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We investigate the modulation instability of quasi-plane-wave optical beams in biased photorefractive-photovoltaic

crystals by globally treating the space-charge field. The modulation instability growth rate is obtained, which depends

on the external bias field, on the bulk photovoltaic effect, and on the ratio of the optical beam’s intensity to that of

the dark irradiance. Our analysis indicates that this modulation instability growth rate is identical to the modulation

instability growth rate studied previously in biased photorefractive—nonphotovoltaic crystals when the bulk photovoltaic

effect is negligible for shorted circuits, and predicts the modulation instability growth rate in open- and closed-circuit

photorefractive—photovoltaic crystals when the external bias field is absent.
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[1-12] jn photorefractive

Spatial optical solitons
(PR) materials have been a topic of considerable re-
search because of their possible applications for op-
tical switching and routing. To date, two different
types of steady-state PR solitons are known: screen-
ing solitons,[":® which occur when an external bias
voltage is appropriately applied to a photorefractive—
nonphotovoltaic (P-N) crystal, and photovoltaic (PV)
solitons,®1% which exist in PR materials with ap-
preciable PV coefficients. Of particular interest are
solitons in biased photorefractive-photovoltaic (P-P)
crystals, which change into screening solitons and PV
solitons under appropriate conditions.[%11:12] How-
ever, modulation instability (MI) is a general process
inherent to most nonlinear systems.!*®! It occurs in the
same parameter region where solitons are observed,
and it is considered as a precursor of soliton forma-
tion. In biased P-N crystals, experimental evidence of
MI is provided by observing local effects in the space-
charge field,['¥ and soon afterwards the MI growth
rate is obtained by globally treating the space-charge

field.['%] In biased P-P crystals, we should also pay at-
tention to MI.

In this paper, we study the modulation instability
of quasi-plane-wave optical beams in biased P-P crys-
The MI growth
rate is obtained by globally treating the space-charge
field. The MI growth rate depends on the external bias
field, on the bulk photovoltaic effect, and on the ratio
of the optical beam’s intensity to that of the dark ir-

tals under steady-state conditions.

radiance. Moreover, our analysis indicates that when
the bulk photovoltaic effect is negligible for shorted
circuits, the MI growth rate is identical to the MI
growth rate studied previously in biased P-N crystals,
and when the external bias field is absent, this MI
growth rate predicts the MI growth rate in open- and
closed-circuit P-P crystals.

To study the modulation instability of a broad
optical beam in a biased P-P crystal under steady-
state conditions, let us first consider an optical beam
that propagates in a P-P crystal along the z axis and
is allowed to diffract only along the x direction. The
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P-P crystal is assumed to be LiNbOj with its opti-
cal c-axis oriented along the z direction. Moreover,
let us assume that the optical beam is linearly polar-
ized along x and that the external bias electric field
is applied in the same direction. Under these con-

ditions, the perturbed extraordinary refractive index

is given by n' z = nz — ngr33ESC,[s] where n. is the
1 Lol Lol
E«=|E————-FE +E fLp
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where U(z,z) is assumed to be a bright-like beam,
ie. [U?=0atz — +oo, Lp = (EOErkBT/CQNA)l/Q
is the Debye length, N, is the density of negatively
charged acceptor, e is the electronic charge, kp is
the Boltzmann constant, T is the absolute temper-
ature, &, is the dielectric constant of the crystal,
and g9 is the permittivity of vacuum. In Eq.(1),
E; = eNaLp/eoer,f = Na/(Np — Na), Eo repre-
sents the value of space-charge field in the dark re-
gions of the crystal, and E, = k7yNa/ep is the PV
field constant, where Np is the total donor density, v
is the recombination rate coefficient, u is the electron
mobility, and « is the PV constant. The constant
field Ey can be computed from the potential condi-

LR
tion Vy = — / FEs.dxz + RJS and is approximately
—1/2
given by Eg = —(Vox + Epdx — RJSY),11% where x =
12 12
1/ [ i oPe, 5 = - [ o)+ ope,
—12 -1
12
p = / [@In(1 + |U|?)/dx]dz, S is the surface area
—1p

of the electrodes, R is the external resistance, I
is the width of the crystal between the electrodes,
J = Ji is the electric current density, and Vj is
the electro-motive force of the source. By employ-
ing standard procedures, the optical beam envelope
U is found to obey the following paraxial equation of

diffraction:[8:12,16]

