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a  b  s  t  r  a  c  t

Generation  of  two higher-order  diffraction  beams  in  two-wave  mixing  in transmission  geometry  have
been  analyzed  theoretically  in  photorefractive  cubic  crystal  of  23  symmetry,  BSO  (Bismuth  Silicon  Oxide)
and considering  its optical  activity  as one  of  the  important  parameter.  Results  are  shown  graphically  by
solving  coupled  wave  equations  using  fourth-order  Runge–Kutta  method.  The  effect  of  polarization  state
of pump  beam,  optical  activity,  off-Bragg  parameter,  coupling  coefficients,  absorption  and  thickness  of
crystal  has  been  analyzed  on  the  beam  intensities  and  their  respective  polarizations.  It has  been  observed
that  as  the  value  of  the  off-Bragg  parameter  reduces  the  transfer  of  energy  to  the  higher-order  beams
increases.  It has  been  also observed  that  by  selecting  proper  input  beam  polarization  and  crystal  thick-
ness,  diffracted  beam  intensity  and  its  polarization  could  be  controlled  considerably.  It  has  also  been
seen that  by  controlling  input  pump  beam  polarization,  particular  higher-order  beam  can  be  selectively
amplified.

© 2011 Elsevier GmbH. All rights reserved.

1. Introduction

Photorefractive materials continue to stimulate a large research
effort in the optical society because of strong nonlinearity at low
laser power. Research on photorefractive materials, effects and
devices [1–3] spans many scientific disciplines, including crystal
growth, solid-state physics, material characterization, nonlinear
optics and holography. The photorefractive effect has proved to
be invaluable for demonstrating new techniques in interferometry,
phase conjugation, locking of laser diodes, information process-
ing [4],  data storage, and image amplification. The photorefractive
materials are also finding applications in fiber optics such as laser
beam cleanup [5].

Lithium niobate, sillenite type crystals, semiconductor crystals,
nanoparticle doped hybrid materials are active fields of research.
New materials and techniques for their characterization including
hybrid organic–inorganic photorefractive materials [6] continue to
emerge. Driving forces of this work are in many cases interactions
of the photorefractive effect with other phenomena, or the ability
to learn about material physics by using the photorefractive effect
as a method to study charge transport properties [7–9].
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One of the areas of photorefractive materials which have not
gained much attention is higher diffraction orders in photorefrac-
tive material. For small interaction angle and in a crystal with high
two beam coupling, new waves in the form of higher diffraction
orders are generated. Au and Solymar [10] presented the physics
of the origin of these higher diffraction orders. In our work we
have considered generation of higher-order through self diffrac-
tion [11–14].  Self diffraction refers to the process whereby the two
writing laser beams, which interfere to form the photorefractive
grating, diffract from the forming grating thereby modifying the
interference fringe profile deeper within the crystal. Self diffraction
was  first studied in liquid crystal by Khoo and Liu [15,16].  Recently,
H. Lorduy G. et al. [17] calculated the gain in a two-wave mixing
process for BSO considering self-diffraction effects without taking
any higher-order diffraction.

Some of the authors have studied applications of higher-order
diffraction i.e., image rotation and amplification [18,19],  optical
beam splitter [20] based on the photorefractive higher-order grat-
ing. All these applications are not studied in an optically active
medium. Optical activity has a major impact when we  are con-
cerned about the polarization of the beams.

In the present work, we have considered one of the sillen-
ite crystals [21–23],  which include Bismuth Silicon Oxide (BSO),
Bismuth Germanium Oxide (BGO) and Bismuth Titanium Oxide
(BTO). Sillenites are reversible holographic materials, efficient pho-
toconductors [2].  Here we  have only considered BSO crystal for
our analysis. They exhibit a strong electro-optic effect, excellent

0030-4026/$ – see front matter ©  2011 Elsevier GmbH. All rights reserved.
doi:10.1016/j.ijleo.2011.11.027

dx.doi.org/10.1016/j.ijleo.2011.11.027
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
mailto:neha.k.14@gmail.com
mailto:natasha2du@yahoo.co.in
mailto:amitava@nic.in
mailto:avinashi_kapoor@yahoo.com
dx.doi.org/10.1016/j.ijleo.2011.11.027


N. Katyal et al. / Optik 124 (2013) 8– 12 9

Table  1
Absorption coefficient and optical rotatory power of BSO [22].

