include
the magnetized cases (Melrose and Weise 2009, 2012).

With the help of fluid formalism, employing the Dirac
equation for the spin-half RQP, a dispersion relation for an
electromagnetic wave sustained by such a system is
derived in Ref. (Asenjo et al. 2011), indicating higher
transparency with the inclusion of the spin. Eliasson and
Shukla (2011) have investigated the laser—plasma interac-
tions in the relativistic quantum regime by employing a
Kelin-Gordon equation for the relativistic degenerate
electrons coupled with electromagnetic waves through
Maxwell and Poisson equations. Recently, we have studied
(Ikramullah et al. 2017) different properties of the rela-
tivistic quantum plasma, which comprises of relativistic
degenerate electrons and positrons, and dynamic degener-
ate ions by extending the Eliasson—Shukla model (Eliasson
and Shukla 2011). It was found that the presence of posi-
trons has insignificant effect on the dispersion. However,
enhancement in the plasma opacity was observed, and the
growth rate of different parametric instabilities was shown
to be affected by the inclusion of positrons in the system.
We further extended the model by incorporating the Tho-
mas—Fermi distribution of electrons in the background of
relativistic quantum plasma composed of relativistic
degenerate electrons and positrons and non-relativistic
degenerate ions (Ikramullah et al. 2018). An electron-
acoustic wave was observed in addition to the other two
modes associated with positrons and ions, respectively. The
spectrum and growth rates of different instabilities were
also affected with the change in the quantum parameter and
with the intensity of the circularly polarized electromag-
netic (CPEM) wave.

In the present work, the Eliasson—Shukla model (Elias-
son and Shukla 2011) is further extended to study different
physical phenomena like dispersion of electrostatic waves,
self-induced transparency and plasma opacity, the occur-
rence and growth rates of different parametric instabilities
in 3-component plasma by including a beam of non-rela-
tivistic quantum electrons along with degenerate
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relativistic electrons and dynamic-degenerate ions. Ions are
quantum-mechanically treated in Ref. (Shukla and Stenflo
2006) through the inclusion of Bohm potential, but in our
case, the plasma is 3-component having two types of
electrons (the relativistic degenerate electrons, and the
beam of non-relativistic degenerate electrons) and the
dynamic degenerate ions. The spin dynamics have not been
included in the present study. We feel that the work pre-
sented in this article has relevance to both space and lab-
oratory plasmas such as the high-density plasmas that can
be produced by interacting ultrashort and ultra-intense laser
pulses with solids.

This paper is organized in the following manner: in Sect.
2, a mathematical model based on the Klein—Gordon
Equation (KGE) for relativistic degenerate electrons and
Schrodinger Equations (SEs) for the dynamical degenerate
ions and beam of non-relativistic degenerate electrons has
been outlined. These equations are then coupled with the
Maxwell’s equations in order to describe the nonlinear
coupling between the relativistic quantum plasma and the
CPEM waves. In Sect. 3, we derive the dispersion relations
by using the Fourier analysis and have discussed the linear
properties of electrostatic oscillations. The Sect. 4 deals
with the phenomena of relativistic nonlinear propagation
and opacity of plasma. In Sect. 5, we study the stimulated
Raman scattering (SRS) and modulational instabilities (MI)
in a relativistic 3-component quantum plasma. In Sect. 6,
we have derived the dispersion relation by considering ion
dynamics and numerically studied the stimulated Brillouin
scattering (SBS) instability. We concluded our work in
Sect. 7.

