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Stimulated Brillouin scattering of electromagnetic waves in magnetized semiconductor plasmas
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The phenomenon of stimulated Brillouin scattering of a large-amplitude electromagnetic wave by the
electron acoustic wave has been analytically investigated in a piezoelectric semiconductor plasma in the
presence of an external uniform magnetic field. The Boltzmann equation with a Krook model for the
collisional term has been solved in the guiding center coordinates for the nonlinear response of the plas-
ma electrons. It is noticed that the magnetic field enhances the growth rate of the parametric instability

in contrast with the fluid-model results.

I. INTRODUCTION

There has been an increasing interest in the interaction
of eletromagnetic waves in solid state plasmas, viz., met-
als, semimetals, and semiconductors in recent years. 1-6
Microwave techniques are used for the diagnostics and
other studies of optical properties of these systems. At
large amplitudes of the incident electromagnetic waves, a
number of nonlinear mode-coupling interactions may
take place which modify the electrical and optical prop-
erties of solid-state plasmas.’ ! A number of work-
ers!' 17 have studied the nonlinear interaction of large-
amplitude electromagnetic waves in semiconductor plas-
mas.

In an n-type InSb sample, the temperature of the mas-
sive doping centers can be taken to be zero (T;=0).
However, these doping centers are rearranged by the
electron pressure, and this can form a wave pattern. This
low-frequency ion-acoustic-type wave created by the
thermal pressure of electrons is called the electron acous-
tic wave in the n-type semiconductor plasma.!® "2 In
previous studies of the excitation of these electron acous-
tic waves in magnetized semiconductors, a hydrodynamic
model of plasmas are employed for the short-wavelength
perturbation mode. However, in the presence of short-
wavelength perturbations due to electron acoustic modes,
the fluid model of plasmas breaks down for typical pa-
rameters in magnetized semiconductors. The Larmour
radius may be comparable to or even greater than the
wavelength of the perturbation present in the semicon-
ductor. Therefore, a kinetic model should be more ap-
propriate for all these studies. We have chosen the n-
InSb sample for our study because it possesses a low
effective mass of electrons and, therefore, the electrons
can attain high oscillatory velocities even at low pump-
wave power.

In this paper we have studied the three-wave paramet-
ric instability, viz., the simulated Brillouin scattering of
electromagnetic waves by a low-frequency electrostatic
electron acoustic wave in a piezoelectric semiconductor
in the presence of external static magnetic field. The non-
linear response for the low-frequency perturbation has
been found by using the Boltzmann equation in the
gyrokinetic variables. 2!
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The paper is organized in the following way. In Sec.
II, we present the kinetic model for the nonlinear
response of electrons in the magnetized piezoelectric
semiconductor. The Krook model for the collisional
term has been assumed. The nonlinear Boltzmann equa-
tion expressed in the guiding center coordinates has been
solved for the low-frequency perturbation. The non-
linearity at the high-frequency sideband has been taken
through the current density. Using Poisson’s equation
for the electrostatic mode and wave equation for the elec-
tromagnetic sideband mode, we obtain the nonlinear
dispersion relation for the low-frequency electrostatic
mode in the magnetized piezoelectric semiconductor in
Sec. III. Then we obtain the growth rates and threshold
power density for the three-wave parametric instability
viz. the stimulated Brillouin scattering in Sec. IV. Nu-
merical results and graphical representation of them are
presented in Sec. V. Finally, a brief discussion of the re-
sults is given in Sec. VL

II. KINETIC ANALYSIS
FOR THE NONLINEAR RESPONSE
OF ELECTRONS

We consider a sample of n-type piezoelectric semicon-
ductor, viz., n-InSb immersed in a uniform static magnet-
ic field B, =B,Z. The semiconductor is assumed to be the
source of a homogeneous and infinite plasma which is
subjected to an externally driven large-amplitude elec-
tromagnetic wave (pump wave)—a high-frequency laser
or a microwave—propagating in the extraordinary
mode. The electric and magnetic fields of the pump wave
are described by