U  108°U ko, 4
9z Takger g erwBIU=0 ()
where k = kone = (2m/Xo)n. is the wavevector and

Ao is the free-space wavelength of the lightwave em-

ployed.

unperturbed extraordinary index of refraction, rss is
the electro-optic coefficient involved, and Fy. = Fy.2
is the induced space-charge field, 2 is the unit vector
pointing to the z direction. In typical PR media and
for relatively broad beam configurations, the induced
space-charge field can be obtained from the Vinetskii—

Kukhtarev transport model and is given by[!2!
d E d E 8 E.\ "
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For quasi-plane-wave planar beams, the enve-

lope U is expected to remain relatively constant
over a large range of . As a result, the diffrac-
tion term (2k)~1(8%U/0z%) in Eq.(2) and the spa-
tial derivatives of E;. and |U|? in Eq.(1) can be ne-
glected. In this case, the space-charge field can be
determined from Eq.(1) and is approximately given
by Esc = Eo/(1+|U|?) — E,|U?/(1 + |U|?). When
(2k)~1(8%U /9z?) = 0, the solution of Eq.(2) is given
by

1 r
— 12 _j _ -
U=r exp[ I'B<E01—|—r Epl—i—r)}’ (3)

where 3 = kon3r33/2, and the positive quantity r rep-
resents the ratio of the optical beam’s intensity to that
of the dark irradiance. To investigate the stability of
this solution, let us perturb the stationary result of

Eq.(3) in the following way:

U= [7-1/2 + o(z, z)]exp [—iﬂ (Eolj——'r — Epl—:—r>] ,

(4
where o(z, z) represents the weak complex perturba-
tion, and the magnitude of o(z,z) is much smaller
than the amplitude of the quasi-plane-wave solution,
ie. |o(z,z)| < /2. We assume that the spatial per-
turbation o(z, z) is composed of two sideband plane

waves, and takes the form
o(z, z) = a(z)exp(ipz) + b(z)exp(—ipz).  (5)
By substituting Eq.(4) into Egs.(1) and (2) and

by linearizing in o, we find the following coupled set

of equations:



No. 12

Modulation instability of quasi-plane-wave optical beams ... 2079

o8 B
oz a8m2

P12 « kT (0o Oo*
T 147 Eor(o +07) + e <8_;1:+ 31‘)}(7)

E—-n

where
E = Es — Eo[1/(1 + )]+ Ep[r/(1+1)],

E01 = (E() + Ep)/(l ‘|‘ 7"),

n = {Eo[1/(1 +7)] = Ep[r/(1+ r)]}eoer/(eNa)],

and

a = (kgT /e)[eoe: /(eNa)].

Notice that f < 1 have been assumed in Eq.(7). From
Eqs.(7) and (5) the space-charge field E and the spa-
tial perturbation & in spatial-frequency domain k, can
be obtained by means of a Fourier transform and are

given by

- 72 ( Eog1 + Epa +i[Eoinks + ko (kT /e)(1 + ak?)]
E=— P Ed T T A Ak
1—|—r{ (1+ ak2)? + n2k2 }(U+U ) ®
+oo
6= / [aexp(ipz) + bexp(—ipz)]exp(—ik,z)dz. 9)

From Eq.(9) we obtain that

646" =2n[(a+b")o(ky — p) + (b+ a)d(ky + D)),

taking an inverse Fourier transform, the space-charge

field in real space can be obtained and is given by

1 . .
where (k) is a delta function. By substituting the E=- Brl/2 [G(p)(a +b7)exp(ipz)
expression we have found for & + §* into Eq.(8) and + G*(p)(b+ a*)exp(—ipz)], (10)
where G(p) is defined as
T Eo1 + Eya +i[(Eoin + kT /e)p + a(ksT Je)pd]
6(p) = o { EtEe T/ . (1)
1+ 1+ ap?)?2+n?p

Substituting Eqs.(5) and (10) into Eq.(6) and
keeping only synchronous terms, we readily obtain the

following coupled differential equations:

ij—z - %a—l—G(p)(a—i—b*) =0, (12a)
i% - %b G (p)(b+a")=0.  (12b)
From Eq.(12) we find that
:272 = [I;G(p) — %} a, (13a)
g_zg - [”%G*(p _ %]b. (13b)

The global instability gain I';; can be directly deter-
mined from Eq.(13) and is given by

Ty = Re{ [p%G(p — %} 1/2}, (14)

where Re{} represents the real part of a complex vari-
able.

