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Incoherently Coupled Spatial Soliton Families Governed by Both the
Linear and Quadratic Electro-optic Effects
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Abstract: Based on the biased one-photon photorefractive crystals, the solutions of incoherently coupled
bright and dark soliton families governed simultaneously by linear and quadratic electro-optic effects were
derived theoretically. The intensity profile and stability of soliton families were investigated. The
different functions of the linear and quadratic electro-optic effects were discussed and the results show
that, the interplay between the linear and quadratic electro-optic effects can enhance the photorefractive
nonlinearity for bright soliton families but weaken the photorefractive nonlinearity for dark soliton
families. Moreover, the bright soliton components can remain invariant during propagation process, and
the dark soliton components show instability for long propagation distance.
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0 Introduction

Photorefractive (PR) spatial solitons have been widely investigated during the last two decades since
their unique features of formation at low laser power and potential important applications. There are two
nonlinear effects to support the generation of PR spatial solitons. One is the Pockels effect i. e. linear
Electro-Optic (EQ) effect, in which the refractive index change is proportional to the electric field.
Usually, non-centrosymmetry crystals, such as SBN and LiNbO; crystals show the large linear EO effect
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[1-3]

and then support various spatial solitons™ ), soliton pairs and soliton families®™. The other is the Kerr

effect i. e. quadratic EO effect, in which the refractive index change is proportional to the square of the

electric field. The centrosymmetric crystal KLTN is the typical example. Various PR spatial solitons™®™,

soliton pairs™ and soliton families'” supported by only quadratic EO effect have also been reported.
However, a number of new EO crystals that have simultaneously large linear and quadratic EO effects near

the phase-transition temperature have been found, such as ferroelectric PZN-PT and PMN-PT single

[10-12]

crystals, and so on . Very recently, Hao et al. have demonstrated the properties of PR spatial solitons

and soliton pairs governed by both the linear and quadratic EO effects in biased one-photon PR

[1515) - Simultaneously. we have reported that PR spatial soliton pairs supported by both linear and

[1()]

crystals
quadratic EO effects can exist in biased two-photon PR crystals

In this paper, we theoretically investigate the characteristics of incoherently coupled bright and dark
spatial soliton families in biased one-photon PR crystals with both the linear and quadratic EO effects. Our
results predict that bright, dark spatial soliton families can exist under appropriate conditions. These
soliton families are formed by multiple incident beams that have the same polarization, wavelength, and are
mutually incoherent. Moreover, we also discuss the difference between the linear and quadratic EO
effects. The results show that the quadratic EO effect can enhance the nonlinearity for bright solitons type
but decrease the nonlinearity for dark solitons type under given conditions. Finally, we investigate the

stability of those soliton families.

1 Soliton coupling equation

To study the incoherently coupled soliton family supported by both the linear and quadratic EO
effects, let us consider N optical beams that propagate collinearly in biased PR crystals along the 2 axis and
are permitted to diffract only along the x direction. These N optical beams have the same polarization,
wavelength, and are mutually incoherent. The polarization of the incident optical beam is parallel to the
optical axis of the crystal, and the external bias electric field is applied in the same direction. As shown in
Ref. [5], the optical fields are expressed in terms of slowly varying envelopes ¢, ¢, *** and ¢y i. €.,
E, ZQ,‘@ (xs2)exp (ikz), E, ZQ'gpz (xsz)exp (ikz), - and ENZJACgDN(x,z)exp (ikz) , where k=kon., ky=
27/ Ao s Ao is the free-space wavelength, n. is the unperturbed index of refraction. Under these conditions,

the envelope of soliton family components @, » @, **+ and @y satisfy the following equations™" '

. Op; iaz%_konff’asEsc _konngfc
e T2k or 2 ¥ 2 @

where, ry; and g are the linear and quadratic EO coefficients, respectively, E, is the induced space-charge

=0 (G=1.2,--,N) (D

field. In the case that the diffusion effect is neglected, the space-charge field can be approximately given
byu.‘éj

