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a b s t r a c t

We have investigated incoherent interaction between photovoltaic bright–bright soliton pairs in

photorefractive crystals under steady-state condition in an unbiased series two-photon photorefractive

crystal circuit in one dimension. The numerical scheme according to the Crank-Nicholson and

Runge-kutta methods are applied to simulate the propagation of incoherent interaction for different

normalized separation distances and different E0. Results show that in the case of one-dimensional

interaction between these photovoltaic solitons, attraction occurs and width of beams decreases with

increasing biased field E0 and two soliton interact in longer distance for smaller E0. The result can be

used for design optical switches that controlled by biased field.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Spatial solitons have drawn considerable attention for their
potential applications in the signal process and optical commu-
nications [1]. It is because of the formation of these spatial
solitons in low light intensity and the wavelength dependence
of material response. So one can generate solitons with power in
the order of microwatts which induced a waveguide to propagate
high power beams at other wavelengths. The other property of
photorefractive solitons is their stability in two transverse dimen-
sions in the bulk material [2–4]. Soliton interaction is one of the
most fascinating aspects in soliton physics [5–8]. The interaction
between coherent [9] and incoherent [10–15] soliton pairs are
investigated theoretically [16,17] experimentally [18,19] in one
and two-dimensional. One of the most interesting properties of
optical solitons is the nonlinear interaction between two solitons
that intersect or propagate close to each other. It is well known
that in the Kerr media solitons in most respects behave as
particle-like objects, leading to elastic collisions and a preserva-
tion of the solitons’ identities. However, solitons in photorefrac-
tive crystals behave completely differently because of the
saturation nonlinearity that is responsible the self-focusing effect
[1,16]. Previously more researches were done in single photon
model but recently the investigations are focused on two-photon
model for two photorefractive crystal in a circuit. Castro-Camus
and et al. [20] provided the model of two-photon photorefractive

effect. The Castro-Camus model includes a valence band (VB), a
conduction band (CB), and an intermediate allowed level (IL). The
intermediate allowed level is used to maintain a quantity of
excited electrons from the valence band by photons with energy
_o1 (gating beam). These electrons are excited again to the
conduction band by another photon with energy _o2. The pattern
of the signal beam (_o2) can induce a spatial dependent charge
distribution that gives rise to nonlinear changes of refractive
index in the medium where this method could overcome the
problems that existed in photon model [25].

In this paper we simulate a theoretical study of incoherent
interaction of photovoltaic soliton pairs in an unbiased two-
photon photorefractive crystal circuit.

2. Theatrical model

We consider two optical beams that propagate collinearly in the
two-photon LiNO3 photovoltaic photorefractive crystal, along the
z-axis and are permitted to diffract only along the x direction. We
take optical c-axis oriented of photorefractive medium along the x

coordinate and is illuminated by the gating beam. The two incident
beams have the same polarization, wavelength, and are mutually
incoherent. Moreover, let us assume that the polarizations of the
two incident optical beams are both parallel to the c-axis as the
model used by Liu et al. in Ref. [22] except that we have considered
the incoherent solitons propagate in crystal P as shown in Fig. 1.

As usual, we express the optical field of the incident beams in
terms of slowly varying envelopes f(x,z) and c(x,z), i.e E

!
A ¼ x̂cðx,zÞ

eikz, E
!

B ¼ x̂fðx,zÞeikz where k¼k0ne¼(2p/l0)ne that l0 and ne are the

Contents lists available at SciVerse ScienceDirect

journal homepage: www.elsevier.com/locate/optlastec

Optics & Laser Technology

0030-3992/$ - see front matter & 2012 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.optlastec.2012.04.007

n Corresponding author.

E-mail address: mhatami@yazduni.ac.ir (M. Hatami).

Optics & Laser Technology 44 (2012) 2413–2417

www.elsevier.com/locate/optlastec
www.elsevier.com/locate/optlastec
dx.doi.org/10.1016/j.optlastec.2012.04.007
dx.doi.org/10.1016/j.optlastec.2012.04.007
dx.doi.org/10.1016/j.optlastec.2012.04.007
mailto:mhatami@yazduni.ac.ir
dx.doi.org/10.1016/j.optlastec.2012.04.007
dx.doi.org/10.1016/j.optlastec.2012.04.007


free-space wavelength and the unperturbed extraordinary index of
refraction respectively. Under these conditions, the two optical beams
satisfy the following envelope evolution equations [10]:

ifzþ
1

2k
fxx�

k0n3
e r33Esc

2
f¼ 0 ð1Þ

iczþ
1

2k
cxx�

k0n3
e r33Esc

2
c¼ 0 ð2Þ

where fz¼@f/@z, fxx¼@
2f/@x2, cz¼@c/@z, cxx¼@

2c/@x2 and r33 is
the electro-optic coefficient. E

!
sc ¼ x
!

0Esc is the induced space charge
field in the medium.