Parameters BSO crystal

 ̨ (absorption coefficient) (cm−1) 0.65
a  (optical rotatory power) (deg/cm) 386

piezoelectric properties [24], and a relatively high optical activ-
ity [25]. Owing to these features, sillenites find wide application
in dynamic holography and real-time interferometry [26], optical
information processing, optical sensors of electric and magnetic
fields and piezoelectric devices. In our work we have neglected
piezoelectric effect. The simple (cubic) structure of crystal facil-
itates experiments and theoretical analysis considerably. The
coupling constant of BSO is not very high. However, by apply-
ing external electric field [22,23] and using moving grating
technique [27], the higher values of coupling constant can be
achieved.

In an earlier work we have studied the effect of pump beam
polarization on the signal beam [28] in two-wave mixing, consider-
ing optical activity but without considering generation of any new
higher-order. We  have observed that by varying the polarization
angle of pump beam we are able to control the polarization of the
signal beam.

In this paper we have theoretically analyzed the energy transfer
among beams with two  newly generated higher diffraction orders
in the optically active absorptive photorefractive medium. The
analysis is done for diffusion regime i.e., the phase shift between
interference pattern and refractive index grating is considered as
�/2. We  have considered two-wave mixing [29,30] (transmission
geometry) in cubic crystal of 23 symmetry (sillenite crystal fam-
ily) possessing a high value of optical activity (Table 1 [22]). The
effect of various parameters on the intensities of the output beams
have been studied such as thickness of crystal, coupling factors,
absorption, optical activity, off-Bragg parameter. The parameters
affecting the transfer of energy to the higher-order beams are ana-
lyzed. We  have also analyzed the effect of input polarization state
of pump beam A on output beam intensities and their polarizations.
This analysis is valid for near collinear (very small angle between
pump and signal) interacting beams in an absorbing crystal of
23 symmetry.

2. Formulation of coupled wave equations

We  have considered two-waves A (pump) and B (signal) incident
on a photorefractive crystal (Fig. 1), which create a phase grating
inside the medium. Due to high coupling between the beams or
basic nonlinearity of the material equations, the writing beam is

Fig. 1. Input beams and higher diffraction orders in two-wave mixing in transmis-
sion geometry (here A is the Pump Beam, B is the Signal Beam, C and D are the first
and second higher-order diffracted beams).

Fig. 2. Ewald sphere construction relating the interacting wave vectors and the
grating vectors (k1 , k2 , k3 and k4 are the propagation vectors of the beams A, B, C
and  D respectively).

diffracted by the recorded phase grating. The transfer of power,
or coupling of beams, is possible when there is a phase shifting
between the interference pattern and the index grating impressed
in the crystal. In other words, when the imaginary part of the
coupling constant has a value different than zero. When the inter-
beam angle in the two-wave mixing is small enough and grating
spacing is large, other new waves are generated within the crys-
tal and these new waves are known as higher diffraction orders.
The input wave vectors and diffracted wave vectors are shown
in Fig. 2.

The generated diffracted beams interfere with the writing
beams and create new phase gratings which not only help in
transferring energy to the diffracted beam but also modify the mod-
ulation of the original phase grating. A and B are the input writing
beams, and C and D are the two  possible higher-order diffracted
beams. Here the higher-order diffracted beams C and D interfere
with the input beams A and B and create new gratings inside the
medium.

Each beam considered to be consists of two orthogonally polar-
ized components, designated as “s” and “p” components. The
electric fields of the four interacting beams, A, B, C and D can be
represented as

E1 = (sAS + p1AP)exp(−ik1 · r) (1)

E2 = (sBS + p2BP)exp(−ik2 · r) (2)

E3 = (sCS + p3CP)exp(−ik3 · r) (3)

E4 = (sDS + p4DP)exp(−ik4 · r) (4)

where k1, k2, k3 and k4 are the propagation vectors of the two
input beams, and the two  higher-order diffracted beams. Also s is
the unit vector perpendicular to the plane of incidence, p1, p2, p3
and p4 are the unit vectors parallel to the plane of incidence and
perpendicular to the beam wave vector. The interference pattern
[11,12] inside the medium can be written as

E∗E = {(ASB∗
S + APB∗

P) + (BSC∗
S + BPC∗

P)exp(−i�z) + (CSD∗
S + CPD∗

P)

× exp[i(� − ˝)z]}exp(iK · r) + [(ASC∗
S + APC∗

P)exp(−i�z)

+ (BSD∗
S + BPD∗

P)exp(−i˝z)]exp(i2K · r) + (ASD∗
S + APD∗

P)

× exp(−i˝z)exp(i3K · r) + c.c. (5)

where

k2 = k1 + K, (6)
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