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The occurrence of optical phase conjugation via stimulated Brillouin scattering (OPC-SBS) in bulk
semiconducting crystals under the off-resonant transition regime has been investigated theoretically, the
crystal being immersed in a large magnetostatic field. The model is based upon the coupled-mode ap-
proach and incorporates the effect of pump absorption through the first-order (i.e., linear) induced polar-
ization. The linear dispersion is found not to affect the reflectivity of the phase-conjugate Stokes-shifted
Brillouin mode. The reflectivity of the image radiation is dependent upon the Brillouin susceptibility
and can be significantly enhanced through n-type doping of the crystal and the simultaneous application
of a large magnetostatic field. Moreover, the threshold of the pump intensity required for the oc-
currence of SBS in the crystal with finite optical attenuation can be considerably diminished through a
suitable choice of the excess carrier concentration and the magnetic field. Consequently, OPC-SBS be-
comes a possible tool in phase-conjugate optics even under not-too-high-power laser excitation by using
moderately doped n-type semiconductors kept under the influence of large magnetostatic field. Numeri-
cal estimates made for InSb crystal at 77 K duly irradiated by nanosecond pulsed 10.6-um CO, laser
show that high OPC-SBS reflectivity can be achieved at pump intensities below the optical damage
threshold if the crystal is used as an optical waveguide with relatively large interaction length (L ~3
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mm).

I. INTRODUCTION

Optical phase conjugation (OPC) has been an active
area of research in quantum electronics. The ability to
couple spatially and/or temporally encoded information
bearing electromagnetic or other bosonic fields using non-
linear optical techniques has led to diverse potential ap-
plications that range from adaptive optics, laser resona-
tors, and high energy or high brightness laser systems, to
optical information processing, image transmission, filter-
ing, and ultralow noise communication schemes.

Research activities in the general area of the OPC
gained much momentum with the development of the
concept of “transient” or “real-time” holography by Ger-
ritsen,! Woerdman? and Stepanov, Ivakin, and Rubanov.}
Several techniques have been successfully employed to
achieve OPC. These techniques are equivalent to the
mathematical operation of complex conjugation on the
spatial component of the complex field amplitude of a
given beam. It is apparent that any nonlinear optical in-
teraction occurring in virtually any state of matter, and
at most wavelengths, can give rise to the desired
wavefront-reversed replica.

The most promising approaches among the various
mechanisms responsible for the occurrence of OPC are
three- and four-wave mixing*> as well as the stimulated
scattering (SS) processes in the nonlinear medium.
Again, OPC-SS has the added advantage that it does not
need any reference radiation and is therefore known as
“self-phase conjugation.” Out of the large number of SS
processes like stimulated Brillouin scattering (SBS),
stimulated Raman scattering, stimulated Rayleigh-wing
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scattering and stimulated temperature scattering, OPC-
SBS is mostly preferred due to the Brillouin shift in the
conjugation radiation frequency being the smallest.
Theoretically, it is suggested®® that OPC-SBS occurs be-
cause a component of the backscattered light with a fre-
quency downshift equal to the acoustic-phonon frequency
exponentially grows at twice the rate of other random
modes (viz., background noise). Under high-gain regime,
this component sufficiently predominates and one may
expect the OPC reflectivity to approach 100%.