E,=Eexp[ —i(wg —kox)], W
B,=c(kyXEg)/wq »

where the angular frequency o, and the wave number k,,
obey the dispersion relation
172

o wf,i(iwo—vo) 2)

ko=—|€; —
R wol @2+ (vo—iwg)*}

where wp=(47re2n8/m)l/ 2 is the electron plasma fre-
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quency and o, =eB;/mc is the electron cyclotron fre-
quency; —e, m, ng, €., vy and c are the electronic
charge, effective mass of the electrons, unperturbed equi-
librium density of electrons, lattice dielectric constant of
the semiconductor, average electron-phonon collision fre-
quency, and the speed of light in a vacuum, respectively.
Obviously, the pump wave is a mixed mode having

Eo=—iBoEy, , 3)

Bo=— @52 @)
0 [eLwpf{w? +(vy—iwg)*} —iwk(ing—vy)] ’

We now assume the existence of a low-frequency elec-
trostatic short-wavelength perturbation (w,k) which may
be present in the semiconductor due to thermal noise or
an inhomogeneity in the doping of the semiconductor.
The oscillatory drift velocity of the electrons due to the
pump wave and the oscillatory magnetic field of the
pump wave interact parametrically with the perturbation
mode (w,k) and produce a high-frequency electromagnet-
ic sideband (w,k;0,=w—wg,k;=k—k;). This generat-
ed sideband in turn interacts with the pump wave (wg,k,)
to produce a low-frequency ponderomotive force which
amplifies and drives the low-frequency perturbation.
Thus we consider the three-wave parametric decay of the
pump wave into a low-frequency perturbation and a
high-frequency sideband. *

In the phase, most studies used hydromagnetic models
of semiconductor plasmas, which are sufficiently valid for
the long-wavelength perturbations. However, some
workers'®~2 used a fluid model of plasmas for very
short-wavelength perturbation for the magnetized semi-
conductor plasmas. However, in these studies the Lar-
mour radius p, =v, /o., where vy, is the thermal veloci-
ty of electrons, is comparable to or even larger than the
wavelength of the waves involved for the usual plasma
parameters in the semiconductor plasma (kv /0, = 1).
The fluid model of plasmas is no longer valid for these
conditions and one must employ the kinetic model of
plasmas. Therefore, we describe the response of the high-
ly collisional semiconductor plasma in the presence of
external magnetic field by the Boltzmann equation ex-
pressed in the gyrokinetic variables?""?>—the guiding
center coordinates x,, the magnetic moment y, the polar
angle 0 of the perpendicular velocity (i.e., the angle v,
makes with the x axis), and the parallel momentum p,:

a_F+'xg—-aF p§£+éa—F—eE,T§E—= 9F ,
ot ox, ou a0 ap, 9t | onision
(5)

where

Xg=x—p sinf ,

Yg=ytpcosd,

z,=z, (®)

p=v /0, ,

p=mvi/ 20, .
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The overdot denotes the derivative of the quantity in-
volved with respect to time, the superscript T refers to
the total quantity, and the symbol 1 denotes quantities
perpendicular to the external magnetic field. It can be
shown that because (u,0), (xg,yg ), and (p,,z) constitute
the canonical set of variables, Eq. (5) follows directly
from the continuity equation of the electron density in
the six-dimensional space of the additional variables. Us-
ing the Krook model** the collisonal term on the right-
hand side of Eq. (5) can be written as

oF

o =—w(F—f9) . )

collision

In the presence of the electromagnetic pump wave and
electrostatic and electromagnetic decay waves, the total
distribution function of electrons in Eq. (5) may be
decomposed as

F=f3+folwpko)+ flo,k)+f(w,k,), (8)

where the space and time variations are implied and the

equilibrium distribution function fJ is taken to be

Mazxwellian at the electron temperature T,:

3/2
exp

m02

2T,

f=ng )

e

fo and f, are high-frequency responses at the pump and
the scattered sideband frequencies, respectively, and f is
the low-frequency response. Using the equation of
motions for electrons, we can write

. e T _ oH
=—C gly =21 1
132 o, El A 90 ’ ( 0)
oH e .
9:——: - ET —ET,
o o, mvl( < sin@—E /cos) , (11)
. e(EfXa,)
xg=-——mw2 , (12)
p?
z
H=,ucoc+-—2m —ed(w,k), (13)
where

