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Abstract

Within the frame work of Landau quantization theory of Fermi gas, we formulate here the exotic
physics of magnetic stimulated Brillouin scattering instability (MSBS) arising due to the nonlinear
interaction of high frequency electromagnetic waves (EMWs) with degenerate, strongly magnetized
electron-ion plasma. Quantum magneto hydrodynamic model (QMHD) is followed to develop the
basic differential equations of quantized magnetosonic waves (QMWs) in the presence of super strong
magnetic (SSH) field, whereas Maxwell equations are used to derive the governing differential
equation of pump EMWs. The nonlinear interaction of EMWs and QMWs is addressed by employing
the phasor matching technique. The obtained dispersion relation of MSBS shows that for a fixed
density of fermions, the SSH field alone suppresses the MSBS instability as a function of quantized
magneto ion velocity (Cp,) and the Alfven speed (V) via three-wave decay and modulational
instabilities. However, for particular condition the MSBS instability is found to increase as a function
of SSH field. Next, the analytical results are verified numerically and graphically for soft x-rays in the
environment of neutron star. The present MSBS analysis may be critical in neutron stars, radio pulsars
and magnetars having super strong magnetic field i.e. even larger than the quantum threshold value
i.e, H~ 4.4 x 10"°G, or in any application where the enhancement or suppression of SBS may be
important.

1. Introduction

The recent growing interest of quantum plasmas [1, 2] is due to its diverse and potential applications in metallic
and semiconductor nanostructures such as: metallic nano particles, metallic thin films, spintronics, nanotubes
and quantum dots etc [3]. Quantum plasmas are also very common in various astrophysical environments such
as: planetary interiors, in white dwarf stars, neutron stars (NS), magnetars and pulsars [4] etc. NS mostly
composed of iron, oxygen,carbon and helium nuclei, [5] are dense enough (> 10°° cm ™) to be treated as
quantum systems. The existence of Neutron stars (NS) was initially predicted by Landau [6], later these were
categorized as pulsars by Hewish et al [7]. The Surface magnetic field of neutron stars can have strengths of
around 10'! ~ 10'>G whereas the core may have even higher values and can be > 10"°G[4, 8, 9]. The rotation of
the star contributes to super strong magnetic field SSH by raising the order by 10° — 10*G [10]. The super strong
magnetic (SSH) field in Fermi gas may lead to various interesting features such as fractional quantum Hall effect,
which was described theoretically in [11] and observed experimentally in GaAs heterostructures [12], SSH field
may lead the Fermi gas to attain a superconducting state [13] etc. The effects of SSH field in quantum plasmas
may also be relevant in further developments of modern technology (e.g. metallic and semiconductor
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nanostructures) [14—16] and in the development of next generation intense laser-solid density matter
experiments.

It was shown by Landau [17] that SSH field leads to the Landau diamagnetism owing to quantization of the
gyratory motion of Fermi electrons, also known as the Landau quantization (LQ), and the intrinsic or spin
magnetic moment of electrons gives rise to Pauli paramagnetism. In this scenario, Hussain et al [ 18] pointed out
that both LQ and spin effects may introduce interesting outcomes in the kinetic treatment of the quantum
plasmas.Quite recently, Brodin ef al [19] have developed a quantum kinetic theory of plasmas while taking into
account Pauli Hamiltonian based spin dynamics and Hartree—Fock exchange effects, new quantum theories and
the associated applications were presented in this paper. A modified kinetic model for the plasma embedded in a
relativistically strong magnetic field is formulated in [20], where the usual relativistic y factor is replaced by an
energy operator (in Vlasov equation) to depict that the energy eigenstates in a magnetic field can be calculated as
eigenfunctions of this operator. Landau level based chiral kinetic theory for slowly varying magnetic field is
developed in [21] to show that under appropriate conditions, the transverse conductivity is inversely
proportional to the relaxation time. Recently kinetic model is employed to study the impact of SSH field via LQ
on the shielding potential in an ion acoustic mode around a test charge [22], where LQ is found to enhance the
Debye shielding potential, while a decreasing trend on the wake potential is highlighted.

In this context, the investigation of dense plasmas in the presence of SSH has achieved considerable attention
in last few decades [5, 23—25], which made it possible to calculate the spectrum and polarization of
electromagnetic wave (EMW) formed in an extended, partially ionized hydrogen atmosphere in the
photoemission region of NS [26].