OPC-SBS will give rise to significant conjugation radia-
tion only if the input excitation intensity exceeds a
threshold value. The effective threshold can be reduced
by the use of a preamplifier stage in front of the SBS
phase-conjugate mirror. Brusselback and Rockwell® have
demonstrated high reflectivity phase conjugation by com-
bining a high-gain Raman amplifier with a SBS mirror.
Andreev et al.!” also reported that the phase conjugation
of weak laser pulses can be achieved by the process of
Brillouin-enhanced four-wave mixing and demonstrated
that with energies as low as 2X 10~ J in a 20-nsec pulse,
OPC could be achieved with a signal-to-noise ratio of ap-
proximately unity and a reflection coefficient of 10®. The
theories”® support the existence of a nonconjugate com-
ponent along with the conjugate component in the high-
gain mode. Even a small fraction of nonconjugate com-
ponent in the high-gain mode can cause serious beam dis-
tortion. While taking into account the plane-wave expan-
sion, Zel’dovich, Pilipetsky, and Shkunov® links the same
with the intensity as well as the angular divergence of the
pump wave. Hellwarth,® on the other hand, while con-
sidering the waveguide structures, predicts that the fideli-
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ty depends upon the distribution of pump power among
the modes and not on the excitation intensity. Suni and
Falk!! attributed the origin of this disparity solely to a
differing treatment of nonphase matched scattering
terms. None of the above theories include pump de-
pletion which becomes important at pump intensities
much above the threshold for the onset of SBS. In a nu-
merical study of OPC-SBS in a waveguide, Lehmberg!?
found that the pump depletion enhances the fidelity by
inhibiting the small scale pulling effect. All these theories
were conducted on OPC-SBS keeping in view its applica-
tion in communication using optical fibers and
waveguides. However, the technique of OPC-SBS in a
Brillouin cell of small dimension containing a nonlinear
active medium can be of potential application in achiev-
ing gain reflectivity which can be subsequently employed
in processes like laser-induced fusion. Rockwell'
discusses such phase-conjugate solid-state lasers and
shows that OPC-SBS could be useful at any wavelength.
Scott and Ridely'* have reviewed the phenomena of
Brillouin-enhanced four-wave mixing in a cell containing
a nonlinear active medium. They discussed the difficulty
in getting a suitable Brillouin-active medium in the 10-
um regime. Bespalov, Kiseljor, and Pasmanik'® used
parametric mixing technique to achieve wave-front rever-
sal in this frequency regime although such parametric
mixing is strictly restricted to the phase matching condi-
tion. Sen,'® and Sen and Sen!” have shown that InSb
could be potential material for SBS studies in the same
wavelength regime if the bulk crystal is subjected to a
large magnetostatic field.

The stimulation for the present analytical investigation
of OPC-SBS under pump intensity dependent absorption
coefficient regime, in a Brillouin cell containing a semi-
conducting crystal stems from the situation as discussed
above. In such a nonlinear system, the waveguide struc-
ture has been replaced by simple plane-wave formalisms.
In order to examine critically the dependence of the
reflectivity coefficient on the material parameters, we
have considered the crystal to be n-type doped, with the
doping concentration being an externally controllable pa-
rameter. We have followed a purely electromagnetic
treatment where the crystal is assumed to behave like a
semiconductor-plasma medium where the dynamic be-
havior of the plasma can be explained by the hydro-
dynamic model.!®!” The third-order optical susceptibili-
ty responsible for the occurrence of OPC known as the
Brillouin susceptibility (yz) has been obtained by follow-
ing the coupled-mode approach.

In Sec. II, we have derived an expression for the OPC-
SBS reflectivity |8|2. The Brillouin susceptibility in the
doped semiconductor in the presence of the external mag-
netic field is derived in Sec. III. The important analytical
results are discussed in Sec. IV. The same section also
deals with the numerical estimations of the threshold ex-
citation intensities required for the onset of SBS as well as
OPC-SBS with |B|>~1 in InSb duly irradiated by a
pulsed 10.6-um CO, laser. The roles of doping as well as
magnetic field in enhancing the OPC reflectivity are also
examined in the same section. Section V enlists the im-
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portant conclusions that can be derived from the present
analytical study.

II. OPTICAL PHASE
CONJUGATION REFLECTIVITY

In this section, we have obtained the analytical expres-
sion for the reflectivity of optical phase conjugation via
stimulated Brillouin scattering (OPC-SBS). For deter-
mining the OPC-SBS reflectivity of the medium, we con-
sider the irradiation of the semiconductor crystal by a
slightly off-resonant laser pump. The pump laser mode
undergoes stimulated scattering processes via its interac-
tions with phonons in the medium. Here, we are dealing
with the scattering due only to the acoustic phonons such
that the interaction yields the scattered Brillouin mode.
The propagation of these modes through the material can
be represented by the generalized equation'®

BZE(rlx,t) 5 w%
—~—82—+VTE(rl,x,t)+ —ZE(rl,x,t)
X c
:.—-Mowip(rl;xyt) ’ (1)

where V2=0%/3y%+3%/0z% E (r ,x,1) is the electric-field
amplitude possessing both longitudinal and transverse
components. The fields are assumed to vary as
expli(w, t—k;x)], o, and k; are the angular frequency
and wave number of the electromagnetic mode, respec-
tively; p, is the permeability of free space. P represents
the total induced polarization in the crystal and
comprises linear as well as higher-order nonlinear com-
ponents. The total optical susceptibility of the crystal
can be obtained through the relation