In the steady-state and under close-circuit condition, the space
charge field in Eq. (1) can be obtained from the Castro-Camus
model. We know that in a close-circuit condition with two crystal,
at least one of them should be photovoltaic [21,22]. The photo-
voltaic field is dominant in the close-circuit condition so, the
space charge field in Eq. (1) can be expressed as [22,23]:

Esc ¼ E0
ðI1þ I2dÞðIþ I2dþg1NA=s2Þ

ðIþ I2dÞðI1þ I2dþg1NA=s2Þ
þEP

s2ðI1�IÞðIþ I2dþg1NA=s2Þ

ðs1I1þb1ÞðIþ I2dÞ

�
Dg1NA

ms2ðIþ I2dþg1NA=s2ÞðIþ I2dÞ

@I

@x
ð3Þ

where EP¼kpgNA/em is the photovoltaic field, kp is the photovol-
taic constant, NA is the acceptor or trap density, m and e are the
electron mobility and the charge respectively, g and g1 are
recombination factors of the CB-VB and IL-VB, s2 is photo-
excitation crosses, I2d¼b2/s2 is the dark irradiance. b1 and b2

are the thermo-ionization probability constants for the transitions
of VB-IL and IL-CB, D is diffusion coefficient, I1 is the intensity of
the gating beam, which can be considered as a constant, I¼ I(x,z) is
the total intensity of the two optical beams. According to Poynt-
ing’s theorem, the total intensity of the two mutually incoherent
optical beams can be obtained by:

I¼ IAþ IB ¼ ðne=2Z0Þð9f9
2
þ9c92

Þ ð4Þ

where Z0¼(m0/e0)1/2 and IN¼ I(s-7N,z).
Note that the values of the fields in two crystal in this case

depend on the parameters of both crystals and are not indepen-
dent [22] and we investigate the interaction of the two bright
soliton in one of the crystals in this circuit.

For convenience, the following dimensionless coordinates and
appropriate normalization variables are adopted i.e. s¼x/x0,
x¼ z=ðkx2

0Þ, f¼(2Z0I2d/ne)1/2U and c¼(2Z0I2d/ne)
1/2V, where

x0 is an arbitrary spatial width for scaling. Under these conditions,
we obtained the normalized envelopes U and V of the two
optical beams that satisfy the following dynamical evolution

equations [22,23]:
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where s¼g1NA/b2, a¼ ðk0x0Þ
2
ðn4

e r33=2ÞEP , d¼ ðk0x0Þ
2
ðn4

e r33=2ÞD=
ðx0mÞ, Z¼b2/(s1I1þb1) b¼ ðk0x0Þ

2
ðn4

e r33=2ÞE0.
We consider bright–bright soliton pairs. In this case, where

bright optical beams are involved in both components, the
intensity is expected to vanish at infinity (s-7N) and thus
IN¼r¼0. Soliton solutions can, then, be readily obtained by
expressing the normalized envelopes U and V as U ¼ r1=2yðsÞ

expðinxÞ and V ¼ r1=2yðsÞexpðinxÞ respectively where n represents
a nonlinear shift of the propagation constant, y(s) is a normalized
real function bounded as 0ry(s)r1. After the same algebra,
direct substitution of these forms of U and V in Eqs. (5) and (6)
and applying boundary condition y(0)¼1, y(s-7N)¼0 and
_yð0Þ ¼ 0 leads to the following differential equation:

dy

ds

� �2

¼ lnð1þry2Þ�y2lnð1þrÞ
� � 2bs

rð1þsÞ þ2aZs
r

� �
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ð7Þ

By integrating once we found that:
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Z 1

y
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We will discuss the incoherently interaction of the bright–
bright photovoltaic soliton pairs solutions due to two-photon
photorefractive media in the next section.

3. Numerical simulations

In this paper we have used the numerical method for simulation
of propagation of soliton pairs and solved the differential equations
by using some modification of Crank-Nicholson iteration and Runge-
Kutta methods by taking boundary conditions into account [24].

A relevant example is provided for the bright–bright soliton
pairs formed in LiNbO3 crystal that used with the parameters that
mentioned in [22,23]. Where b¼21.7580, a¼�2.22, s¼104, and
Z¼1.5�10�4. We have taken incoherent interaction of this pair
by changing the distance between the two soliton without
changing another parameters also the diffusion term d is ignored.
The results are in Fig. 2 for Ds¼0.2,0.4,0.8,1.2,1.8,2. As it can be
seen in Fig. 2(a) and (b) solitons overlap with each other
completely and they propagate as a beam with periodical and
slightly changes in amplitude. Fig. 2c–e indicate that by increas-
ing the length of separation, solitons attract each other but the
attraction is decreased by increasing the separation. Also in
Fig. 2(f), the attraction goes to zero. Solitons have greater
tendency to preserve their profiles and period of attraction occurs
in further distance. It can be seen that the strength of attraction

Fig. 1. Illustration of the series two-photon PR crystal circuit for study of

incoherent interaction bright–bright pairs. The circuit consists of two PR crystals.

One crystal’s c-axis is oriented in a right-handed screw sense but the other crystal

c-axis is opposite handed screw sense (mk).
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