Itis also well known from the literature that magnetized compact objects like pulsars and magnetars may
produce strong EMWs: the pulsars produce bright radio emission, while magnetars may generate fast radio
bursts [27, 28]. For a middle aged neutron star of about 10* — 108 yearsold and B < 10'® Gthe spectrum of
thermal emission from a NS related to the thermal flux was investigated by Potekhin et al [23]. Consequently, the
SSH field in these objects has opened new doors of laser-plasma interactions [29], which may lead to both useful
nonlinearities. As well as the risk of harmful scatterings in implosion-type experiments. The EMWs scattering in
the atmosphere of pulsars was considered in [30] to conclude that the induced scattering influences the
spectrum of radio waves in pulsars.

The interaction of EMW with plasma is an important research area, in theory and experiments, due to
its wide range of applications such as: laser induced fusion, charged particle acceleration in ionospheric
situations which may lead to new radiation sources [31-36]. This interaction may have importance for beat-
wave accelerator [37], where two EMW beams of different harmonics are used to resonate and excite electron
plasma waves, which in turn accelerates electrons to high speeds. In such scenarios it is expected that the
modulational three wave decay and filamentation instabilities of EMWs can be described by appropriate
nonlinear Schrédinger equations to investigate stimulated Brillouin scattering (SBS) instabilities. It may be
recalled that the scattering of the EMWs at an ion time scale is known as SBS, which can be observed upto some
critical density n.. The present active space experiments using high-frequency radio waves predict the SBS
phenomena in the ionospheric plasma [38], It is noted here that SBS occurs in both classical and degenerate
plasmas and has found applications in laser fusion [39, 40], and fiber optics [41] etc. The SBS and its associated
three wave decay, modulational and filamentational instabilities may serve as an important tool to investigate
various acoustic modes. However, the scattering of EMWs from electron/ ion plasmas can be either toxic due to
loss of energy from stimulated scattering [42—44], or may serve as an important instability for the construction of
ultra-high-power plasma-based parametric amplifiers [45]. High-intensity laser driven instabilities are of much
interest in inertial confinement fusion (ICF) [46], accelerator physics [47, 48], nonlinear optics [49] and physics
of the atmosphere [50].

The scattering instabilities of EMW in unmganetized, quantum plasmas was discussed in [51]. Recently,
Rozina et al[52] have considered SBS instability of large amplitude EMW propagating through an unmagnetized
quantum electron-ion plasma. It is important to note here that only a few authors have considered the effect of a
super strong magnetic field on SBS [53-55], while some of the work was presented through simulation studies
[56, 57]. The scattering of laser from a strongly magnetized plasma to account for SBS was considered using
Particle-In-Cell (PIC) [58] simulations and where the authors claimed that their results are applicable to
strongly, magnetized laser-confinement experiments. However to the best of our knowledge scattering
instabilities of EMWs in the presence of quantized magnetic pressure, arising due to SSH field, has not been
considered yet.

Recently, a model was presented in [52] to address the scattering mechanism of EMW in an unmagnetized
electron ion plasma with quantum corrections. It was found in this paper that the quantum effects, involving
Fermi pressure and quantum correlations, stabilizes the scattering instabilities. In our present work we shall
revisit this study to check the signatures of strong magnetic field on the SBS instability by taking into account
Landau quantization. The paper is organized as follows: a brief overview of Landau Quantization is given in
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section 2. The nonlinear evolution equations for quantized magnetosonic waves (QMW) and high frequency
EMWs are developed in sections 3 and 4, respectively. In section 5, the nonlinear coupling of high frequency
EMWs with QMWs is considered to obtain the growth rates of the magnetized stimulated Brillouin scattering
(MSBS) instability. Numerical analysis and conclusions are given in sections 6 and 7 respectively.