P(r,x,0)=€xE=¢€[x'"+XPIE(r,x)*+ - |E, )

where we assume the crystal to be nearly centrosym-
metric such that the even-order nonlinear optical suscep-
tibility components like 2, )((4’, etc. are zero. In (2), the
complex susceptibility x'!’ accounts for the linear refrac-
tion and absorption phenomena within the crystal, while
the third-order component y'*’ is responsible for the ac-
tive nonlinear optical effects like nonlinear refraction,
nonlinear absorption, degenerate four-wave mixing, and
stimulated Raman and Brillouin scatterings. In bulk
semiconducting crystals, ¥'!’ does not play any role in
improving the conversion efficiency.”” Nevertheless, it
affects the spatial propagation characteristic of the conju-
gate beam. In the present analytical investigation of
OPC-SBS, we have retained y comprising both linear as
well as the third-order components, i.e., XY= X'
+x I E(r,x)?].

The second term on the right-hand side of (2) can be
expressed in terms of a transmission function'® propor-
tional to (Ep+Eg)(Ef+E$), where Ep and Eg are the
electric fields associated with the pump (wp,kp) and the
scattered Stokes mode (wg,kg), respectively. Conse-
quently, the third-order component of the induced polar-
ization is obtained as

PO =\ |Ep |+ |Es P+ EFEs+E,EZIE . ()
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We have considered the pump wave (wp,kp) to be propa-
gating along the —x direction while the Stokes mode of
the scattered electromagnetic wave is assumed to propa-
gate along +x direction. Thus, one may replace k; by
—kp and kg for the pump and the scattered mode, re-
spectively. Making use of (1)-(3), we can obtain the cor-
responding electromagnetic wave equations under the
slowly varying envelope approximation as

JEp )
ax _2—kP_VTEP=aIPEP_laIrPEP
iop ) |2
BEYRRLL |Eg|?Ep (4a)
pC
and
J0Eg 5 )
ox “st Es=—a;sEgtia,sEs
. 9
DS g |2
+ XS |Ep|2Es | (4b)
sC

where a;p (a;g) is the intensity dependent absorption
coefficient of the crystal at the pump frequency wp
(Stokes frequency wg) and given by

Qrps= [X(I}’)S +x's|Espl?] . (5a)
The parameters ajp and ajg in (4) account for the
dispersive properties of the material and have their origin
in the intensity dependent real part of the optical suscep-
tibility defined as

Qpps= [X“)s +xi2s|Es pl’] (5b)
Moreover, X‘” in (4) represents the complex third-order
susceptibility at frequency wp 5. These terms are written
separately simply to bring a similarity between the equa-
tions obtainable from the coupled-mode approach and
the present treatment based upon the intensity dependent
optical susceptibility of the crystal.

The phase-matching conditions for OPC-SBS, as con-
sidered in the present study, are given by
#iwp =tiwg+#iw, and #ikp =fikg+7k, with (0,,k,, being
the generated acoustic-phonon mode. For phase-
conjugate Stokes mode, one should have k, = —kg such
that k, =2kp. In the forthcoming discussions, we have
considered |kp|=|kg|=k such that |k,|=2k and for
considerably low acoustic frequency [i.e., wp >w,, one
may take wp~wg=w (say)]. These assumptions enable
one to take a;p ~a;s=a; (say) and Y3’ ~x$ =xp with
X g being the Brillouin susceptibility. For stimulated Bril-
louin scattering, the third-order optical susceptibility is
usually an imaginary quantity for dispersionless
acoustic-wave propagation’® and hence we take
Xs=—ilxp|. For a single pump and Stokes mode, we
have followed the well-known single-mode formalism
such that the phase-conjugate Stokes mode is related to
the pump via relation

Eg(r ,x)=B(x)Ep(r,x) , (6)
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where B(x) is a measure of conjugacy with |B(x)|? being
defined as the OPC-SBS reflectivity. We have obtained
the expression for |B(x)|? at excitation intensity above a
critical value known as the threshold condition for the
occurrence of SBS in an active semiconducting bulk crys-
tal with finite attenuation and examined the suitability of
such crystal in practical applications such as optical
phase-conjugate mirrors.?!

Under one-dimensional configuration, the electric field
associated with the pump and the scattered mode can be
obtained from (4) as

OEp . io? 2

Ax =aIEP—_laIrEp_§(?XBIESI EP (7a)
and

JE >

ax _—aIEs+’a1rEs+ 2ke 2XB|EP| Es , (7b)

respectively, taking wp~wg~w=kec. Since |Eg|* is a
generated field, one may safely assume
o’xp|Es|?