D(w,k)=¢exp[ —i(wt —k-x)]

is the electrostatic potential of the low-frequency mode.
Using the identity

exp[ —i(wt —k-x)]=exp[ —i(ot —k-x,)]
X Yexp[in(6—8) M, (k,p), (14)

where J, is the Bessel function of order n, and the sum-
mation over n runs form — o to + o, we can express

ET=Egexp[ —i(wyt —kox,)]1 3 explin 6)J?
—ik¢ exp[ —i(wt —k-x,)] Y exp[in(6—8))J,
+Ejexp[ —i(wt —k,-x;)]Sexp[in(6—8)}, ,

(15)
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F=f{+exp[ —ilwgt —kox,) ]S exp(in6)f?
+exp[ —i(wt —k-x, )] exp[in(6—38)]f,

—l—exp[—i(a)lt-k,-xg)]zexp[in(@—él)]f,,l .

Jn=Jn(kip)
I =Jkop)
Ja=Jakyp)

(16)  and & and & | are the angles between the x axis and k, and
k,,, respectively. Using Egs. (15) in Egs. (10)-(13), we

In Egs. (14)-(16), can write
J
. eEg, v, . . . . 0
p=——"——"(—iBycosO+sinb)exp[ —i(wot —kox,)] D explin6)J,
eE,yul .
———(—iBcosB+sinb)exp[ —i(w,t —kl-xg)]2exp[in(0~8)].l,,l
[ n
+iepexp[ —i(wt —k-x,)] 3 n exp[in(6—8)}J, , 17
. eEOy . kovl
0=w,+—= | —iBsinf—cosf+ exp[ —i(wot —kox,)] 3 exp(in6)J?
L n
e . kv, 1
+ " E, sin6—E,,cos0+ TEly exp[ —i(wt —k;x;)] Y exp[in(6—8,)]J,
1 1 n
iek | cosd sinf
——————exp[ —ilwt —k-x,)] Fexp[in(6—8))J, , (18)
myv, -
. eE, kov, cos@ )
Xg= mw}; 1— o exp[ —i(wgt —kox,)]

: kv, cosf

. 0 eEly
X Yexp(in0)J, + -

wC
Xexp[ —i(w it —k;-x,) ]S exp[in(6—38))1J, , (19)
. eEg, kqyv,sinf ) )
yg:ma)c iBo— o exp[ —i(wyt —koxg)]gexp(mG)J,?
e k,v,sinf ) . )
_mwc EIX+T exp[—t(wlt—k,-xg)]?exp[tn(G—SI)]J,,
iedk cosd
+———exp[ —i(wt —k-x,)] Y exp[in(6—8)})J, , (20)
mao, -
Z,=2=p,/m
ekOEOyUz . .
=— Wexp[ “l(a)ot —koxg )]%exp(m@)],?
ek E,,v, A K ) n(0—8,)J)! 21
maoo, exp[ —i(w,t 1" Xg ]?exp[zn D, .

Using Egs. (15)-(21) in the Boltzmann equation (5), we obtain the following linear response of electrons:

eE,, Bycosf+isind

0—
fn_ T _ +i ViJao >
, Wy—nw.tivy
flme ie Elxcos0+E1ys1n0v i
" T, o—no,+ivy = ™°°
ed no. 0
fn—_ . JnfO .
T, o—no,t‘iv,

(22)

(23)

(24)



50 STIMULATED BRILLOUIN SCATTERING OF. .. 14 107

Substituting Egs. (22)-(24) in Eq. (5), we obtain the nonlinear part of the distribution function for the low-frequency
mode (w,k) as

i iek | E kv, cosf
exp(ind) xZoy [, "o¥l JOFl
e P no.+1i 0)zexp[ll(9 8] ma, g nf1
iekyE k v, cosf iekyk,Eq eE f,
+ 2mwcy — o, Il ,?——im—mo-mc—yvz.f,? ll Zwy (—IBOCOSG+Sln6)UlJ a'u
af? eE kov
e . 0 o oy |,
"%, (E ycos0+E, sinf),J} ‘ - vayl —iBysind—cosf+ o il f}
e . klx
+ 2mo, E,,sin0—E,,cos0+———E, |inJ}f} (25)

We obtain the linear and nonlinear density perturbation associated with the low-frequency electrostatic mode (w,k)
from the relation