2 Mathematical Model

The mathematical model of the problem composed of the
KGE for the degenerate relativistic electrons, SE for the
degenerate ions (beam-electrons), and Maxwell’s and
Poisson equations for the propagation and interaction of
intense CPEM wave with the relativistic quantum plasma.
We use W = ih% + e and P = —ihV + €A in order to
introduce electromagnetic interaction in KGE, given by

sze - Czlpzl/je - m§C4‘pe =0. (1)

Here, , represents an ensemble of degenerate relativistic
electrons, m,(e) is an electron mass (charge), and ¢(A) is
the electromagnetic scalar (vector)-potential, respectively.
In this case, the charge and current densities have the
following expressions, respectively:

Wi, + ¥, 0M,)"), (2)

—e

Pe = 2m,c?

and
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je = ‘e, (WPY, + Y. (PY,)"). (3)

2m,

The coupling of an electromagnetic wave with the degen-
erate ions (non-relativistic beam electrons) is represented
by

L0 (—ihiV — gA)?
<lhat_q¢) v :Tlpva (4)

where, the wavefunction i, represents an ions ensemble
(non-relativistic beam electrons), q is the charge of an ion
(non-relativistic electron), and m, is an ion (electron) mass,
respectively. The electric charge and current densities of
ions (non-relativistic beam-electrons) then take the fol-
lowing forms, respectively:

py = Q|‘pv|27 (5)
and

tqh 2

(6)

(WVW WiV,) —

‘

To close the model, the scalar and vector potential (¢, A)
are obtained from the electromagnetic wave equation

’°A 0¢ 2
W‘FCVX(VXA)—FVEZ#OCJD (7)
and
aA 1
2
ViV = <pe+‘§l;bp> (8)

where p, and € are the permeability and permittivity of

vacuum, respectively, and jr =j, + Y. j, is the total
v=i,eb

current density. The symbol eb represents the beam
electrons.

By taking the divergence of Eq. (7) and then using V -
A = 0 (Coulomb gauge), we obtain from Eqgs. (7) and (8),
respectively,

62
v2< 5 c2V2A) = —?uyV x (V X jg), (9)
and
v2¢ = - (pe + Z pv) (10)
v=i,eb

Equations (1), (9), and (10) constitute the complete model
that describes the nonlinear coupling between the intense
CPEM wave and the non-magnetized relativistic degener-
ate plasma.

3 Electrostatic Oscillations

For electrostatic waves, the electromagnetic vector poten-
tial (A) is assumed to be zero. The electrostatic oscillations
arise due to the charge density fluctuations in the plasma.
At wavelengths comparable to the interparticle distances,
the quantum effects can cause dispersion of electrostatic
waves. When the wavelength associated with an electron is
of the order of the Compton length, the electron speed
becomes relativistic that can change the dispersion relation
for the electrostatic waves.

To derive a dispersion relation for the electrostatic
waves, we transform the wavefunction ¥, by using the
following transformation:

W, = .exp(—icimet/h). (11)

The modified wavefunction Je then obeys the following
KGE:

0 2 ~
(iha + myc* + eq’)) Y, + 1AV, — mict
(12)

and the charge density of electron becomes

_ —ieh Tk aae T afl;: _ €¢ T2
pe_2m362< ¢ ot e 6t> <1+ cz>€|l//e| .
(13)

The dynamics of ions (non-relativistic beam electrons) in
the electrostatic case is governed by the SE:

272
awv s = — hV

wv (14)

The ion (beam electrons) charge density is given by
Eq. (5):

We linearize the system of Egs. (10), (12), and (14) by
using ¢ = ¢y, Y, = Yo, + Y., and ¥, = g, + ¥y, Here,
|1ZOE|2 = nge, and |y, |> = no, are the unperturbed number
densities of the relativistic-degenerate electrons and the
degenerate ions (non-relativistic beam electrons), respec-
tively. We Fourier decompose this by using ¢, =
¢ exp (iK - — i) +ce, iy, = U, exp (iIK-r—
iQr)+ U, exp (—iK-r+iQ) , and Y, =
Y exp (IK-r—iQf) +y_ exp (— iK-r+iQ).
Separating Fourier modes, and then eliminating the dif-
ferent Fourier coefficients, we get a dispersion relation for
the electrostatic waves as follow:
e:1+xe+z;(\,=0. (15)

v=i,eb

Here,

#2, §) Springer
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B wﬁe <4mzc4 — 1 (Q2 — CZKZ)) (16)
fe ™ w7 — C2K2)2 — 4m2c4Q)?
and
/= 4w§vm% (17)

C4am2Q — KA

are the electric susceptibilities of the relativistic degenerate

electrons and ions (beam electrons), respectively. Here,

12 12
Wpe = (noe€?/eom,) ” and wpy = (nove?/eom,) 7 are,

respectively, the plasma oscillation frequencies of rela-
tivistic electrons and ions ( beam electrons ).