I.+I1,+1,
I+1,+1,

where I, and I, are the optical intensity of dark irradiance and background beam, respectively. I = I(x,2)

E.=E, (2

N

= (n./29) 2 ‘gpj |%is the total optical intensity of the N component, and m = Vpo/e. L. is the total
j=1

optical intensity in the area far away from the center of the crystal, and I.. =I(x—>=+0co,2). Substituting

Eq. (2) into Eq. (1), and after appropriate normalization, we can obtain the normalized envelope U, ,U,,

-+, and Uy of the Nincident optical beam satisfy the following evolution equations™

U, 19U, o A4pU, o AEpU,  _ g (1,9, N) (3)

2
% o 1+2\U\2 1+2\U\2

where the dimensionless parameters ¢; = [21]0 (I, + 1, )/n ] U,, s=x/xy, and £€=z2/(kx}). x, is an
arbitrary spatial width for scaling, p=1../(Is+1y) s g1 = (ko) nirss Eo /2, B = (ko) negES /2, E, is the

value of the external bias field.

In what follows, we will solve Eq. (3) and present the numerical solutions of bright, dark and gray
soliton families in the steady-state regime.
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2 Bright soliton family

Firstly, we begin our analysis from the bright soliton family. In this case, the soliton intensity in the area far
away from the center of the crystal is zero i.e. I..=0, so p=1../(I;+1,)=0. The Eq. (3) reduced to

Uy 12U _, U 4 U, —0 =12, o)

5] 2 s :
: RS o AT I PAT
1=1 =1

We can obtain the numerical solution of bright soliton families from Eq. (4) by expressing the normalized

envelope U, in the form of U,(s,&=r"%¢;y(s) exp (&), where v represents a nonlinear shift of the

propagation constant, r is defined as r=1(0)/(I,+1,), I(0) stands for the total optical intensity of the

center area for the soliton family. y(s) is a normalized real function bounded between 0<{y(s)<{1. The

parameter ¢; corresponds to the ratio of the intensity of the jth soliton component to the total intensity of
N

the soliton family, and satisfies the conditions of 20% = 1. For the bright soliton family, y(s) is required

to satisfy the boundary conditions of y(0)=1, y"(0) =0, y(s—>=%c0)=0, and all the derivatives of y(s)
are zeros when s—>=co, Substitution of this form of U; into Eq. (4), we have

2

‘31, 20y — 2B, 1+ S— 2B, (Hiyz)zzo (5)
By integrating and employing the boundary conditions of y(s), we can obtain the following expression

s:i—L{ {2‘81 [In(1 4 ry?) —° ln(l—l—r)]—}—lzﬁzrriyl(}r:yy )} } (6)
From Eq. (6), y(s) can be easily obtained by numerical integration and then the soliton family component
can be obtained through U, (5,8 =7""c,y (s)exp (ivé).

To illustrate our results, we adopt PMN-0. 33PT single crystal as the example, the relative
parameters as following""""; n,=2.562.r;;,=182X10 " m/V, g=1.38X10 " m*/V’,2, =20 pm,A, =
632.8 nm, E,=2X10° V/m, {rom these parameters, we can obtain g =30. 9, 8 =4. 7. The other
parameters are ¢; =0.3, ¢5=0.25, ¢;=0.2, ¢{=0.15, ¢=0.1, and r=10. Fig. 1 depicts the intensity profile
of the bright soliton family with five components and all components have the same Full Width at Half Maximum
(FWHM) i.e. 12 ym. The soliton family is supported by both the linear and quadratic EO effects.

However, if only the linear or quadratic EO effect exists, how the FWHM will change? We take the
soliton family component U, as the example, in Fig. 2, find that the FWHM will increase slightly when the
soliton is supported only by the linear EO effect (8, =30.9, 8, =0) and the FWHM will increase more
when the soliton is supported only by the quadratic EO effect (8, =0, g, =4. 7). That is to say, the
interplay between the linear and quadratic EO effects can enhance the PR nonlinearity corresponding to the
narrowest FWHM and the linear EO effect plays a central role. The physical mechanism of this
phenomenon is that the linear and quadratic EO effects all are positive which can support the bright soliton

in self-focusing medium.

