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Incoherently coupled steady-state soliton pairs in biased photorefractive-photovoltaic materials
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A theory on incoherently coupled soliton pairs for photorefractive screening solitons is developed that gives
rise to incoherently coupled steady-state soliton pairs and multicomponent spatial solitons in biased
photorefractive-photovoltaic materials, which result from both the bulk photovoltaic effect and the spatially
nonuniform screening of the external bias field. When the bulk photovoltaic effect is neglectable, these soliton
pairs are the previously studied soliton pairs for screening solitons, these multicomponent spatial solitons
predict incoherently coupled multicomponent spatial solitons for screening solitons, and their space-charge
field is the space-charge field of screening solitons. When the external field is absent, these soliton pairs and
multicomponent spatial solitons predict incoherently coupled soliton pairs and multicomponent spatial solitons
for photovoltaic solitons, and their space-charge field is the space-charge field of photovoltaic solitons. The
stability of these soliton pairs and multicomponent spatial solitons is also discussed using the modulation
instability theory.
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Photorefractive(PR) spatial solitond1-22,26—29 have in biased photorefractive-photovoltaic materials, and multi-
been investigated extensively in the past few years. Atomponent composite solitons for photorefrative spatial soli-
present, three different types of PR solitons have been corions. ]
sidered in the literature. The first kind involves the so-called _More recently, we have shown theoretically that the ap-
quasi-steady solitonl—3], which arise when diffraction is plication of an external fleld_enables steady-state spatlal_ soli-
exactly balanced by PR two-ware mixing phase Coup|ing_tons[27—29] in photorefract|ve—photovolta|p crystals, which
The other two types, better known as screerfidg9] and &€ known as screening-photovolta®P sohtgns that res_ult
photovoltaic [10-17 (PV) solitons, are possible under from both the bulk PV effect and the spatially nonuniform

steady-state conditions. In particular, PV steady-state p|am§[creen?ng of the_: external bi_as field. Of _particu_lar interest are
solitons can be supported in PR materials with appreciabl@P Solitons which change into screening solitons when the
PV coefficients, which result from the bulk PV effect. On the Pulk PV effect can be neglected, and PV solitons when the
other hand, screening solitons require the application of afxternal field is absent. However, when the external field is
external bias field in photorefractive-nonphotovoltaic materi-absent) =14u() (I is the power density profile of the light
als, which result from nonuniform screening of the externalbeam, and 4 is the so-called dark irradiancgl3] and the
field. Very recently, vector solitons have also been predictedpace-charge fieldE in Ref. [21], yields E=(u2—u?)/(1
for photqrefractwe screening sohtc_ms, which involve the two+u2), whereEzE/Ep and u,,=u(Z—=). In this case, f
polarization components of an optical beam that are orthogo- A5 s 2 .
nal to one anothdr8,19. Depending on the symmetry class we Ie.t J=u;, thenE=(J—u%)/(1+u7) has the same di-
of the appropriate crystal and its orientation, these solitary"'€nSionless parameters and form as @@) for the Closed
beams were found to obey a self-coupled or a cross couplegircuit (J#0) condition in Ref. [13]; however, E=(J
system of nonlinear evolution equations. Subsequently, inco= u?)/(1+u?) is different from Eq(13) for the open circuit
herently coupled soliton pairs were proposed for photorefractJ=0) condition in Ref[13] becausei2+ 0. The absence of
tive screening soliton§20], which involve the two beams the external field signifies either an open circuit or closed
that are incoherent with respect to each other, and soogircuit in the absence of the external field. On the other hand,
thereafter demonstrated experimentdlB1,22. Moreover, when the external field is absent, the physical system of SP
incoherent solitons are demonstrated, both theoretically ansblitons becomes the physical system of previously studied
experimentally, in noninstantaneous nonlinear media, whiclPV solitons[29]. Thus, when the external field is absent, the
are multicomponent solitons that are made up from modaspace-charge field of SP solitons ought to become the space-
constituents that are incoherent with one anoff&s]. Fi- charge field of PV solitons in either closed-circuit or open-
nally, multicomponent composite solitons are addressed igircuit conditions.
noninstantaneous nonlinear media, which involve compo- In this article, we obtained accurately the space-charge
nents that are mutually incoheref24—-2¢. However, we field of screening-photovoltaic solitons. When the bulk PV
should also pay attention to vector solitons and soliton pairgffect is neglectable, it is the space-charge field of screening
solitons. When the external field is absent, it is the space-
charge field of PV solitons. We show theoretically that an
*Electronic address: kg.lu@263.net alternate type of the incoherently coupled soliton pairs and
"Electronic address: yp.zhang@263.net multicomponent spatial solitons are possible in biased
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photorefractive-photovoltaic crystals under steady-state con-
ditions, which result from both the bulk PV effect and the
spatially nonuniform screening of the external bias field.
These soliton pairs and multicomponent spatial solitons are