2kc?

in (7a). Consequently, one can get the solution of (7a) as

Ep(x)=[Ep(L)expf

a1>>

—a;(L —x)}lexplia, (L —x)} ,
(8)

where Ep(L) is the pump electric field at the entrance
window f(i.e., at x =L). Equation (8) reveals the x depen-
dence of the pump amplitude as well as the nature of
phase variation of the electric field with x. From (7b) and
(8), we find the electric field associated with the Stokes
mode of the backscattered electromagnetic wave as

—layx+H[1—exp(2a;x)]/2a;)}

Eg(x)=Eg(0) exp{ia;,x} ,

(9a)
where
_ o Xz |Ep(L)I?
2ke?

In (9a), E¢(0) is the electric-field amplitude at the exit
window x =0 and can be defined as the spontaneous
noise field. Now, (9a) can be rewritten in the form

exp(—2a,L) . (9b)

Eg(x)=Eg(0)[cos(ayL)+isin(a;,L)]
Xexp[ —ia; (L —x)] (10a)
with
Eé(o)zEs(o)e—[a1x+7{[]—exp(2a1x)]/2all ' (10b)
Equation (10a) manifests the occurrence of the

phenomenon of optical phase conjugation in the material
through the dependence of the scattered mode on the
phase factor exp[ —ia; (L —x)] which is backscattered.
Moreover, a;, which depends upon the real part of the
optical susceptibility !’ and ¥'®’ will not affect either the
pump (Ep) or the scattered mode (Eg). As a consequence



1398

the OPC-SBS reflectivity remains unaltered irrespective
of the absolute phase difference between Ep and Eg.
Equation (10b) can also be employed in studying the
threshold nature of the SBS phenomena responsible for
the OPC processes. The backscattered Brillouin mode
E (x) possesses a gain constant given by

—{a;x +FH[1—exp(2a;x)1/2a;} .

For finite gain, the condition

o x
)

apx +H(1—e 1) 20, <0 (11a)

is to be achieved in the material medium.

It is clear from (11a) that the gain constant depends
upon the intensity dependent absorption coefficient a;
and the parameter #. For a bulk semiconducting crystal
of mm thickness irradiated by a slightly off-resonant laser
with photon energy less than the crystal band-gap energy
or an optical fiber with very low loss, one may take
2a;x <1 such that the threshold condition for Brillouin
gain becomes # =a;.

H=a, . (11b)

We have restricted our analysis to the study of OPC-SBS
in the semiconducting crystals irradiated by off-resonant
(below the band edge) laser sources. In this regime the
third-order optical susceptibility is appreciably smaller
than in the near-resonant case.’>?* This enables one to
treat a; and ¢, as the real and imaginary components of
the background absorption coefficient a and «a,, respec-
tively, at frequency w. Using (9b) and (11) for aL <1 at
the entrance window x =L, we find the threshold value
of the excitation intensity as

M€ *ka

Ip =" , (12)
[} |XB|

with 7 being the background refractive index of the crys-
tal, €, is the absolute permittivity, a as the background
absorption coefficient at frequency o, and Ipy
=1new|Ep !> Equation (12) shows that the threshold
intensity can be similar in systems with very low absorp-
tion coefficients and large Brillouin susceptibility. Again
(8) and (10) give the OPC-SBS reflectivity as

|E5(0)] |?

2 2a(L —2x)—H(e2*—1)/2a] ) 13
|B(x)] E, (D) (13)

Equation (13) manifests the critical dependence of |B(x)|?
on the pump intensity (i.e., |Ep|?), the interaction path
length L, and the Brillouin susceptibility of the crystal
(via #). As discussed earlier, we may consider 2ax <1.
Consequently, one obtains

|Es0)] |

2[a(L —2x)+Fx]
|Ep(L)|

IB(x)|*= (14)

with |Eg(0)|? being the noise intensity for the SBS pro-
cess,® and its magnitude is generally taken to be about
1072 to 10~ ' times |Ep(L)|%. Hence, significant phase
conjugation can be achieved in the given crystal only if
one finds 2[a(L —2x)+%x]~30 in (14) enabling oneself
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to have a gain ~e3? and the reflectivity |B(x)|>~ 1.