To study the electron-acoustic and ion-acoustic waves
associated with the low-frequency fluctuations, we apply
the low-frequency limits on the Eq. (15). Assuming
Q< <cK, and ignoring the high powers of Q, we obtain
the following dispersion relation:

L+ + Y =0 (18)

v=i,eb
Here,
) colzje (4m£c2 + hzkz)

= 19
Rk — 4m302§22 ’ (19)

is the electric susceptibility of the low-frequency electrons.

The ratio of the densities of the non-relativistic degen-
erate beam electrons and the relativistic degenerate elec-
trons is denoted by f.

In Fig. 1, the solution of Eq. (15) is plotted where four
different frequency branches are observed. The dashed
curve is associated to the relativistic electrons having initial
oscillation at the electrons plasma frequency. The dashed-
dotted curve is ascribed to the ion waves, and the dotted
curve represents the acoustic waves associated with the
non-relativistic beam of electrons. The solid curve with the
largest frequency may be attributed to the so-called “pair
branch” or “positronic” states. The value of the plasma

density (hence the quantum parameter H) is chosen 103
m~=3 (H =0.007) and f=1075. We see that the phase
velocity of the acoustic waves associated with the non-
relativistic degenerate beam electrons is initially higher
than the ion-acoustic waves and increases with a uniform
rate to a certain K values beyond which it starts to decrease
with a uniform rate.

In Fig. 2, Eq. (18) is plotted showing the low-frequency
limit (Q < <c¢K) for a 3-component plasma composed of
the relativistic degenerate electrons, dynamic degenerate
ions, and non-relativistic beam electrons by using H =
0.007 and 8 = 107>, The phase velocity of the electron-
acoustic waves changes linearly in this low-frequency limit
case.

We observe a behavior almost similar to what we saw in
our previous studies (Ikramullah et al. 2017, 2018). The
corresponding ion and the non-relativistic beam electrons
wave frequencies increase as K — 0 by increasing the
value of the quantum parameter. The beam and ion modes,
both, behave in the same way. However, in this case, the
low-frequency waves resulted from the beam of electrons
are lower in frequency as compared to the low-frequency
waves in the Thomas—Fermi distributed electrons (Ikra-
mullah et al. 2018). Similarly, the frequency of ion-
acoustic waves is also lower in the beam case than the
Thomas—Fermi case.

4 Nonlinear Propagation of Intense
Electromagnetic Waves Through
Degenerate Plasma

We use the Klein—Gordon—Schrodinger—Maxwell model to
study the propagation of intense CPEM wave through the
3-component plasma. We consider nonlinear effects pro-

duced from the coupling of a CPEM wave A =
A o[Xcos (kz — wt)) — ysin (kz — ot)] with the 3-com-
ponent relativistic degenerate plasma. Here, @ and k are the

Fig. 1 Dispersion curves, 1010
obtained by plotting the solution

of Eq. (15), for a plasma

consisting of relativistic 105
degenerate electrons, dynamic

B =10°

n, = 10* m3 (H=0.007)

degenerate ions, and non- =
relativistic electrons beam for é 100
H =0.007 and f = 1073 G
105 [
10-10
101 100

22, Q) Springer

10! 102 103 104 10° 10° 107
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Fig. 2 Figure showing the 1010
dispersion in the low-frequency
limit, obtained by plotting the
solution of Eq. (18), using H = 105 T -
0.007 and f = 1073 N
<l |
100
a
10-5 *’ B= 10> .
yon
n, = 103 m>3 (H=0.007)
1 _10 1 1 1 1 1 1 1
10! 100 10! 10?2 103 104 10° 106 107
KA

angular frequency and wave number of the incident elec-
tromagnetic wave. We choose CPEM wave in a manner
that the nonlinear term, which is proportional to A ? in the
KGE and SEs, vanish. It is further assumed that the plas-
mas oscillate transversely to the propagation direction of
electromagnetic wave and, therefore, we put ¢ = 0. Fur-
ther, assuming that y, and y, are time dependent only, we
get the following equations from the KGE. (1) and SE (4),
respectively:

2
n? % + (= ihV + eA) Y, + micty, =0, (20)
and
oY, ¢*A?
[ v = . 21
lh at zmv lpv ( )

By putting the value of A, and further simplifying the
above equations Egs. (20) and (23), we get

2 oy, 24 (22)
h 32 +m;c yap, =0,
and

Oy, qPA}

h—' = ) 23
! ot 2m, vy (23)

2 12 R
Here, y, = (1 +e? A o/ mzcz) is the relativistic gamma

factor signifying an increase in the mass of electron due to
interaction with the intense CPEM waves. The solution of
Egs. (22) and (23) are:

l//e :lpOeexp( - imeCZVAt/h)v (24)
¥, =Ygexp( — ie*Agt/2m ). (25)

The electron number density in equilibrium can be deter-
mined by putting Eq. (24) in Eq. (2), and using p, = —eng,
as,

|1P0e|2 = n0e/“/A- (26)

Similarly, the unperturbed ion (non-relativistic beam

e

electrons) number density is calculated by putting p, =
qnoy, and Eq. (25) in Eq. (5),

Woul* = no (27)

The current densities are calculated by using Eq. (24) in
Eq. (3) and Eq. (25) in Eq. (6) as

2 2 2
Je:_e 27 A:—e ”()eA’ (28)
me VAme
and
2 2 2
J, = 9 llp()v| A= — q nOvA. (29)
m, my

Using Egs. (28) and (29), and the expression of total cur-
rent density Jr in Eq. (9), we get the following relation:

2 2 2
WA Gop _  HoCMoe HodTo0w ) (30)
c2or? YaMe my
By putting the value of A in Eq. (30), we get the nonlinear
dispersion relation as in follow:

2

@ e
wzzkzchry—er >l (31)
A v=i,eb

If ions are considered to be static, the nonlinear dispersion
relation changes to the following relation:
2
222 Ppe o )
o =kt + =+, (32)
YA
Figure 3 shows the dispersion of carrier waves for dif-
ferent f (non-relativistic quantum beam electrons concen-
tration) at fixed wave amplitude. It is observed that the
opacity of the plasma increases with the increase in /5.

52, €\ Springer
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Fig. 3 Plots showing dispersion 2.2 =
of incident waves for (f = oL
0.00001,0.001,0.1) and
ay = 01 1.8
1.6 /
3
RS
1.2 a, =01
" —3=0.1
1+ " — 3 =0.001
W/‘/,»»”’”' =3 = 0.00001
0.8 ' | | | | | | | |
) 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
kA
e
5 Stimulated Raman Scattering ieh alp ~
. efegs v2¢ l// le lﬁ le
and Modulational Instabilities 1= 5\ Voe 0e
2€0M,C ot
2
In the simulated R ing (SRS), the decay of (e G+ U, ) + 2 (36)
n the simulated Raman scattering (SRS), the decay o —i—g Vol 1o + ¥1¥oe +7¢]

CPEM wave results in a scattered electromagnetic wave
and an electron plasma wave. We assume the ions to be
static, serving as a uniform neutralizing background. For
simplicity, we introduce the transformation

W, = wexp( — imyac?t/h), Ya =

\/1+e2 A2/m2c? is the gamma factor and A ¢ is the

amplitude of the incident CPEM wave. The modified wave

where

function Je then obeys the KGE in the following form:
. 0 2 = 20 - 27
lh& +yamec” +ed | W, — c (—ihV + eA) Y ,—
mycty, =0,
(33)
The charge density then takes the following form:

—i h N*aJe 7 GJ:
o (5 B - (1)l
(34)

The system of Egs. (4), (9), (10), (33), and (34) in the SRS
lpOe + ll/le<r7 t)’