. . + . . . .
formed provided that the carrier beams share the same polavrv_heren Is the electron densiti;, is the density of ionized

ization, and wavelength, and are mutually incoherent. Wedonors,NA is the density of negatively charged accephés,

discuss the stability of these soliton pairs and multicompo—IS the total donor densit; is the photoexcitation cross sec-

nent spatial solitons by using the modulation instabilityt'on’ vIs t_he re_combmatlon rate Foe_ff'c'e"’t':J' is the cur-
theory. Finally, we find that when the bulk PV effect is ne- rent densityB+ is the thermal excitation rate of the electrons,

glectable, these soliton pairs are soliton pairs for screenin 'Ist the el,eCt”C charggﬂhls tge zlali,\ctron mo?'"ty’!(Btr']S
solitons, and these multicomponent spatial solitons predi oltzmanns colnstr?nf(l;_lslt € absolute ten;pﬁra ure)s the
incoherently coupled multicomponent spatial solitons for ¥ constante; is the dielectric constant of the crystaj, is

screening solitons, and that when the external field is abserif)® Permittivity of the vacuum, andis the external voltage

these soliton pairs and multicomponent spatial solitons pre2PPlied to the crystal between electrodes separated by dis-

C ; ; ; [. Notice thatE=Ei.
dict incoherently coupled soliton pairs and multicomponent@"ce . o
spatial solitons for photovoltaic solitons. Even though the space-charge fi@lccan be obtained in

To start, let us consider two optical beafs andE, of principle from Egs.(4)~(7), this t'ask is cpnsiderably in-
the same frequency but mutually incoherent that propagate if0!ved. However, we can conveniently deriiéeby taking a
a photorefractive-photovoltaic material along thexis and ~ Similar way to that of Refl14]. In typical PR material®lp, ,
are allowed to diffract only along the direction. For dem- No. Na>n [5,14]. In this case, Eq(6) yields
onstration purposes, let the photorefractive-photovoltaic
crystal be LINbQ with its optical c axis oriented in thec
direction. Moreover, let us assume that the external bias elec-
tric field is applied in thex direction. Under these conditions,
the perturbed refractive index for both beafasong thex

€e=— fllz dx E, (7)

=112

. 9 E
Np =Na| 1+ Lo E)' ®

Whel’e EtszT/eLDzeNALDleofr ’ LDZ(GOGrkBT/

axis) is given byn’?=n2—nir4.E [5,20], wheren, is the
unperturbed extraordinary index of refractiony; is the

electro-optic coefficient, anBE=Ei is the space-charge field

induced in this photorefractive-photovoltaic crystals the

unit vector pointing to thex direction. On the other hand, the
total electric-field componerE=E;+ E, of the two beams

satisfies the Helmholtz equation

V2E+ (kgnl)E=0, (1)

whereko=2m/\g and\q is the common free-space wave-

e’N,)¥2is Debye length. Substitution of E¢) into Eq. (4)
yields

Sl+ Bt
yf

L 7B 1-fL 7 E 9

DX E, ~fogk &) 9
where f=Na/(Np—Np). When x— *+ow, E(X— *x,7)
=E, (constan), JE/dx=0 andN; =N, . Thus, Eqs(5) and
(9) yield the following result

Je=eiun, Eqg+ «S(Np—Np)l., (10

length. The optical fields are expressed as usual in terms of

slowly varying envelopes (¢,4), that is E;
=i¢(x,z)exp(kz) and E;=iy(x,z)exp(kz), k=kyn, is the
propagation constant. Substituting these form&pandE,
into Eq. (1) yields the following evolution equations