Since the phase-conjugate Brillouin mode is backscat-
tered, it is easy to establish from (14) that at the entrance
window (x =L) of the Brillouin cell of thickness L, one
requires [(# —a)L]~ 15 to achieve |B(x =L)|*~1. This
result can be compared very well with the observations of
Zel’dovich, Pilipetsky, and Shkunov?* under the assump-
tion of very low-loss Brillouin active media. From (11)
and (12), we find that SBS with finite gain could occur
even at excitation intensities as low as to satisfy the
threshold condition for Brillouin gain given by # =a.
But the above discussion makes it clear that excitation in-
tensity Ip(L) has to be much larger than the threshold
value Ip,, if one aims at the attainment of significant
OPC-SBS reflectivity [i.e., |B(L)|>~1] in a bulk crystal
with L =3 mm.

It is clear from (12) that the threshold value of the exci-
tation intensity I ;, can be brought down by considering
a semiconductor-laser interaction system yielding large
Brillouin susceptibility Yz. Furthermore, the OPC-SBS
reflectivity |B(L)|? being directly dependent upon yp, an
enhancement in |B(L)|? is also possible even at smaller
sample length and not-too-high excitation intensity if one
can achieve a large Brillouin susceptibility in the crystal.
Thus, in Sec. III, we have examined analytically the pos-
sibility of obtaining large Brillouin susceptibility through
the application of a high magnetostatic field and replac-
ing the intrinsic semiconductor by an n-type moderately-
to heavily-doped semiconducting crystal.

III. BRILLOUIN SUSCEPTIBILITY

We consider the well-known hydrodynamic model for
a one-component (electron) semiconductor-plasma sub-
jected to a pump electric field under thermal equilibrium.
As the crystal is assumed to be centrosymmetric, the
effects arising due to any pseudopotential have been
neglected. We have employed the coupled-mode scheme
to obtain the nonlinear polarization with its origin being
in the finite electrostrictive strain.

The basic equations employed in the formulation of xp
are as follows:

*u C du ou _y @
gu_~°2¥ Y=Y S (E.E}), 15)
2 p Ax? T at  2p ax( PET) (
av, e
_'E;‘t’+VVO+(V()'V)VO=_;'(EP"*'V()XB()) 5 (16)
av,
=, TV (Ve VIV H(V9)V,
=— L (E,+V,xB,, 17
m
anl aVl aVO anl
=——, (18)
Voax TMo5x "M e ar
a .
=, 9 (19)
P, Y ax(EPu ),
oE, en;  y 92
=——+ L ——=(Epu*), 20)
e c c axz( pu*) (
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where (15) represents the motion of the lattice with u, C,
p, T',, and y being lattice displacement, elastic constant,
mass density, phenomenological acoustic damping pa-
rameter, and electrostriction coefficient of the crystal, re-
spectively. The driving term in the right-hand side of
(15) has its origin in the electrostrictive force induced by
the pump electric field Epcos(wpt) via the process of elec-
trostriction. Equations (16) and (17) are the zeroth- and
first-order electron momentum transfer equations, V, and
V, being the zeroth- and first-order oscillatory fluid ve-
locities of an effective mass m and charge e. v is the elec-
tron collision frequency and By is the magnetostatic field
applied along the z axis. Equation (18) is the continuity
equation with ny and n; being the equilibrium and per-
J
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turbed electron densities, respectively. Equation (19) re-
veals that the acoustic wave generated due to the elec-
trostrictive strain modulates the dielectric constant,
yielding a nonlinear induced polarization P,g.

The space-charge field E, is determined by Poisson’s
equation (20) where € is the dielectric function of the
semiconductor and treated here as the lattice dielectric
constant.

The electrostrictive force gives rise to a carrier density
perturbation within the Brillouin active medium. In a
doped semiconductor, this density perturbation can be
obtained by using standard approach.?® Differentiating
(18), and on subsequent mathematical simplifications we
get

’n, N - on, av, av, wy a’n, vV, an, v, 5 v, av, v,
ot? v 0 ax "o ox " ox 0 3tdx 0 ax ox Mo¥o ox? "o Jx Ox "oV ox?
2
on, av, av, ?V, 3 e 3 e _
at ax _n‘ ax _ano_S‘x—z‘ ‘a_x nl ;EP+(OC Voy +n05; __';(El +B0V1y) =0 . (21)

Now, the fields associated with the pump, Stokes mode,
and the acoustic wave are considered to be varying
as  explilwpt —kpx)], exp[—ilwgt—kgx)], and
expli(w,t —k,x)], respectively. These phase variations
satisfy the condition to achieve optical phase conjugation
via stimulated Brillouin scattering in the crystal and can
be utilized to simplify (21) further, to get

[

nisms. We have considered only the Stokes component of
the scattered electromagnetic wave (wg=wp—w, and
ks=kp—k,). One may ensure oneself that the stimulat-
ed Brillouin scattering under consideration does not
violate the phase-matching conditions, #iwp, ="%wg+%iw,
and fikp, =7k +7k,.