Pe

case are linearized by using Je(r7 1) =

Yep(8,1) = Yoep + W10p(r,1), A(r,1) = Ag(r, 1) + Ay (r, 1)
and ¢(r,t) = ¢,(r,t) to obtain the following linearized
equations:

6&le
ot

h2 (_ 62@](3

or?
e 2 T 2 ad)l
+ 2ihc eAo - Vi, +e| 2yamec ) + ih—— np()e

+ 6‘2V2J16> + 2ily ym, >

—22*Aq - Ay, =0,
(35)

22, Q) Springer

+< (%eblpleb + WTeb‘//Oeb>v
€0
oY

. el 1
thb + Yo 1 = 2m, ( IV 4260 A1>lpeb
(37)
A, oy,
2(W_C VZA + /Z Al + pebAl)
w?,
=V (VX (Ao +Vi0))  (8)
2

ng:: V x (v X (AO (wogblpleb + lplehlpOEb)))

The term Ay - V%B in the Eq. (35) is associated with the
two-plasmon decay, which will not be considered in this
study. In what follows, we use the following Fourier rep-
resentations: lzle = @H exp [i(K 3 Qt)] + @,e exp [ —
i(K-r—Qr)], Vi = W exp [i(K -1 — Q)]+
V., exp [—i(K-r—Q1)], ¢, = b exp [i(K-r—Qf)] +
Ay = (1/2)110 exp [i(ko ‘T — coot)] +c.c. and Ay =
A exp li(ks T — )]+ A_exp [—i(k--r—o_1)] +
c.c. where w4 = wg = Q and ky = k) £ K.
Now Fourier decomposing Egs. (35), (36), (37), and

(38), and eliminating different Fourier coefficients, we get
the dispersion relation as follows:
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})AB 4‘)/Awpebm B (7Q g + wﬁe VA)

1424 —

2, 0 AC A
4w,ebm2§22 co[%ebl(zth/2 741/3‘ K02,
AC ?AC AC
B R 3,02, KPP0 — 4P
AC B 22, AC
x cte’M',
(39)
where
~ 2 ~ 2
) Ik X Ao | k- x Ao |
ki Da(wy ki) K Da(o- k)’
A= (dyimict — nQ?),
B = (IPQ* — 4y2m2c*Q?),
C = (4m*Q* — ’K*),
= (Q* — °K?).

Here, relation Dy(ww,ky) = c*ki — 0L + @), /74 + @7,
governs the electromagnetic side-bands.

To evaluate the nonlinear dispersion relation Eq. (39)
numerically, we use a coordinate system such that ko =

ko/Z\ and A\() = Ao(ii + lS’\) We take K= KH/Z\ + KLs'\
Therefore, we have K*=K? +K?

A= \/(1 + Ao’ /m2e),  [ke x Aol = [Ao*[2(ko £
KH)2 +K2] and k2 = K2 + (ko £ K”)z. The incident wave
A, obeys the nonlinear dispersion relation given by:
Wy = \/czké + @y + 2/ Vi

Now, we assume that Q = Qg + iQ;, where Qg and Q;
are the real part of the frequency and the growth rate,
respectively, and we solve the Eq. (39) numerically.

In Fig. 4, we have shown the growth rate of the SRS
instability in the 3-component relativistic quantum plasma
with quantum parameter H = 0.007 for different CPEM
wave amplitudes. As was observed in Refs. (Eliasson and
Shukla 2011; Ikramullah et al. 2017) for the 2- and 3-
component plasma, we observe a spread in the spectrum
with the increasing amplitude of the CPEM wave. The
growth rate increases with an increase in the amplitude of
the CPEM wave and has an optimum value at ay = 05.

Figure 5 shows the growth rate of the MI at various
wave amplitudes, and at quantum parameter H = 0.007. As
was noticed in the case of the Raman scattering, one can
see that both the spectrum and the growth rate reaches to an
optimum value at @y = 5.0 and then drops as one moves to
the higher CPEM wave amplitudes.