2. The Landau theory of magnetization

In classical plasmas the Lorentz force %(V x H)actsina plane perpendicular to the magnetic field, hence no
work is produced. However, it was shown by Landau [6] that this situation changes drastically in quantum
theory of magnetism. The magnetization of fermions in H field give rise to two magnetic effects, namely Pauli
paramagnetism due to the spin motion of electrons and Landau diamagnetism due to the quantization of their
gyratory motion, known as Landau quantization. The Fermi electrons under the influence of strong magnetic
field gyrates in circular orbits in a plane perpendicular to the applied magnetic field ~H,Z, hence their motion
may be resolved into two components [6, 17, 59] (i). One along the direction of magnetic field, this motion is

uniform and is not quantized with the associated longitudinal component of energy, E, :%(pz is the kinetic
momentum along the direction of applied field), (ii). Second is the transverse component in a plane
perpendicular to Hy, causing the fermions to rotate in circular orbits, just like for the case of alinear harmonic
oscillator moving with cyclotron frequency w.( = Ho ), and here the corresponding energy spectrum is discrete

due to quantum effects [60]. In this scenario, we use the work of Tsintsadze et al [4], who showed that in the
presence of strong magnetic field, if the particle also has spin, the intrinsic or spin magnetic moment of the fermi
particles interacts directly with the magnetic field, accordingly the total electron energy levels 57 was expressed
as

2

e’ = zp—z + (21 + 1) BgHo + oHo B3, &

e
where the 1st term on the right hand side is the energy in the direction of ambient magnetic field, let us say
z — axis, p, is the associated momentum, the second term appears due to the Landau quantization, which
contributes the quantization of gyratory motion of fermions around magnetic filed, whereas the last term
represents the spin motion of fermi electrons, known as Pauli paramagnetism [60]. Here I( =0, 1,2, ......)and
O (:%) are the orbital quantum number and Bohr magnetron respectively, 72 is the Planck’s constant divided

by 27rand o is the operator to the zdirection and describes the spin orientation s = (o = 4-1). From the
expression (1) one sees that the energy spectrum of the electrons consists of the lowest Landau level I = 0,

0 = — 1 and pair of degenerate levels with opposite polarization ¢ = 1, thus each value with / = 0 occurs once
and twice with [ = 0. Therefore in the non-relativistic limit z—:i readsas[61,62]
2
Lo _ I _ p z
g =€ =—"+ 2l/jBI_IO (1[1)
2m,

Further, the authors [61] have calculated the influence of strong or super strong magnetic field on the
thermodynamic properties of a Fermi gas, having magnetic energy more than the fermi energy i.e.

2y2/3
ﬁuce > ex (_ (VX ) 72 n
the Kelly dlstrlbutlon function to derive the consequent quantized magnetic pressure P, of a degenerate fermi
electron gas in a direction perpendicular to the external Hy field as

mfe

) Specifically, Tsintsadze et al use equation (1)) [62] (see page.8 of this Ref.) and employ

k= ©))

where 7, is the electron number density. It may be noted here that in order to see the impact of quantized
magnetic pressure [shown in equation (2)] on the Brillouin scattering instability, we shall only consider only the
spatial variations perpendicular to the Hy field [63, 64]. It can also be noted here that the inequality, hw,, > €g, is
satisfied provided Hy > 10°Gat 11, ~ 10°* cm . Such high magnetic filed may exist in semiconductors as an
example ~10”G is considered by [65] in an n-Type GaAs semiconductor~2.3 X 108G is mentioned in [66] for an
iron-cobalt alloy (FessCoss), while astrophysical compact like pulsars, magnetars may have even higher magnetic
filed strengthi.e. Hy > ~10'> — 10"°G.

3. Quantized magnetosonic waves (QMWs)

In this section we investigate the MSBS, while taking into account LQ, by employing the quantum fluid model,
which may serve as striking substitute to model and simulate the dynamics of fermi electron at nanoscale,e.g.,
quantum fluid models involving both spin and spinless species are reviewed in [67]. Let us recall that the MSBS
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arises due to the nonlinear scattering of EMWs through strongly magnetized, quantized, degenerate electron
ion-plasma at the ionic time scale. For our investigations, we formulate the governing differential equation of
QMWs in the presence of SSH field and thus include the associated quantized magnetic pressure shown in
equation (2). We assume that the electrons are quantized and degenerate, while ions are treated as classical due to
their heavy mass, whereas the electron inertia is taken to be negligible. We consider the geometry such that the
total SS magnetic field is in the z — direction, i.e. Hy and consider propagation in the x — direction onlyi.e.