: Ko(NrasE)
i+ ﬂd’xx_Td’_oy 2
. 1 Ko(NrssE)
Wt S ————¢=0, )

where ¢,= d¢p/ 9z, etc. Moreover, the induced space-charge
field E can be obtained from the rate and continuity equa-

where n,=n(x— *®©)=(8l,+B7)/yf and |.=I(x—

+ ). Equation(5) implies thatJ is constant everywhere and
thereforeJ=J,,. In this case, one can get the space-charge
field

tions and Gauss'’s law in a PR medium with electrons as the

sole charge carriers. In steady state and in two dimensions

these equations afd,13,29
(814 Br)(Np—Np) — ynN5 =0, 4
V-J=V-[eanE+ akgTVn+x3(Np—Np)Ii]=0, (5

V- (€o€&E)=e(Np—Na—n), 6)

g letla (1ol 1 GE
U0y TPIHIg  PI+ly Pox Ey
| 14 Lg 1L, E -
Dox E, Dox E,
KaT 9 i +1 1L -
T A ﬁ_xn( )~ Dax E,
+fl1-fL 71L ”E 11
D&a D(?_XZE' (13)

where E,=xyNp/en is the PV field constant, andy

= B+/8. If the intensityl (x,z) varies smoothly with respect
to x, the diffusion effects in typical PR media may be ne-
glected relative to the PV effects in E@L1) [5,14], and the
dimensionless ternbhpdE/dx is expected to be much less
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than unity[5,14]. Thus, by taking a similar way to that of
Ref.[4], from Eqgs.(7) and(11) we obtain

l.—1

Ioo Id E
Pl+1y’
d

E= +
EXF

—(en+Epiy) (12

where 7=1/1"2,(1,+1g)/(1+1g) dx, and &=/"2 1.,

—1)/(1+14) dx. The total power density of the two optical

beams can be obtained by summing the two Poynting fluxes,

i.e.,1=(ne/270) (| B>+ |¥1?), whereno=(uo/ €)% More-

over, for simplicity, let us adopt the following dimensionless

variables and coordinates, i.e., let=(27l4/ns)Y2U, ¢
= (270l q/ne) YV, E=27/(kx3), ands=x/x,. X, is an arbi-
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trary spatial width, and the power densities of the optical and

beams have been scaled with respect to the dark irradiance

FIG. 1. Soliton components|U|? (solid curve and |V|?

I 4. By employing these latter transformations and by SUbSti(dashed-dotted curye for bright—bright pairs whenr =10, 6

tuting Eq.(12) in Egs.(2) and(3), we find that the normal-
ized enveloped) andV obey the following dynamical evo-
lution equation:

| u
Ut 3Usst (@t B0+ 1) gy,

Lp—(JUI+ V)

O upE Ve 2 (13
iv +1V +(a+ +1 v
Vet 5Vsst(a B)(p )m
B lp—(|U|2+|V|2)JV: (14)
1+|UJ2+|V|? ’
where  p=I./lq4, B=(koXo)(Narssml2)e, Y

= (KoX0)*(Ngr 339 n/2)Ep, and 5= (KoXo)*(Nar 592)Ep . To

simplify the analysis, we have neglected any loss effects in

Egs.(13) and(14).

We begin our analysis by considering first bright—bright
soliton pairs. In this case, where bright optical beams are

=7/6, ande=*+=20000V are shown.

3

.
y A

1+ry2+251+ry2_ (17

y'=2uy+2(atp)
with y(0)=0, y'(0)=0, and y(s— *»)=0, where y”

=d?y/ds®. By integrating Eq.(17) and by employing the
y-boundary conditions, we obtain

In(1+r)+ 46, (18)

o—B—«
M:_f

_2(6-B~a)
r

(y")? [In(1+ry?)=y?In(1+r)]. (19

Further integration of Eq(19) leads to
I.1/2dy

1
[2(5_3_“”1/25:ify[|n(1+r92)—92|n(1+r)]1’2'
(20)

involved in both components, the intensity is expected to

vanish at infinity 6— *«) and thusl.,=p=0. From Egs.
(13) and(14), we find that

Ut U s (JU[2+|VHU

et gUsst (et B) g v T O 1 (U2 VP2
=0, (15)