I
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Fig. 4 Plots displaying the SRS growth rate as function of the
wavenumbers K| and K, for H = 0.007, for CPEM amplitudes
ap = 1.0,5.0,20.0,
B=1073

and for the beam electrons concentration,

6 Stimulated Brillouin (SBS) Scattering

In the SBS instability, an incident electromagnetic wave
changes to a low-frquency ion-acoustic wave associated
with the ions density fluctuations and a high-frequency
scattered electromagnetic wave. In the 3-component
plasma undertaken here, the KGE describes the collective

52, €\ Springer
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n_=10**m™ (H=0.007), 3=105, a =01 0 1
e " o ih—y,, — VP = —m*VY,,+
@ at% Qo1 2m, ( vy (40)
| 2C2¢0,A0 A])
0.5 0.1 v
° The linearized wave and Poisson equations given by
¥—| 0’ Egs. (9) and (10) in case of dynamical ions then take the
0.05 following form:
-0.57
ieh th ~ oY
2 le le
-1 . . . 0 \% ¢l _26 m, C2 (lrbOe lp()e at )
0.5 1 1.5 2 )
K )\ N* 5 ~* 7 @ e
e (W Vi) + g Y
A
n =10%m= (H=0.007), =100 a =05
r : Z lva‘/jlv + lpg\,rlplv)a
(b) V= zeb
0.15
0.5 and
‘j 0 0.1 G
v v2<aﬂl— V24, + A +Zbo )
-0.5 0.05 w2
= V(Y x (Ao(Bidhe + Vi) (42)
-1 0
0.5 1 1.5 2 + Z p‘ V< (v X (AO(I/IOVl//h + l//l»‘//()\)))
K A\ v=ie 10V
II"e
n = 10%m™ (H=0007), §=10°, 2 =20 Now FAourier de.composing the aboveA equations l.)y using
‘ ‘ l//lv:lﬁJr‘exp[(K r—Qt)]—i— lﬁ_vexp[—z(l(-r—
05 © o Qt)], ¢ = (,bexp[ (K~ert)] +c.c., Vv, =
o ' ) ' Yo exp [i(iK-r—iQf)] +¢_,exp | —i(K-r—iQ)],
:—| op . Ay = %Aoexp [i(ko - T — wot)] + c.c., A=
- 0.05 A exp li(ks r—oy0)]+ A_exp li(k-r—ow_1)] +
05 c.c., where wy = wo £ Q and ki = kg =K and c.c. de-
p 0 notes the complex conjugate.
0.5 1 15 2 We now separate the Fourier modes by using the
K\ Fourier decomposition in Egs. (35), (40), (41), and (42),
II"e

Fig. 5 Plots depicting the growth rate of the MI as a function of the
wave numbers K| and K; for CPEM amplitude of a9 = 1.0, 5.0, 20,
quantum parameter H = 0.007,, and beam electrons concentration,
B=10"

oscillatory motion of electrons in the plasma. The lin-
earized KGE for electrons coupled with the CPEM waves
is given by Eq. (35). The ions (non-relativistic beam
electrons) dynamics is modeled by the Schrodinger equa-
tion coupled to the CPEM wave through Poisson and
Maxwell equations. By using ¥, (r,7) = o, 4+ ¥,,(r, 1),
¢(r,t) = ¢;(r,t) and A(r,t) = Ao(r,7) + Ai(r,7), the
linearized Schrodinger equation is rewritten here while
neglecting the term proportional to the Two-Plasmon
Decay.
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and eliminating different Fourier coefficients, we get the
nonlinear dispersion relation in the following form:

yaB 4/Aw m2B 4/Aweme

| pi''ti =
erz A w,ZJeAD a)2 AC
(-Q%+ a)2 o/74) + 4a)p,m129 ’ wzzﬂ'thzgz _
1 AD c2AD
43m* Ko 21 87’Aw K> mem; _ yszz)iKzB
AD AD *opAD
! ¢ (43)
AC 2AC AC
SR 1,08 KB
AC  PwlAC
. 2
4y, 0pi* @2, K> (me 4 m;)"B < M
w2 ACD ’

where
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Fig. 6 Figure depicting the growth rate of the SBS as a function of the
wavenumbers K| and K, for the quantum parameter H = 0.007,
CPEM amplitude ap =1.0,5.0,20.0 and beam concentration,
B=10"

~ 2 ~ 2
" |k+><A0| |k,XAQ|
kiDA(w+7k+) k%DA((L),7k,)7
D = (4m’Q* — i*K*).