V = V,. For present analysis the basic set of equations includes the equations of motion [24, 25, 51] of inertialess
Fermi electrons and inertial classical ions, respectively

Metle

ww%>w{E+thm)—ma+%w 3)
c

X

oV, 1
min—- = nie(EJr —(V; x H)) , )
ot c X
We note here that the term on the left hand side of equation (3) is Ponderomotive term on the ion time scale and
contains the electronic mass m,. Where E(H) are the electric (magnetic) fields, cis the light speed, #1; is the mass
of ions and n, and n; are the number densities of electrons and ions respectively, P, is the electron magnetic

h? 1 2 . .
mVx = (Vi /1..;) is the quantum tunneling effect of electrons.

pressure, defined in equation (2) and Fy, =

The electric and magnetic field oscillations can be expressed through scalar ¢ and vector potentials A as
1 0A
E=-V¢ - ——and H=V x A. (5)
c Ot
We can show that the leading order electrons i.e. 1, m, % = —n,eE, gives rise to the momentum of electrons
due to the electromagnetic wave from equation (5) as
€, ‘AL
meVe = _elT - Pe) (6)

here A is the vector potential perpendicular to the magnetic field and p, is the electron momentum associated
with the vector potential. In addition to the above equations (3)—(6) we also include, here the continuity equation
for ions and Maxwell’s equations, for low frequency waves, in order to have a complete set of equations

M v =, @)
ot
V x H =Ty, ®)
c
V x E= —lgH, )
c ot
where ] = e(n;V; — n,V,) is the current density of plasma species.
Along with Ohm’s Law
E=—vx lH (10)
c

By using equations (8) and (9) Ohm’s law can be written as

a—H:V><(v><H), (11)
ot
Further by adding equations (3), (4) and using (8) we obtain a quantum nonlinear MHD equation for the ions,
Vi 1 1 Vi 1
Do~ Bevpup - L(n v —?) + (v, (12
ot 2 1oy 8r 2m, = Jn,

Here we assume the quasi neutrality condition ny = 1y, = #1¢;. Let us now consider the oscillating form of
equation (12)

5V 1 H; 6H, 72 )
OV _ e gsvp - —qon+ D0y P gfgatne) (13)
ot 2m; m;ng 47 H, dm,.m; no
Where The oscillating magnetic pressure can be obtained from equation (2),
SP. = PUE(‘SHZ + 61) (14)
Hy Noe
where all terms of the form da are fluctuating quantities. From equation (2) we get P, = fk‘;”“ 1o, which is the

equilibrium magnetic pressure of electrons. Now in order to express SSH field oscillations into density
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perturbations of Fermi electrons, we get from equation (11)

9OH: _ 1y v.viork _ o (15)
ot H, 1o
Differentiating continuity equation (7) once w.r.t. tand substituting (13) alongwith equations (14), (15)
and eliminating all perturbed quantities in favour of on( = én; = én,), we get
0? 72 on
— + Vi— (Vi+ CHIVA :—VZAZ 16
[8t2 dm,m; ( e ny  2mjmec? A (16)
where V(= J— ) is the Alfven velocity, Cy, (= l duly modified

by Landau quantization due to SSH field. Equation (16) is the required evolution equation of quantized
magnetosonic wave (QMW) in the presence of SSH field to derive the MSBS instability. We see that equation (16)
reduces to the case of a quantized ion acoustic wave when C;, > > V73 investigated in [25]. If we ignore the
nonlinear term on the right hand side of equation (16) and apply the plane wave solution by taking

bén = exp(ikx — iQ2t) we get the following linear dispersion relation for QMWs

7%k*
dm,m;

02 = + (Vi + Cho)k? (17)

4. Pump EM waves

In order to study the nonlinear interaction of EMWs with plasma under consideration, we shall establish the
nonlinear differential equation of pump EMW in the presence of electron density perturbations. Here we
assume only one dimensional propagation of EMWs in the Cartesian coordinate system i.e. x — axis and make
use of Maxwell equations (6), (8) (9), (10) to obtain the following equation for the electromagnetic pump wave in
terms of the EMW packet, having complex amplitude

82 no

here A| =Ag e'®*~“0Dwith Ay which is the amplitude in terms of vector potential and wy, = /47neoe?/m,
is the electron plasma frequency. To study the MSBS instability equation (18) is the required differential
equation of pump EMWs.