vty v (JU[2+|V]*)V
Vet oVsst (@t B) TrgzviE P o1 upr vz =2
(16

The solutions of Eqs(15) and (16) can be readily obtained

from which the bright envelopg(s) can be determined. It is
proved that the quantity in the square bracket of @§) is
always for all values of {{')? between @<y(s)<1. There-
fore, bright solitons will be possible only whed{ 8— «)
>0 (so as §')2>0). In this case, the soliton pair compo-
nents can be considered as th@rojections of the funda-
mental bright soliton envelope. To illustrate our results, we
consider the following examples: la=0.5um, =1 cm,
Xo=40um, ande= *=20000V. The LiNbQ parameters are
taken here t=2.2,13,=30x 10 > m/V, andE, =40 kV/
cm. Figure 1 depicts the normalized intensity profiles of
these soliton pairs whenr=10, #=m/6, and e=
+20000V.

by expressing the normalized envelopdsand V in the The case of dark—dark soliton pairs can also be analyzed
following way: U=rY%(s)cosdexp(ut) and V in a similar fashion. These dark beams exhibit an antisym-
=r?y(s)sinfdexp(ué), where u represents a nonlinear metric field profile (with respect tox) and, moreover, they
shift of the propagation constartis an arbitrary projection are embedded in a constant intensity backgraundthat is,
angle, andy(s) is a normalized real function bounded be- |, andp are finite quantities. Therefore, from Eq43) and
tween O<y(s)=<1. Substitution of these forms & andV (14) dark-type pair envelopdd andV should evolve accord-
into Eqs.(15) and (16) yields ing to
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[so that §')?>0]. The pair components can then be simply
obtained through & projection. A particular case gi=>5
and #= 7/6 is shown in Fig. 2. When,=0.5um, |=1 cm,
Xo=40 um, ande= =20 000 V. The LINbQ parameters are
taken to be the same as those considered in the previous
examples.

To find the bright—dark soliton pair solutions of E¢$3)
-20000V and (14), the normalized envelopds andV are expressed

——— s e et st e ]
444444

s in the following way, U=rY?f(s)expiué) and V

= pY%y(s)exp(re), wheref(s) corresponds to a bright beam

. ‘ NLT , , envelope andy(s) to a dark one. Hencef(0)=1, f'(0)
04 02 00 02 04 =0, f(s—*2)=0, g(0)=0, g(s—*»)==*1, and more-

over, all the derivatives of (s) and g(s) are assumed to

vanish at infinity. The positive variablesandp represent the

ratios of their maximum power density with respect to the

dark irradiance 4. Direct substitution of these forms &f

andV in Egs.(13) and(14) yields the following results:

e = -20000V

Normalized Intensities

FIG. 2. Soliton components|U|? (solid curve and |V|?
(dashed-dotted curygfor dark—dark pairs whep=5, 6= 7/6, and
e=+20000V are shown.

(a+pB)(p+1) &(p—rf?=pg?
Uy Ly @rBp+ U 5lp—(|U|2+|V|2)JU:O fr= { Tt T 1rfiag? | @)
€127 1+|U2+|V]? 1+|U[%+|V|? ’
(1) , (a+B)(p+1)  S(p—rf2—pg?)
2, y[2 0" =2 v g7 T 1xr 2 pg? |9 (29
ity @B+ DV Slp—(JU[*+|V] W, P9 P9
£727 1+ [UP+|V]? 1+[U]?+|V]? ~ wheref"=d2f/ds?, etc. We now look for particular solu-

(220 tions that also satisfy the conditidi?+g2=1. In this case,

To obtain dark—dark soliton pair solutions of Eqel)  EdS-(27) and(28) yield the following forms
and (22), let us express the envelopbsandV in the fol- 1 o2
lowing  way: U= pY2y(s)cosb exp(ul) and VvV f”=2{,u—(a+ﬁ) Tror2 1% fz}f, (29
=pY?y(s)sin @ explué), where |y(s)|<1. Substitution of o 7

these forms ofJ andV into Egs.(21) and(22) yields (1-g?)
9"=2v—(atp) T 7|9
) y (1-y?)y 1+o(l-g°) 1l+a(1-9%)
Y'=2py+2(at B)(p+1) 15220057 =0, (30