Under rotating-wave approximation (RWA), (22) yields
the following coupled equations:

3’n, iy an, Ty 9%n, ol 2
EYERRRFY Oarax | stpM Py 9
2 "u T +wk 0%n
[N/ 2 2 ScEpitn
OV & eury=od, Ln6), 2 O o
€ 9x 2 ox 3 2
A W e T S| i U
where T OR Oy TRy ° 3rox @3
aVO eEP 2 wg and
v'=v+a—, =, 0= 3
N " ST nl +v on iy +wk Qin}, =wd 6an’1“,
) (0%; at2 ot Sc2&p'* 1h Pc Ax
Ope="5 3 - 2
Wp — tolnt aé ny
Osc Ny~
The density perturbation n; will have two components “Max "0 arax
given by n;=n;+ny,, where the low-frequency com- wingy 32 .
ponent n; is associated with the acoustic-wave vibrations + € 3x 2 (6u®).
at o, and the high-frequency component oscillates at the
electromagnetic wave frequencies (wp+w,). The higher- 24)
order terms with frequencies (4 wptw,) for 4 =2 will be
off resonant and are neglected in the study of SBS mecha-  Using (1), (23), and (24), we obtain
J
(8} —ivws)(83+iva,)
noy kg +kp)k, —kp) |— S | |EE} y e
— ks(k, —kp)op. & noy°k“EpEg
ny= (25)

2ep(@2 —k2V2—2iT ,0,)

 eplo?—k2V2—2iT,0,)
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where V,[=(C/p)!/?] is the acoustic velocity of the
medium. For simplicity we consider 8§ ,=[w3 Q3
—05]"? and 8,= [0 0} —w '

Now we proceed to obtain the third-order optical sus-
ceptibility of the crystal. The resonant Stokes component
of the nonlinear current density due to finite nonlinear in-
duced polarization is given as

Js(a)s)~—nf,eV0 . (263.)

Here, we have considered only the first-order nonlinear
current density which is responsible for the three-wave
coupling. The preceding analysis under RWA yields the
nonlinear current density as

k*y2Qiog|Ep|*Eg

plob—o? w2 —k2V2—2iT ,0,) ’

The time integral of (26b) yields the expression for the
nonlinear polarization Py, as
k*y’Qp|Ep|’Es

B plod—o* 02 —k2V2=2iT,0,)

P 27)

Again, the nonlinear polarization can be written in
terms of the nonlinear susceptibility, known as the Bril-
louin susceptibility x5 and electric field as

Py =€uxp | Epl’Es . (28)

From (27) and (28), one finds the Brillouin susceptibili-
ty of the cubic nearly centrosymmetric semiconductor
crystal as

= Koy 29)
X e oloh— Nk —k2V2—2iT, 0, )
yielding finally
Xp=—ilxsl, (30)

kzyzﬂﬁa

26T 0, (0} —o?)

Ixgl=

for dispersionless acoustic wave propagation (i.e.,

:=k2V2.
IV. RESULTS AND DISCUSSIONS

The present theoretical formulations as developed in
Secs. IT and III are analyzed in this section to study the
nature of the dependence of OPC-SBS reflectivity
|B(x =L)|? on system parameters like the excitation in-
tensity, the doping concentration, and the applied magne-
tostatic field. For this purpose, we have chosen an n-type
III-V semiconducting crystal, viz., InSb as the Brillouin
active medium. In order to make the estimation compa-
tible with requirements like off-resonant laser excitation,
we consider the irradiation of n-type InSb by pulsed 10.6
pum CO,. This enables one to assume the crystal absorp-
tion coefficient to be appreciably small. The Brillouin
susceptibility yp of InSb is estimated for dispersionless
acoustic propagation from the knowledge of the material
parameters and by using (30).
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The material constants are as follows:?6 y=5x10"1°
fm™!, p=5.8%X10" kgm™3 T,=5X10° sec”!,
w0, =4.8X10° sec™!, k=6X10° m~!, w=1.778Xx10"
sec”!,and a=50m .