2
(3_ o 4w )AL L, (18)

5. MSBS instability

Three wave interaction

We use the standard procedure [51] to investigate the nonlinear interactions of pump EMWs with QMW to
account for MSBS instability. For our investigations, we couple equations (16) and (18) by using phasor
matching technique to get nonlinear dispersion relations of MSBS. In this scenario, the nonlinear scattering of
pump EMWs (ky, wp) having oscillations exp(itkgx — iwgt) + c.c from strongly magnetized degenerate ion
waves with density ﬂuctuatlons 2 — N, = Nsexp i(kx — Qt) for QMWs produces two side bands namely
upper and lower sidebands, ALOi exp(itkox — iw.t), respectively. The sidebands involve the wave vectors
ki = k & koand frequencies wy = 2 £ w,. Consequently the vector potential, A | , can be resolved into upper
and lower sidebands [51, 52]

Al = Agyexp(—iwgt + ikox) + Aoy — exp(iwot — ikox) + ZAil exp(—iwyt + ikix), (19)

here the subscript 0 and £ shows the pump EMW and EMW upper and lower sidebands arising due to the
nonlinear interaction of the pump with the QMWs. Next, we simply apply the Fourier transform mentioned
above to equation (18) and collect the same phasor terms on both sides to get

GiAl+ = Nswi, Ao (20)
where G, is the upper and lower side band defined as
Gy = wi — % — w = iZwo(Q — kvg T 6), (21)

here w} = w . + c*k¢ is the frequency of the pump EMWs, § = ~— *is the small frequency shift, vy( = koc®/wo)

is the group Veloc1ty of EM pump wave. It is worth mentioning here that while deriving equation (20), we have
used A o, = A, gand A o_ = Af,, where asterisk is the complex conjugate, also in equation (21) we have
assumed that the frequency of pump EMW (wj) is large as compared to the QMW frequencyi.e. < wy,.
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Similarly by applying the Fourier transforms and collecting the same phasor terms on both sides of equation (16),
we get

) /%4 ) A P e?k? .

0 — e (Vi + Cp)k? IN = W(ALOALf + ATGAL4). (22)

Making use of equation (20), we may obtain
7%k GiA e’k? N
(QZ - - (Vi + CI%Ie)kz) zi — = S(ALoAL - + ATpAL4),
4m,.m; ngALOi 2m;m,.c
or
SM _ wpe Z IALOI2 (23)
2m;im,c? Gy

where Sy = Q2 — ;:k — (Vi + C},)k% Equation (23) is the required dispersion relation for investigating

both three wave decay and modulation instabilities of MSBS of parametrically coupled large amplitude EMWs
with degenerate electron-ion plasma in the presence of SSH field. For three wave decay interactions, we shall
consider the lower side band to be resonant (G_ = 0) while the upper side band is supposed to be off-resonant
(G = 0)in equation (23). Then by using coinciding roots [52],

2 — kvy + 0 = iYmsss, (24)
and
Q = Qusps + 1Ymsps> (25)
where Q3¢5 = —— + (V3 + Ch,)k* we may obtain the growth rate of MSBS scattering instability by using
equation (21) and equatlon (23)
Wpeek] AL

s = 3 NE T (26)
Itis clear from the above equation that SSH field suppresses the growth rate of MSBS instability via Cgy.and V
along with Bohm term, whereas 7,555 is found to be a direct function of vector potential A |  of EM waves.
Modulational Instability
In order to investigate MSBS via the modulational instability, we now take both upper and lower sidebands
or G = 01in equation (23) and obtain

5&);662](2 |AJ_() |2

Su((Q — kvp)? — 62) = -

(27)
2w, m;Mm,c

The maximum growth rate /¢, of MSBS instability can be obtained from equation (27) by neglecting the the

square of the nonlinear correction shift on the frequency of EM waves i.e. > = 0 and by using the matching roots
— kv, + 6 = v}
1/3
max 6&);662](2 |AJ_0|2 (28)
VS T Qi Qusns |

We can further investigate equation (28) for two limiting cases (i). if 2 < Qjssps then

1/2
, 1 bwpe?k? )
Q= ng + 6% — Q_— |AJ_0| 5 (29)

%)
2 s5s 2memic’wy

equation (29) leads to an oscillatory modulational instability [52], provided |A, o| > %\/Zme m;Owy . (ii). If
eWpe

kv, = 0, then we may have from equation (27)