@3 whereo=(r—p)/(1+p). Integration of Eqs(29) and (30)

with y(s— +)=+1, y(0)=0, and all the derivatives of leads to

y(s) vanish at infinity. Using the boundary conditions of S—
y(s) at infinity and substituting— < into Eq. (23) leads to w=— #m(lJr o)+, (31)
u=p+a. (24
2 2(6—B~a) 2y_ g2
We integrate Eq(23) leads to (f)*=————[I(1+ ot~ 1"In(1+ )], (32
2
o o - _p—l—l 1+py — g+ 33
(V)?=—-2(6-B—a)| (y>—1) o In 1+, | v=pB+a, (33
29 ")2=2(68 1-g%)+I L+oy* (34)
=2(6—B— - n
Further integration of Eq(25) leads to (@) (0=p~a)|(1-07) 1l+o
[—2(6—B—a)]¥%s The quantity in the square bracket of E¢32) and(34) is
A always positive for ally values df?+ g2= 1. Therefore, the
_ 4 0 dy (26) solutions of Eq.(32) are possible whep(é— B8— a)/o]>0
N, p+1 [1+p9?\]¥> [so as §')?>0], and the solutions of Eq34) are possible
" =1- p ' 1+p when (5— 8— a)>0. On the other hand, when the peak in-

tensities of the two beams are approximately equal, |icé.,
from which the dark envelopg(s) can be obtained. It can be <1, one can get an approximate analytic solution for the
readily shown that the quantity in the square bracket of Eqbright—dark soliton pair wave forms. In this cage,is ap-
(25) remains positive for all values gf<1. Therefore, dark proximately given byu=d—(6—B—a)(1—0/2). Thus,
solitons will be possible only whens(- 8— «) is negative  Egs.(32) and(34) can be simplified to
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where ¢;(x,2) and ¢(x,z) denote thejth component and
the mth component envelope of the optical beams, respec-
tively. For the 2N mutually incoherent optical beams the
total optical power density isl=(n /27;0)(2 Ll ¢l?
+3n- ~1l¢ml®). By employing ¢;=(2nol4/no) ™5, i

= (270l g/Ne) YN, E=7/(kx2), ands=x/x,, and by sub-
stituting Eq.(12) into Egs.(41) and(42), we find that

Normalized Intensities

_an+1¢92Uj+ + +1
'[9—5 2 92 (a+B)(p+1)

U,
< J

FIG. 3. Soliton components|U|? (solid curve and |V|? 1+ 2 U |2+ 2 IV, |2
(dashed-dotted curygefor bright—dark pairs whep=5, ¢=0.01, =1 ! ="
ande==*=20000V are shown.

J

(Z U2+ E Vil ?

f"=(6—B—a)of—2(6—B—a)ofd, (35) 5 0
f'=—-2(6—B—a)og+2(6— B—a)og>. (36) 1+2 U2+ 2 V|2

Equations(35) and(36) can be integrated once and lead to 43)

f=secH[(6— B—a)o]Y%s}, (37)

Nm 10V, L

g=tan[(6— B—a)o]¥%s}. (39) 'a_g 3 92 4 (atB)(p+1)
Note that these solutions are also consistent with our previ- Vi
ous conditionf?+g?=1. The approximate soliton pair solu- X
tions of Egs.(13) and (14) for |o|<1 are given by 1+ 2 [Uj12+ 2 Vg2

=1 m=1

U=r"2secq[(6—B— a)d] %}

N N
xexpli[(B+a)+(6—B—a)al2]E, (39 _(;Zl |Uj|2+mE:l |le2) }V

V=p2tan[(5— - a) o] S}exli(B+a)€]. (40 o’ : : -
- 1+ 3 Uj[2+ 3 Vo
These equations clearly show that these solutions are pos- a "
sible only when §— 8— a)o>0. The soliton pairs obtained (44)
for p=5 in the LINbQ; are shown in Fig. 3. Whernr
=0.01, \p=0.5 um, I=1 cm, x,=40 um, and e= In what follows, we will discuss the possible soliton solu-
+20000 V. tions of Eqs.(43) and (44).
Now let us consider incoherently coupletiZomponent 2N-component bright solitons-The boundary condition

spatial solitons in biased photorefractive-photovoltaicfor the bright soliton isl..=0, i.e., p=0. Soliton solutions
materials. For simplicity, we assume thal Xelf-trapped can be obtained by expressing the normalized envelopes
mutually incoherent optical beams are made upsgf | E; $iL,Uj andSf_, Vi, in the following way:

and E —1Em. A similar way is taken to that of studylng
prewously incoherently coupled two- component spatial
solitons. By expressngJ 1E; and Em 1Em in terms
of a slowly varylng envelopesil 19; and Em 1Wm,
e, )L E=3\igj(x,z)expks), and Z\_,Ep N
—EN i zﬁm(x z)exp(kz), we find that the Helmholtz equa- ORY
tion Ieads to the following evolution equations: m=1