To illustrate our results, let us consider the
LiNbOj3 with the following parameters: n, = 2.2,
r33 = 30 x 1072m/V, Np = 102?m=3, ¢, = 30
and E,=40kV/cm. Moreover, we assume that Ag =
0.5um, T=300K, R=0, and I=1cm. For this set of val-
ues, B and k are found to be 8 = 2.0 x 1073V~ and
k = 2.76 x 10’m~!. Figure 1 depicts the global MI
gain I'y; as a function of p/k and V; when r=5. Fig.2
shows the global MI gain I'y; as a function of p/k and
r in LiINbO3 when V3=20000V. Figures 1 and 2 also
illustrate that the global MI gains attain a maximum
in the low spatial-frequency. On the other hand, some
PV materials possess PV constants « (i.e. E,) that
change sign under polarization rotation.[*% The global
MI gain I'y; can be changed by rotating the polariza-
tion of the light.
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Fig.1. Global MI gain as a function of p/k and Vp
when r = 5.

The properties of the modulation instability of
quasi-plane-wave optical beams in biased P-P crys-
tals under steady-state conditions will now be dis-
cussed. When the bulk photovoltaic effect is neg-

Fig.2. Global MI gain as a function of p/k and r when
Vo = 20000V

ligible for short circuits (R=0), i.e. E, = 0 and
FEy = Eogs = —Vjx, our physical system becomes that
of the modulation instability in biased P-N crystals.
In this case, Egs.(11) and (14) yield

GS(p):ﬂl—i—r

where
Es = Eos/(l —+ 7‘)
and
s = Eos[1/(1+47)] [eoe:/(eN4)].

Equations (15) and (16) are the same dimensionless
parameters and of the same form as in Eqs.(10) and
(13) in Ref.[15], in which MI of quasi-plane-wave op-
tical beams in biased P-N crystals is investigated for
short circuits. The modulation instability in open-
and closed-circuit P-P crystals can be readily ob-

tained from the modulation instability in biased P-

Gp(p) =p

T {Es +i[(Esns + kT /e)p + (kT fe)p®] } (15)
(1+ ap?)? + ngp? ’

ra=ref [Zosn - 2]}

~ Iz (16)

P crystals. The absence of the external field in P-
P crystals signifies either an open circuit (J = 0)
or closed circuit (J # 0) in the absence of the ex-
ternal field.['2l Here, the electric current density is
given by J,1 = EPO/EP,[u] where Jy1 = J/(31aNpk),
Ey = —(Epdx — RJSX), and § is the photoexcitation
cross section. Therefore, when the external bias field
is absent, i.e. Ey = Epg, our physical system becomes
the physical system of the modulation instability in
open- and closed-circuit P-P crystals. Thus, Eqgs.(11)
and (14) yield the following results:

1+7r

2
Iy= Re{ [%GP

r Ep1 +i[(Epimp + ksT/e)p + a(ksT Je)p?]
{ (1+ ap?)? + ngp? } (n

(p)—%rp},

(18)
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where
Ep = Ep(Jpl +1)/(1+r)

and

p = Ep(Jp1 = r)[1/(1 +7)] [eoer /(eNa)]-

Equations (17) and (18) show the global instability
gain in open- and closed-circuit P-P crystals by glob-
ally treating the space-charge field. Figure 3 depicts
the global MI gain given by Eq.(18) as a function of the
dimensionless quantity p/k in the open- and closed-
circuit LiNbOg crystal when r = 5.

In conclusion, we have investigated the modu-
lation instability of quasi-plane-wave optical beams
in biased photorefractive—photovoltaic crystal. The
modulation instability growth rate was obtained by
globally treating the space-charge field, which depends
on the external bias field, on the bulk photovoltaic
effect, and on the ratio of the optical beam’s inten-
sity to that of the dark irradiance. Our analysis in-

dicates that under appropriate conditions, this modu-

lation instability growth rate is identical to the mod-
ulation instability growth rate studied previously in
biased photorefractivemnonphotovoltaic crystals, and
predicts the modulation instability growth rate in

open- and closed-circuit photorefractive—photovoltaic

crystals.
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Fig.3. Global MI gain as a function of p/k in the
open- and closed-circuit LiNbO3 crystal when r = 5.
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