0 26w?, e*k?
Q2 — (1\48337+5) \/(QMSBS 8+ —L—— 1A (30)
m;m,c2wo

equation (30) represents the oscillatory modulational instability [52] in strongly magnetized quantum plasma to
conclude that the oscillatory modulational instability decreases with the increase of SSH field. The analytical
results calculated in equations (26), (28) and (30) shows that the quantized SSH field modifies the characteristics
of Brillouin scattering instability.
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Figure 1. Growth rates of MSBS (7,sps) instability (equation (26)) versus the wave number (k) for ng = 3 x 10** cm ™2, Ag = 0.03V,
ko = 6.28 x 107 cm ™! for different values of SSH field Hy = 2 x 10'°G (blue curve), 5 x 10'°G (red curve)and 1 x 10"'G (green
curve).

Table 1. Comparison of different physical plasma parameters for different values of SSH field (H)
for: 1,9 = 3 x 10** cm™>, Ay = 0.03V, ko = 6.28 x 10’ cm ™ 'and k = 10° cm™".

Sr. No. Physical parameters H=2x10"G H=5x10"G H=1x10"G
1 Crelems™™) 1.21 x 107 1.91 x 107 2.71 x 107
2 Valems™) 2.52 x 10° 6.30 x 10° 1.26 x 10"
3 Quisas(Hz) 2.52 x 10" 6.30 x 10" 1.26 x 10'°
4 Ymsss(Hz) 6.16 x 10° 3.90 x 10° 2.75 x 10°

6 6 5
5 e (Hz) 242 x 10 1.32 x 10 8.32 x 10
6 Q(Hz) 2.52 x 10" 6.30 x 10" 1.26 x 10'°

6. Results and discussion

To see more clearly the impact of SSH field on the dispersive characteristics of the MSBS instability of EMWs, we
analyze Equations (26), (28), (30) numerically. For this purpose, we choose the typical plasma parameters in the
atmosphere of neutron stars in cgs system of units: Hy ~ 10'° — 10'°G (in the surface crust of neutron star NS)
[68], 1100 = 3 X 10** em ™ > ¢ =2.99 x 10"%cms ™', m, = 9.1 x 10 **g,m; = 1.67 x 10" **g,e = 4.8 x 10 'stat
coloumb, h=1.05 x 10> cm®gs” " and kg = 1.3807 x 10~ '®cm’gs >K . The prerequisite condition for the
magnetic field quantization to occur i.e, /i, > e is found to be satisfied at Hy ~ 2 x 10'°G. For the choice of
the electron density used here, the cutoff frequency of EM waves turns out to be w = 9.7 x 10'°Hz, so the present
model is valid for the propagation of EM waves having frequencies > 9.7 x 10'°Hzi.e. X-rays, Gamma rays etc.
We choose high frequency soft x-rays as pump wave, with typical frequency w = 10'”Hzand scale length

A= 10" "cm. Then to examine how the SSH filed via Cp;, may alter the scattering growths of MSBS via three wave
decay (Yumsps) and modulational instabilities (7<), we assume Ho = 2 X 10'°G, 1,0 =3 x 10** cm ™3,
ALo= 003V, ky=6.28 x 107 cm™ ' and k= 106 em ™ to obtain Cyre = 1.2 x 107cms ™, Qrsps = 2.5 x 101°Hz,
Ysps = 6.1 X 10°Hz, v = 2.42 x 10°Hzand Q2 = 2.5 x 10'* Hz. However by changing Hy =1 x 10''G
while keeping all other parameters same, we obtain Cpy, = 2.7 x 10" cms ™', Q555 = 1.2 x 10'°Hz,

Ymsns = 2.7 X 10°Hz, Yiisps = 8:3 X 10° Hzand Q2 = 1.2 x 10" Hz. This analysis clearly admits that the SSH
field is suppressing the scattering growths of MSBS, while the scattering growth is increasing via modulational
frequency (€2), provided kv, = 0.

For the sake of clarity we have included table 1, which shows that an increase in the SSH field leads to an
increase in the values of Cyy,, V4 and Q555 and shows the corresponding reductions in the MSBS frequencies
through decay and maximum modulational instabilities, while an upshift in the modulated frequency €2 is
presented in the last row of the table.