Mz

N
> U=
=1 i

\/—_ r%y(s)cogjO)expiné), (45

Il
s

I
HM z

—rY?y(s)sinmo)expiué). (46)

m

1
=1 N

2 3
iaisi+ i J (’ZJ Ko(ner'33k) =0, (41) Notice that the setN,#) has to be judiciously selected so
2k ox 2 : that the optical beam&|,E; and =}_,E,, include N
) 3 components of different beam intensity. By substituting these
COPm 1 0%Ym Ko(NgrasE) forms of =M ,U; and=N_,V,, into Egs.(43) and (44), we
I tor oo Ym=0, (42 ; =i "
d 2k ox 2 obtain
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Normalized Intensities

FIG. 4. Soliton component§J 1Y and=N_,V,, for incoher-
ently coupled multicomponent brlght solitons whe=20°,
=10, N=2, \y=0.5um, =1 cm, x,=40um, ande= 20000V
are shown.

3
+26 4 =0,

1+ry? “7)

"n__ y
y'=2pyt2(atB) e

which is known to allow bright solitons whend¢ 8— «)
>0 and u=— 35— B—alr In(1+r)+6 [Eq. (47) has been

PHYSICAL REVIEW E64 056603

Normalized Intensities

FIG. 5. Soliton components;; _1U and=N_,V,,, for incoher-
ently coupled multicomponent dark solitons whér20°, p=5,
N=2, N\o=0.5 um, =1 cm, Xo=40 um, and e=20000 V are
shown.

N-component bright-dark solitors-To find a solution of
this sort, the normalized envelopg$.,U; andS|_,V,, are
expressed in the following way:

N/

E U]:

N

l’Zf(s)cos(j 0)expliué)

discussed in great detail in the previous bright—bright soliton =1 1=

pairg. We can obtain the multicomponent composite bright
soliton components through @&projection. Figure 4 depicts
the normalized intensity profiles of incoherently coupled
multicomponent bright solitons in the LiNROwhen @

1/2f s
N (s)

ZM é‘

=20°, N=2, \g=0.5 um, =1 cm, xo=40 um, and e X sin[(N+1)—j]orexpliné), (5D)
= 20 000 V. N N/2 1
2N-component dark solitons-One requires., andp are Vo= p¥2g(s)cog mo)exp(i
finite quantities. The envelopes)_,U; and =\_,V,, are mE:l " mzzl N2’ 9(s)cogmo)explive)
expressed again as N
N N + %%1_2[’1/29(5)
m=
2 V=2 T_ p"y(s)cosj)expling), (48
=1 - X sin{[ (N+1) —m]8}expi vé), (52)
N Noq whereN is restricted to even numbers. Substituting £§4)
> V=2, \/—Npl’zy(s)simme)exp(mg). (490  and(52) into Egs.(43) and (44) leads to
m=1 m=1
o (a+B)(pt+1) S(p—rf?—pg? .
Therefore, from Egs.(43), (44), (48), and (49, =2\ p- 1+rf2+ pg? 1+rf2+pg® | (53
2N-component dark solitons should satisfy
) (a+B)(p+1) &(p—rf?=pg?
y (1-y?)y 9'=2\v- T2 002 779 (59
"__ rg 1+rf +pg
y 2My+2(a+/3)(p+1)1+pyz 26p 17 py? =0,
(500  which have been discussed in the previous bright—dark soli-

ton pairs, and are given b= secH[(6—B8—a)a]"?s} and
which is known to be possible whed{ 8— «) is negative g=tanH[(§—B—a)o]?s}. The incoherently coupled multi-
and u= B+« [Eq. (50) has been discussed in the previouscomponent bright—dark solitons obtained fer=5 in the
dark—dark soliton paifs The multicomponent composite LINbO; are shown in Fig. 6. wher¥=20°, N=4, o
dark soliton components can be simply obtained through a =0.01,A;=0.5 um, =1 cm,xy=40 um, ande=20 000 V.
projection. Figure 5 depicts the normalized intensity profiles The stability properties of these soliton pairs and multi-
of the incoherently coupled multicomponent dark solitons incomponent spatial solitons will now be discussed. In particu-

the LINbO; when #=20°, N=2, A\g=0.5um, =1 cm, Xq
=40um, ande=20000 V.