35 T y T 35 . . .
(1) §,=30.9, p,=4.7
30} 30} (2) $=30.9, B=0 1
=0, p=4.
ool ,sl (3) Bi=0, f=47
I 20 i o 2.0 7
=) =)
L5¢ T 15t ) 1
1.0f 1.0 | 1
0.5 0.5} DY 2 1
0 0 : s M
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Fig.1 The intensity profiles of the bright soliton Fig. 2 The intensity profiles of the bright soliton
family with five components component U, at different conditions

The stability of the soliton family also is an important part. The propagations of five bright soliton
0119001-3
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components are shown in Fig. 3, which is obtained by solving numerically the Eq. (4). We can find that

the soliton family is stable with distance.

DU © U

Fig. 3 The stable propagation of the bright soliton family

3 Dark soliton family

Taking the similar method as above, we express the solution of the dark soliton family as the form
U; (5.8 =p""c;y(s)exp (iué) s p is a nonlinear shift of the propagation constant, y(s) is the normalized odd
function of s and satisfies the boundary conditions: y(0)=0, y(s—>=Fco) =241, y* (s—>Fc0)=0(n=>=1).
Substitution U, into Eq. (3) lead to the following expression

2

dy o y e __ Y
By integrating and employing the boundary conditions of y(s), we can obtain
—a [ay = oy ltp (1o’ }_ ;"—2;‘—:+1}1"2}
; ijo{dy/{ 28[ G =D . In i )] 2.0 e (8)

The intensity profiles of the dark soliton family U; can be obtained by simple numerical integration as
shown in Fig. 4. Here, we take the external bias field E,=—2X10° V/m, p=10, the other parameters are
same as the bright soliton family. These components have the same FWHM 8 pm.

Similarly, we take the dark soliton component U, to analyze the role of linear and quadratic EO

effects . In Fig.5, the curve ( 1 ) represents the soliton component supported by both the linear and

35 r T T T T 3.5
3.0 s 3.0
2.5 2.5
w20 . 20
S) =
1.5 T 15f
1.0 1.0 .
(1) B=-30.9, p,=4.7 |
0> 0.2 @) f=-309, ;=0
ol— : : : 0Ll— . . .
-1.0 -0.5 0 0.5 1.0 -1.0 -0.5 0 0.5 1.0
s s
Fig. 4 The intensity profiles of the dark soliton family Fig.5 The intensity profiles of the dark soliton component
with five components |U, | ? at different conditions
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quadratic EO effects. The curve (2) represents the soliton component supported by only linear EO effect.
We find that the interaction between the linear and quadratic EO effects can weaken the PR nonlinearity
and so the soliton width of curve (1) is bigger than that of curve (2). The reason is that the quadratic EO
coefficient of PMN-0. 33PT single crystal is positive, which is irrelevant to the direction of the external
bias field. Of course, the dark soliton family cannot exist in PMN-0. 33PT single crystal if it only has
positive quadratic EO effect.

We also investigate the stability of the dark soliton family as shown in Fig. 6. It shows that the dark

soliton family is stable in comparatively short distance (~3 mm) and will emerge instability for long

propagation distance (>3 mm), which can be mainly attributed to the truncation in the process of
[13]

numerical calculation

U

@ U]
4

|U,P
[\ w

(D) 1U,F © U

Fig. 6 The unstable propagation of the dark soliton family

4 Conclusion

In conclusions, we have theoretically shown that incoherently coupled bright and dark soliton families
governed simultaneously by linear and quadratic electro-optic effects can exist in biased one-photon
photorefractive crystals. The interaction between the linear and quadratic EO effects can enhance or
weaken the PR nonlinearity under certain conditions. The bright soliton family is stable with distance but
dark soliton family show instability for long propagation distance. Moreover, our bright and dark soliton
families can degrade into corresponding soliton pairs under certain conditions. The results have potential
application in all-optical switching.
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