The threshold value of the pump intensity required for
the onset of optical phase conjugation via SBS process
can be obtained by using (12) and (30) as

2n€3c2apT 0, (0* — 0?)
Ip = EPERPY) . (31)
Yk oQp

At pump intensities Ip(L)>1Ip,, one can get finite
OPC-SBS reflectivity. Equation (31) manifests the criti-
cal dependence of the SBS threshold on the applied mag-
netostatic field (via the electron cyclotron frequency
o,=eBy/m) and the carrier concentration n, [via the
electron plasma frequency Qp=(nge?/meye;)]. It is evi-
dent from (31) that I, decreases sharply with an in-
crease in B, when w, is in the vicinity of the pump fre-
quency . Pidgeon and Brown?’ performed the experi-
mental measurements of the interband magnetic absorp-
tion in InSb at magnetic fields as high as 9.65 T. While
discussing spin-flip scattering in n-type InSb pumped by a
10.6-um CO, laser, Wolff?® considered a 0—10 T range of
the magnetic field. Spector and his co-workers?>*° stud-
ied analytically the phenomenon of free-carrier absorp-
tion in InSb crystal at 77 K duly irradiated by CO, and
CO lasers with magnetic fields B, <20 T. For a numeri-
cal estimation of Ip, in InSb, we have considered mag-
netic field B,=14.1 T, which yields the electron frequen-
cy w,=1.771X 10 sec™!. Such magnetic strengths may
be achieved in most of the laboratories specialized in the
study of magnetic-field effects on the optical properties of
solids. Further, if one takes the doping concentration
no=10" m~> one gets the electron plasma frequency
(),P=1.2><1014 sec” L. Using the above values, we find
that the required value of the threshold intensity I,
from (31) as 1.44 MW cm ™2, such magnitudes of excita-
tion intensity can be obtained by using a nanosecond
pulsed 10.6-um CO, laser.

For pump intensity Ip(L)>Ip;, one can obtain finite
OPC-SBS reflectivity |8(x =L)|? at the entrance window
by using (14) as

2

|E5(0)]
(L)ZZ 2 2(7{—a)L‘ 32
IB(L)] ED) | ¢ (32)
At Ip(L)>Ipy, H>a, but since the ratio

|E5(0)/Ep(L)|? is usually taken to be as small as 10713,
considerably large OPC-SBS reflectivity [i.e., |B(L)|*~1]
can be achieved when

(A —a)L =15 (33)

such that e~ ®L~10, One may find such large
reflectivity without much difficulty in a material system
that is in the form of a low-loss optical fiber or waveguide
having a very large interaction path length and which is
duly irradiated by a not-too-intense off-resonant laser.
As is well-known in the presence of a large magnetic
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field, a III-V semiconductor like InSb can exhibit giant
Brillouin susceptibility,!” an interaction length in the mm
range can be sufficient to get |8(L)|>~1 at pump intensi-
ties below the optical damage threshold. Accordingly,
we consider a bulk InSb crystal with L =3 mm subjected
to off-resonant nanosecond pulsed 10.6-um CO, laser ex-
citation. The pump intensity required to achieve
|B(L)|*~1 in the n-type InSb crystal subjected to a high
magnetic field is obtained by using (9b) in (33) as

_ 30mec I 0, (0?—w?)
RTERTT)

Pr (34)

A simple comparison between (32) and (34) enables one
to relate I, with the SBS threshold intensity as

15
IPrza_L—IP,th .

Equation (34) reveals that high OPC-SBS reflectivity of
the order of unity is achievable in the Brillouin active
medium at pump intensities below the optical damage
threshold if one uses heavily doped n-type semiconductor
waveguides with much longer interaction path lengths.
In our numerical estimation, we have taken a=0.5 cm ™!
and sample length L =3 mm which yields
Ip,=100Ip , ~ 144 MW cm 2 for Ip;=1.44 MWcem ™2,
Ji et al.’! observed optical bistability experimentally in
InSb crystal at excitation intensities as high as 1
MW cm ™2 obtainable from 1.5- to 2-us pulsed CO, lasers
and did not notice any optical damage. Hence, in the
present study of OPC-SBS we may safely assume that the
intensity in the range of 1-140 MW cm ™2 may be well
below the crystal damage threshold wunder the
nanosecond pulsed irradiation limit and a relatively high
OPC-SBS reflectivity can be achieved in the InSb
waveguide with L =3 mm.