Here, Da(ws,ky) = 22 — 02 + > O+ /74
governs the electromagnetic sidebands. '~/

In case of SBS, Q< < ¢K, therefore, we neglect Q? and
its higher powers. We, therefore, get the following
expression from the nonlinear dispersion relation Eq. (43):
yAczE 4yAw Vs 22E 4yAw b1 22E
w2 F w2 ED w2 FC

(*K?* + a);e/yA) B 4w§imi2K2 B colzn.K“Fz2
c2F FD c2FD

21202
4yAmK i

1+

8yAw12n.K2memi B yAa);iKzE
(FD FD c2w? FD
2
A miK? g, KR ApmiKan,,
FC c2FC FC
N SVszszmeme B
(43m2c? + HPK2) (4m2Q* — H*K*)
N 4yAwpi2w2 JK2(me +m;)’E
w?, FDC

pe

YA wlzaeszE
c?w; FC

x ?e?M",

(44)

where

| ki x A\O |
(03 + 200Q) + o

M// —

k2+(02k2 2/t D> o )

1[6

[k x Ay |
(0F = 200Q) + @2, /74 + > @2)’

lle

k2_(c2k* —

:(h2K4 _ ZQZ)
=(4yim’ c2 + thz)

To solve Eq. (44) numerically, we use the same coordinate
system as was used in the case of SRS and we simplify
various expressions in a fashion similar to what employed
in the case of Eq. (39).

From Fig. 6, we observe that the spectrum spreads with
the increasing values of the CPEM amplitude, and the
growth rate is maximum at ay = 05. We also note that the
growth rate of the instability enhances and that the spec-
trum spreads with an increase in the beam electrons
concentration.

Our study shows a signature of strong correlation
between the growth rates of these instabilities and the
relativistic quantum parameter H. This suggests a strong
association between the particles collective motion at the
quantum scale and the dispersive properties of the plasma,
thus, affecting the growth rates of the parametric instabil-
ities as was earlier observed by Shukla and Stenflo Ref.
(Shukla and Stenflo 2006).
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7 Conclusion

The extension of the models developed in Refs. (Eliasson
and Shukla 2011; Ikramullah et al. 2017) is carried out for
the 3-component relativistic quantum plasma comprising
of relativistic degenerate electrons, dynamic degenerate
ions, and non-relativistic quantum beam of electrons. The
KGE is used for the relativistic degenerate electrons, while
the dynamical degenerate ions and the non-relativistic
beam of degenerate electrons are modeled through the SEs.
Four modes have been observed in the dispersion. These
modes are affected by a change in the quantum parameter
(the density) of the plasma. The interaction of the intense
CPEM waves with the 3-component quantum plasma
shows that while an increase in the CPEM amplitude leads
to self-induced transparency due to the relativistic mass
increase, the addition of non-relativistic degenerate elec-
tron beam increases the plasma opacity. The growth rates
of both the SRS and the SBS instabilities reduce with an
increase in the quantum parameter H, and the scattering
spectra get restricted to small wave-number regions.
Whereas the spectra of these parametric instabilities remain
largely insensitive to the changes in the beam concentration
for small amplitude CPEM waves, the spectra change
significantly with a change in the beam concentration when
CPEM waves of large amplitude interact with the 3-com-
ponent plasma. Furthermore, the growth rates increase with
an increase in the non-relativistic electrons beam concen-
tration. The width of the scattering spectra increases with
an increase in the amplitudes of the CPEM wave. The
growth-rate first enhances and then reduces with the
increasing intensity of the CPEM wave. The growth rate of
the MI also shows dependence on the quantum parameter
as well as on the beam concentration.
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