. © 2T o . iklvlsin(e—ﬁ)
NL=exp[—t(a)t——k'x)]f_wfo fo zn‘,exp[zn(O—S)]exp B— NLy,dv,d0dv, . (26)
Thus the linear and nonlinear density fluctuations at (w,k) are given by
(ot —em)] 0 MO e~ ) 27
= —_— t —_— . J—
zn‘,exp[ ne x)] T, o—no,tivy " 5P ’ )
NL_ exp(—i8,)exp[ —i(wt —k-x)Jw2Eq,(XE, +iYE,) 28)
167V 27T, v,k 2 0go (0, —0—ivy) ’
where
X =exp(i8) —ww k1, + 02k, )+ kok  k vi +{io(1—B)/2} {wolk, T4k )t (ko+4k ) —ik 0}, (29)
Y =exp(i8)[wow k1, — @2k, +o,0.ko(1—By) ] +kok k05 (By—2)
+{io (1—By) 72} {wykx +4k )t o(ky+4k,)—ivk, ]} , (30)
172
kv
o, ’
2%, T, 172
=T |
[
and I,(b) is the modified Bessel function of the first kind sideband, we obtain
and order n. In deriving Eq. (28) we have retained only
the dominating terms having (w0 —w, +iv,) in the denom- eb=— 4me nNL (32)
inators where n =+1. k?
For the high-frequency sideband, we use the fluid mod- 4rri
el of plasmas and obtain the nonlinear current density at 5 R = | N
D,-E, — I (33)
(wy,k,) as ¢
W= —nlevy /2 where
E X, —(iog+vy)ES - wf
_ Mo o[y X, —liogtvoBY] B, =kiT—kk,— 2%, (34)
2mT,V2mb (0—w, +ivy){w2 + (vy+iwy)?}
(31) 0 (ivgw+a*—k}
e(o,k)=€, +—— o (0 2, - t2h )2 2
where the asterisk (*) denotes the complex conjugate of w0+ (vow—io®+ik‘vy)
the quantity involved. K2k2C?
-7 (35)
III. NONLINEAR DISPERSION RELATION 0*—k*C}

Using Eq. (28) in Poisson’s equation and in Eq. (31) in and T is the unit tensor or rank 2. In Eq. (32), € is the
the wave equation for the high frequency-electromagnetic linear dielectric function of the low-frequency electrostat-
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ic perturbation.® The last term in the € is the piezoelectric contribution from the lattice, where C; is the ion-acoustic
speed and K is the dimensionless electromechanical coupling coefficient. The numerical value of K2 for most of the
piezoelectric semiconductors® is ~1073. The dispersion relation of the electron acoustic wave is obtained from
€,(w,k)=0, where ¢, is the real part of the dielectric function given by Eq. (35). €, in Eq. (34) is the linear dielectric ten-

sor'®at (w,k,):

ico[z,(iwl—vo) icof, 0
€L ; - 2
{0+ (vy—iw,)?} 0*+ (VP —iw)? o
52
- zwf, o, iof (iw,—vp) 0
61: — GL—
2 Y 2 — 2
W+ (vg—iw))* @ o foi+(vp—in,)"}
2
iw,
0 0 € +———P—
o(vo—iw,)

Eliminating ® and E, between Egs. (31) and (32), we obtain the nonlinear dispersion relation for the low-frequency

perturbation as

6=|—i‘;—f—| , (36)
1
where
2 2 2 2 2 4 2 2
- wq w ] Cl)p Cl)p 2 (O] CL)p
ID|\|=—— |, ——& | {k}—— |, ——2 - kiy,—— |€,——5 , (37
! 2 |'F w? R o} c* P R »?
_ i|voy /v |*0p 0l woexp( —i8))Z G38)
K drkik el o, —o—ivy){w?+(vy+iny)?}
2 2 2 2 2
@ 1) 1) 1) R 1047
Z=X k%x——; €L~ —5 H{k%——z‘ €L ——5 | Ho, —iByliog+vy)} — —5—{iByw, +(iay+v,)}
¢ 1 c 07 c o,
2 2 2
0,0 1) 1)
+Y 1;” ‘k%x-——zl eL—% }{wc—iﬁo(ia)o%-vo)}
C W (OF]
2 2 2 2
1) 1) 1) ®
- 2‘ €& ——= ‘H-—; eL——ZH{BOwC—Ha)O—ivO)} , (39)
c [oF] c (OF]

lvg, | =eEq, /may ,

and X and Y are given by Egs. (29) and (30).