lar, their stability is investigated here using the modulation
instability theory. For incoherent beams in noninstantaneous
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5 Eog, 56
| R %0
)
:g Equation (56) has the same dimensionless parameters and
S form as Eq.(12) of Ref.[5], in which the screening solitons
g are discussed for the biased photorefractive-nonphotovoltaic
3 crystals. When the external bias field is abséit/Np<<1
N [13] and Egs.(5) and (9) yield
<
g A~ le—on(l.+1y)
Z J=—— (57)
lg
s whereJ=J/(5l yNp«) [13]. Substituting Eq(57), e=0 and
I=u?(&)lq4 into Eq.(12) yields
FIG. 6. Soliton components;}_,U; and=}_,Vy,, for incoher- A
ently coupled multicomponent bright—dark solitons when20°, . J—u?
p=5, N=4, 0=0.01, \y=0.5um, |=1cm, X,=40um, and e E=1r22 (58)

=20000V are shown.
Equation (58) has the same dimensionless parameters and
nonlinear media, modulation instability exists only whenform as Eq.(13) for the open- and closed-circuit conditions

&lo/ne> 63, wherek=don(1)/d1 evaluated aly is the mar-  in Ref. [13], in which PV solitons are discussed in
ginal nonlinear indexgn(l) is the tiny nonlinear modifica- Photorefractive-photovoltaic crystals without the external

tion to the refractive indexf?o is the angular power spectrum bias field. To illustrate further our result for the open circuit,
N TR T - TR
(spatial degree of coherencevhereas wherkl,/n < 63, substituting J=0, E=E/E,, and I=ulq into Eg. (58)

the modification instability is entirely eliminateB0]. In yields

photorefractivesﬁn(l)=—%n§r33E. Thus, Eq.(12) yields "

the following results: - _ d
J E Ep1+I/Id' (59
klo/ng=Grsy(E,—Epon—e€mn), (55 Equation (59) has the same dimensionless parameters and

form as Eq(6) for the open circuit in Ref.10], in which PV

solitons are discussed in photorefractive-photovoltaic crys-
where G=nily(p+1)/2(14+15)>0. When Grgy(E, tals _for the open circuit. . .
—Epf}ﬂ—en)<92, these soliton pairs and multicomponent Finally, we d|s_cuss the properties of the mcphere_ntly
spatial solitons are stable because incoherent modulation ii§OUPled soliton pairs and the multicomponent spatial solitons

stability is entirely eliminated. On the other hand, wheni" biased photorefractive-photovoltaic crystals. First of all,

G|r33(Ep—Ep&n—sn)|>92, bright—dark soliton pairs and soliton pairs for screening and PV solitons can be simply

N-component bright—dark solitons are stable in the range o
rss(Ep,—E,0mn—€7n)<0; however, they are unstable in the
range ofr 33(E,— Ep,07— €7)>0 because incoherent modu-
lation instability exists in the range oGrs(E,—E 07

— ep)<@2. In order to explain that our analyses are correct
let E,=0. In this casexlq/n.=GraEq. Notice thatEy=

—emn. According to the modulation instability theory, when

btained from the incoherently coupled soliton pairs in bi-
sed photorefractive-photovoltaic crystals under appropriate
conditions. When the bulk photovoltaic effect is neglectable,
i.e., 6=a=0, substituting 8= — (koXo)2(Nars3m/2)Eqg=