Next, we display our analytical results graphically by keeping the number density fixed in all plots and
assume initially that the wave number of QMW is greater than that of pump soft x-rays i.e.
k(=107 — 10*)cm ™" > ky, to have the backward [69] scattering. Equation (26) is plotted in figure 1 to see that at
Hy=10""Gand k = 10* cm ™" the frequency offset ~80GHz as a result of backward MSBS instability of soft
x-rays (Yasps)- Next, in the case of modulational instability, equation (28) is plotted in figures 2(a), (b) for the
same SSH field trip as in figure 1 to see the maximum reduction in backward/forward scatterings of soft x-rays

(as a function of SSH field). Figure 2(a) shows frequency offset 5.5 x 10’ Hzin backward and comparatively
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Figure 2. Frequency shift via the maximum growth rate of MSBS modulational instability of soft x-rays (v};c.c) (equation (28)) versus
the wave number (k) that are scattered off electron density perturbations for the same set of parameters as in figure 1. The subplot (b) is
plotted for the forward scattering of MSBS i.e. k < k. The other parameter values are same as in subplot (a).
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Figure 3. Modulational MSBS frequency (€2) (shown in equation (30)) versus the wave number (k) for different values of
Hy =2 x 10'°G (blue curve), 5 x 10'°G (red curve)and 1 x 10"'G (green curve) in figure 3 while keeping other parameters same as
in figure 2(b).

more suppression of MSBS can be seen from figure 2(b) i.e ~10°Hz in case of forward scattering at 10° cm ™*,

which is a noticeable forward suppression of magnetic Brillouin scattering instability of soft x-rays as a function
of SSH field. Next, we use equations (30) for the upper root (+ve) only for the parameter values given above.
These results are shown in figure 3, and it is seen that the increasing frequency shifts of soft x-rays as a function of
SSH field while keeping all parameters same as in figures 2(b). From figure 3, we notice that the frequency of
modulation is always up shifted in forward direction i.e. it increases as we go on increasing the values of
quantized SSH field even for the EMWs of very small amplitude (A | o), however SSH field variations does not
effect the modulation instability in backward direction. We also note that the negative root in equation (30) gives
only imaginary values and hence does not lead to any modulational instability.

7. Conclusion

To conclude, we have used Landau magnetization of Fermi electron gas, to investigate the impact of quantized
magnetic pressure on the nonlinear scattering process of high frequency EMWs from quantized, degenerate
electron ion plasma. QMHD model is obtained to get the governing differential equation of QMWs and is found
to be modified by the magnetic field quantization effects, appearing through the quantized ion acoustic (Cg,)
and Alfven (V) speeds, provided /aw., > €g, which is the condition for the existence of a super strong magnetic
field. Next, by using Maxwell equations, the governing nonlinear differential equation equation (18) of pump
EMWs is derived. Then the phasor matching technique is followed to couple pump EMW with QMWs, as a
result the governing dispersion relation of MSBS is obtained, which is further discussed for three wave decay and
modulational instabilities, the associated growth rates are calculated. Maximum scattering rate of MSBS
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instability, v}y is obtained by ignoring the nonlinear correction shift on the frequency of EMWs to
demonstrate that the quantized SSH field suppresses the growth rate of MSBS. Maximum suppression in the
frequency shifts of MSBS is observed in case of forward scatterings of modulated EMWs. On the other hand, for
a particular condition (kv, = 0) the growth rate of modulated EMWs is found to increase as a function of SSH
field even for the EMWs of very small amplitude. Our results could be interesting because, we have shown that
for the fixed density concentration of electrons, the SSH field alone may alter the scattering rates of EMWs from
quantum electron ion plasma, as is evident from our main results equations (26) (28)—(30), whereas the
quantum dispersive effects in literature are function of fermion density usually. The obtained results are checked
numerically for the soft x-rays of suitable frequency range. Numerical and graphical results support our
theoretical analysis and conclusions. The compression and the enhancement in the growth rate of MSBS
instability may be useful for high-intensity laser experiments with strong applied or self-generated magnetic
fields. Due to the present possibility of generating strong magnetic field in laboratory [70], our results can be
valid for laboratory plasmas as well to get fruitful results via MSBS. MSBS may also provide valuable information
about the density oscillations in cold microplasma and astrophysical settings, in a manner similar to plasma
diagnostics in the Earth’s ionosphere [71]. As a take home message this study can be extended to see the effect of
MSBS at kinetic scales.
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