IV. GROWTH RATES

To obtain the growth rate of the parametric instability,
viz., the stimulated Brillouin scattering, we express € and
|D,| around the resonant frequencies?*%3

o=w,tiy ,
. ael’ .
e(w,k)=e,+zy-az)—+te,~

i(y + )ae, (40)
=1 'V YL aw ’

— . a’BIIr
ID|=i(y+v.) , 41)

aa)‘

f

where y is the overall growth rate of the instability and
v and yp, are the linear damping rates of the decay
waves, and the suffix » on € and |D,| denotes the real
part, and €;= —y,(0€,/0w) the imaginary part, of e.
Thus the growth rate of the three wave parametric insta-
bility is given by

_ ©
(3¢, /30)(3|D, |, /0w,)

(y+y )y +y )=ve=

(42)

where ¥, is the growth rate in the absence of a damping
of the waves. The linear damping rates of the electron-
acoustic wave and the scattered laser radiation are given
py!826

V2mveK 2k 30}, C?
Yo= — 2 2 2 ’ (43)
doy0{(o, —w) +vg}
0 (voto,)
Y= ——" - 7 (44)

€W
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Using Egs. (35), (37), (38), and (42), we obtain the
growth rate of the three wave parametric instability in
the absence of the linear damping of the decay waves:

3

ilvgy, /vy P0l 0t wgexp(—i8,)Z

2 —
Yo 16me k38 0,(0, —0—ivy?{w?+(vy+iong)?}P
(45)
where
2 2 2 2
o] © 3wi 1)
P= k2__ € —£ k2—— € i
[ Vo2 It ? o2 [T w?
4 2 2
W0 1)
——2 = ki +—2 |, (46)
€;wC 4

and Z is given by Eq. (39).

From Eq. (42) the overall growth rate y in the presence
of the linear damping of the decay waves can be obtained
from

ry=[{(rL +?’L1)2+4(7’(2)_7’17’L1)]1/2

—(yrtye)l/2, @7
and the threshold electric field for the onset of the insta-
bility can be obtained from

7’(2)=?’LYL1 . (48)

Now we consider two frequency regimes which are of
practical interest.

A. High-frequency laser

For the high-frequency pump wave, viz., a CO, laser,
we can take the approximations wy> w,, @, ©, Vo and
k >>ky, and for backscattering (§,=180) the unper-
turbed growth rate y,. Equation (45) reduces to
172

) (49)

~ lvoy /U lzwlz,wtw3

Yo=

16me; wy( kv )®

and the threshold power density of the incident laser ra-
diation Py |, is given by

Viam2ewd vK A k3C3, ) kv 0w,

V2el0lolwt

Po"rh: (50)

B. Microwave radiation

For the microwave range of frequencies and for the
typical parameters ©)<®,,0.;0.>®,Vy;w9>vy, the
growth rate and the threshold of the stimulated Brillouin
scattering are given by

| vg, /v Pl 0le’wyB, 12
Yo 167T6L(kvth )6
Viam2cv} voK A k>C2v3, ) kv )

. (52)
V2e wa, wlwtoyB,

) (51)

Polm=
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V. NUMERICAL RESULTS
AND GRAPHICAL REPRESENTATIONS

To gain some numerical appreciation of the results of
our theory, we made calculations for the growth rates
and threshold power densities for the stimulated Brillouin
scattering for the following typical plasma parameters in
n-InSb: €; =18, T,=77 K, m =0.014m, (m,, is the mass
of a free electron), v,=3.5X10"" sec™!, w,=2X10"
sec” !, w,=1.778X 10" sec™! (for a CO, laser) and
2X10'? sec™! (for a typical microwave). The results of
our calculations are depicted in the form of curves in
Figs. 1 and 2.

Figure 1 shows variations of the growth rates of the
stimulated Brillouin scattering as a function of the elec-
tron cyclotron frequency. It follows that the normalized
growth rate of the three-wave parametric instability in-
creases with the external uniform magnetic field. The un-
damped growth rate (y,/w) of the stimulated Brillouin
scattering is higher for the high-frequency pump wave
than the microwave range of frequencies. However, the
growth rate in the presence of damping (y/w) of the
daughter waves is of the same order of magnitude.