The characteristic dependence of OPC-SBS reflectivity
on the pump intensity, excess carrier concentration, and
the magnetic field in n-type InSb at 77 K duly shined by a
10.6-um CO, laser are studied by using (9b), (30), and (32)
for a;=a and aL <1. The results are plotted in Figs.
1-3. Figure 1 illustrates the nature of the dependence of

(35)
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FIG. 1. Dependence of OPC-SBS reflectivity |B(L)|? on the
pump intensity Ip(L) in n-type InSb crystal at 77 K. The mag-
netic field is taken to be 14.1 T and the electron concentration
ne=2X10*m™3
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FIG. 2. Variation of OPC-SBS reflectivity |B(L)|> with the
electron concentration n, in InSb crystal. The magnetic field
and the pump intensity have been taken to be 14.1 T and 90
MW cm ™2, respectively.

OPC-SBS reflectivity |B(L)|? on the pump intensity Ip(L)
at the high magnetic field. This plot shows sharp in-
crease in |B(L)|?* with increase in pump intensity. Thus,
one can achieve |B(L)|? by using high excitation intensi-
ty. This is in qualitative agreement with the experimental
observations in waveguides.’?> It may be recalled that
Ip(L) cannot be increased arbitrarily which may finally
lead to the optical damage of the crystal. We have also
studied the variation of the OPC-SBS reflectivity of the
n-type semiconducting crystal with increment of doping
concentration and the reflectivity is being plotted in Fig.
2.

This plot also shows a sharp dependence of the OPC-
SBS reflectivity on the doping concentration, and one
may infer that |B(L)|? can be appreciably high in heavily
doped semiconductors even at fixed values of the magnet-
ic field and the pump intensity.

We now address ourselves to the most important as-
pect of the investigation involving the role of externally
applied magnetostatic field on the OPC-SBS reflectivity
IB(L)|>. The numerical estimates made for n-type InSb
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FIG. 3. Magnetic-field dependence of OPC-SBS reflectivity
|B(L)|? in n-type InSb crystal at pump intensity Ip(L)=90 MW
cm ™2 and doping concentration of n, =2 X 10%* m 3.
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crystal show that |B(L)|?> can be remarkably enhanced
even at not-too-high excitation intensity and doping level
simply by using a large magnetostatic field. This charac-
teristic feature is depicted in Fig. 3. It is noteworthy that
the enhancement is considerable only at high magnetic
field when the electron cyclotron frequency becomes
nearly resonant with the pump photon frequency. Thus
one may infer that for high magnetic fields satisfying the
condition ®,~w, the Brillouin susceptibility increases
sharply and results in the sharp enhancement of the
OPC-SBS reflectivity. Consequently, |B(L)|>*~1 can be
obtained under off-resonant nanosecond pulsed irradia-
tion in a mm-thick n-type crystal below the crystal dam-
age threshold.

V. CONCLUSIONS

The present paper deals with the analytical investiga-
tion of optical phase conjugation via stimulated Brillouin
scattering in nearly cubic crystal like n-type III-V semi-
conductors GaAs and InSb subjected to large magnetos-
tatic field. The following important conclusions can be
drawn on the basis of the above study.

(i) We have followed the simple electromagnetic
coupled-mode approach considering the hydrodynamic
model of the semiconductor plasma. The total induced
polarization is assumed to have the origin in the non-
linear current density. The electrons are taken to be
highly mobile while the holes are at rest. The free-
electron hole plasma generation occurs due to relatively
high excitation intensity when the weakly bound
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Wannier-Mott excitation structure of the absorption edge
disappears completely.

(i) The crystals are irradiated by an off-resonant
nanosecond pulsed laser with pump photon energy below
the band-gap energy such that the possibility of band-to-
band photoinduced electronic transitions can be ruled out
and the background absorption coefficient is low enough
to satisfy the condition aL <1 for sample thickness in the
millimeter regime.

(iii) n-type doping of the semiconductor can yield SBS
with a high-gain constant at lower excitation intensity.
Doping enhances the OPC reflectivity as well.

(iv) The application of a large magnetic field reduces
the threshold value of the pump intensity quite
significantly. For magnetic fields at which electron-
cyclotron frequency becomes comparable to the pump
frequency, OPC reflectivity is enhanced by a few orders
of magnitude.

(v) Numerical estimates made for the InSb-CO,-
pulsed-laser system establishes the possibility of phase
conjugating infrared radiation in the 10-um region with
very high reflectivity by using n-type crystal and large
magnetic field.
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