— B into Egs.(13), (14), (17), (23), (27), (28), (39), and(40)
yields

- N 1 - U
G|ragEo|> 82, for ragEe<0 (i.e., B=(koXo)2(Ners3m/2)Eq iU+ 5Uss Blp+ 1)W=0, (60)
<0), bright—dark soliton pairs for screening solitons are
stable; however, for;3E,>0, they are unstable. This result L v
is the same for result of numerical techniques for bright— . - -~
dark soliton pairs of screening solitof20]. Vet 5VssmBlpt1) 1+[U2+]V[? =0, (61
Next, we discuss the relation between the space-charge
field in biased photorefractive-photovoltaic crystals and the R
space-charge field of both screening and PV solitons. When y”—2,ugy—2,81Jrr 5 =0, (62
the bulk PV effect is neglectable, i.€£,=0, the physical y
system of SP solitons becomes the physical system of the
Perg\élsously studied screening solitons. In this case, (E8) y'—2uy—2B(p+1) 1+ypy -0, 63)
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B(p+1)

=2/ n 1+rf2+pg?| (64)

. B(p+1)
g'=2 V-%m ) (65
U=r"2secH[Bo]V%s}exd —iB(1—al2)£],  (66)
V=p'2tani[ Bo]"*stexd —iBE]. (67)

Equations(60)—(67) have the same dimensionless param-
eters and form as Eq&4)—(11) in Ref.[20], in which inco-
herently coupled soliton pairs are discussed for screenin
solitons. When the external bias field is absent, |30,
Egs.(13), (14), (17), (23), (27), (28), (39), and(40) yield

. U
IU§+§Uss+a(p+l)m
lo—(JUP+ VAU
ERVENIVCa (68
iVe+ -V 1 v
Vet g Ve e T T OE Ve
Lo— U2+ VAV
B VLV A 9
"oyt 2a——t28 Y =0 70
Y'm2uyt2a e ¥ 267 502=0, (70
., y (1-y?)y
y —2ﬂy+2a(P+1)W—25ﬁ>W_0,
(71)
) a(p+1)  &(p—rf?=pg?
f—Z[,u— 1+rf2+pgz+ 1+rf2+ pg? f. (72
. a(p+1)  S(p—rf?—pg?
g"'=2 v 1+rf?+pg®> 1+rf2+pg? 9. (13

U=r2secq[(6— a)o]V?slexp|i[ a+ (65— a) 8/2] €},
(74)

V=p2tanH[(6— a)o]"%slexd i aé]. (75
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Equations (68)—(75) predict incoherently coupled soliton
pairs for PV solitons. Moreover, under appropriate condi-
tions incoherently coupled multicomponent spatial solitons
in biased photorefractive-photovoltaic crystals predict inco-
herently coupled multicomponent spatial solitons for screen-
ing and PV solitons. When the bulk photovoltaic effect is
neglectable, i.e.6=a=0, incoherently coupled multicom-
ponent bright solitons for screening solitons can be deter-
mined from Eqgs(45), (46), and (20), incoherently coupled
multicomponent dark solitons for screening solitons can be
determined from Eq945), (46), and(26), and incoherently
coupled multicomponent bright and dark solitons for screen-
ing solitons can be determined from Edd45), (46), (37),

nd (38). When the external bias field is absent, i85 0,
incoherently coupled multicomponent bright solitons for PV
solitons can be obtained from Eqg5), (46), and (20), in-
coherently coupled multicomponent dark solitons for PV
solitons can be obtained from Eq45), (46), and(26), and
incoherently coupled multicomponent bright and dark soli-
tons for PV solitons can be obtained from E@5), (46),
(37), and(398).

In conclusion, we have shown that a kind of the incoher-
ently coupled soliton pairs and multicomponent spatial soli-
tons are possible in biased photorefractive-photovoltaic crys-
tals under steady-state conditions, which result from both the
bulk PV effect and the spatially nonuniform screening of the
external bias field. These soliton states can be obtained pro-
vided that their carrier beams share the same polarization and
wavelength, and are mutually incoherent. If the bulk PV ef-
fect is neglectable, these soliton pairs are the previously
studied soliton pairs for screening solitons, these multicom-
ponent spatial solitons predict incoherently coupled multi-
component spatial solitons for screening solitons, and their
space-charge field is the space-charge field of screening soli-
tons. If the external field is absent, these soliton pairs and
multicomponent spatial solitons predict incoherently coupled
soliton pairs and multicomponent spatial solitons for PV soli-
tons, and their space-charge field is the space-charge field of
PV solitons. Their stability properties were also investigated
using modulation instability theory.
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