Figure 2 shows the variation of the threshold power
density of the instability as a function of electron cyclo-
tron frequency. It is noticed that the threshold power
density for the stimulated Brillouin scattering decreases
rapidly with the increase of magnetic field.

It is observed from comparison of our results with
those of Guha and Basu'® that the growth rate of the in-
stability leading to the stimulated Brillouin scattering in-
creases with magnetic field, which is in clear contrast
with their results. It is also noticed that our calculation

U8

3

1

@103 sec!)

FIG. 1. Variation of unperturbed normalized growth rate,
Yo/, and overall normalized growth rate, y /o, with ©, for the
following parameters in n=1InSb: €, =18 (at 77K), K>=10"3,
v%=3.5X10" sec”!, k=10° cm™!, @,=2X10" sec”!,
m/my=0.014, C,=4X10° cm/sec, and |vg, /vwl
=|eEy, /mwgwy|=107% The solid curves represent yo/o,
while the dashed curves represent y /w. The upper curves are
for w,=1.778X 10" sec™!, and the lower curves are for
©o=2X10%sec”!.



14 110
9
10 ' T T T T
AN
N
108“ AN N
~
— N
o~ ~N
g S~
L N
6.{:
3E
Q_O
1 F —
6 1 1 1 I 1 I 1 1
107, 5 10
“’c(1013 sec™)

FIG. 2. Variation of the threshold power density of the in-
cident wave, Py|ty,, With o, for the parameters as in Fig. 1. The
solid curve is for wy=1.778 X 10" sec™!, and the dashed curve
is for wy=2X 102 sec ™!

of the stimulated Brillouin scattering for laser radiation
yields growth rate approximately one order higher than
that calculated from the fluid model.!® This discrepancy
may be attributed to the correct model of the semicon-
ductor plasma.

VI. DISCUSSION

It has been shown that a large-amplitude electromag-
netic wave propagating in the extraordinary mode decays
efficiently exciting an electron acoustic wave and a scat-
tered electromagnetic sideband in a magnetized semicon-
ductor plasma. It is noticed [cf. Eq. (49)] that the
growth rate of the stimulated Brillouin scattering of

M. SALIMULLAH, T. FERDOUSI, AND F. MAJID 50

high-frequency laser radiation is directly proportional to
the pump-induced drift velocity of electrons. It increases
with the plasma density and increases rapidly with the in-
crease of the external magnetic field. y, is a sensitive
function of the electron temperature of the semiconduc-
tor, and decreases sharply with an increase of tempera-
ture. The linear damping rates y; and y;, are small for
the usual plasma parameters. Hence the threshold power
density of the incident pump wave [cf. Eq. (50)] is small.
However, it increases sharply with temperature and de-
creases with an increase of the external magnetic field.
We also observe [cf. Egs. (51) and (52)] that for the mi-
crowave range of frequencies for the pump wave the
growth rate y increases rather slowly with the external
magnetic field, and the threshold power density decreases
relatively slowly with the external magnetic field in com-
parison with those at the high-frequency pump wave.

Our results differ from those of Guha and Basu'® in
one important respect: the growth rate of the stimulated
Brillouin scattering increases with an increase of the
external static magnetic field for the short-wavelength
perturbation in the n-type semiconductor plasma. It is
observed from comparison of our results with those of
Guha and Basu'® that the growth rate of the instability
leading to the stimulated Brillouin scattering increases
with the magnetic field, which is in clear contrast with
their results. It is also noticed that our calculation of the
stimulated Brillouin scattering for the laser radiation
yields a growth rate approximately one order higher than
that calculated using the fluid model.'® This may be due
to the fact that the correct kinetic model of plasmas must
be employed instead of the hydromagnetic model of the
semiconductor plasmas for studies of the parametric in-
stability for the very short-wavelength perturbation
mode. The results of this paper also suggest that various
aspects of the parametric instabilities can be verified ex-
perimentally in a semiconductor where the plasma pa-
rameters can be conveniently varied over a wide range of
values without much difficulty.
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