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Chapter 1

Introduction

The phenomenon of self-action of coherent light in light-sensitive media is a basis of
nonlinear optics. This phenomenon is used widely in industry for the production of
different high-technological equipments. During the self-action process the light changes
the refractive index of the medium that by turn influences the propagating beam. This
effect is very important for the developing of optical devices to control light with light as
optical switches, optical memories and dynamic waveguides. The most popular media used
in such optical devices are electro-optic crystals. The electro-optic effect is connected with
the change of the refractive index of the medium under light illumination in the presence of
an external applied electric field. The change of the refractive index due to the electro-
optic effect occurs by means of linear (Pockels) and quadratic (Kerr) effects. Crystals with
Kerr nonlinearity require a higher intensity of the propagating light (about 1 W) to observe
the self-action of laser beams while crystals with photorefractive nonlinearity require only
powers of 1-10 puW. The last fact makes photorefractive crystals very attractive media to
investigate different phenomena of the beam self-action as self-trapping and self-bending.
The self-trapping process is interesting due to the possibility to observe spatial solitons.
Under spatial solitons one understands the propagation of focused laser beams in nonlinear
media when the essential diffraction is compensated by the focusing nonlinearity. Spatial
solitons in photorefractive crystals have been studied already since 1993 [1-11] after their
first experimental confirmation [1, 2]. In contrast to spatial solitons in Kerr media
photorefractive spatial solitons are stable in both transverse dimensions (two-dimensional
waveguides) [12, 13]. Therefore they have great potential for the application in optical
telecommunication devices. The main idea of such devices is based on the fact that the
soliton is a fundamental mode of the optical waveguide induced in the photorefractive
medium. The ability to generate two-dimensional waveguide structures by the spatial

soliton has an application in optical writing or reconfigurable interconnections if solitons
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can be switched electrically, optically, or by other soliton beams. Frequency mixing can
also be realized in such waveguides if they are part of the wavelength conversion process
or are induced additionally. The main advantage of the frequency mixing in
photorefractive optical waveguides is the ability to vary the waveguide diameter and to
change the propagation constants of the interacting guided beams. This is not possible in a
structured waveguide where the propagation constants and dimensions are fixed.

The linear electro-optic effect can be observed in crystals with no center of symmetry

only. Among these crystals one can single out single-axis crystals and cubic sillenite

crystals of the group 23 and 43m which are used generally in experimental works. Single-
axis photorefractive strontium barium niobate crystals (SBN) are appropriate materials for
the investigation of the photorefractive beam self-trapping and photorefractive solitons.
The corresponding pioneer works were published in [2, 7, 14]. By studying the dynamic
evolution [15-17] of solitons and their temporal development [18, 19] in photorefractive
crystals it became possible to obtain conditions for stabilized solitons in common [20, 21]
as well as in dissipative [22] photorefractive systems and finally the properties of quasi-
steady-state solitons could be described as well [23, 24]. In spite of the great number of
works dealing with the photorefractive self-trapping effect in photorefractive crystals the
influence of external parameters as the electric field, the input beam intensity and the input
beam diameter (FWHM) were not studied in detail.

Thanks to good photorefractive properties for the visible range, cubic Bi;;TiO,y (BTO)
and Bi;,S10,9 (BSO) crystals from the sillenite family are rather popular nonlinear media
for the study and implementation of different effects of light beam self-action (see, e.g., [4,
25, 26-32]). When choosing the directions of light beam propagation and application of an
external electric field used to increase the nonlinear response, one should take into account
the anisotropy of the electro-optic properties of sillenites belonging to the class of 23
symmetry of cubic systems. Conventionally, a light beam propagates along the (110)
crystallographic direction under an applied external electric field along the axes (001) [4,
25, 27, 31, 33], (111) [29], or (110) [27, 29]. The equations describing the self-action
effects for an arbitrary orientation of the applied field in a plane orthogonal to the (110)
light propagation direction are presented in [29, 31]. However, only the simple electro-
optic mechanism of the photorefractivity has been taken into account. It is believed that the
spatial variations in dielectric permittivity are primarily caused by the electrooptic

contribution of the space-charge field which is formed in a crystal.
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Nevertheless, the additional elasto-optic contribution to the dielectric permittivity
changes of the photorefractive grating was taken into account [34] and [35]. More recently
Gunter and Zgonik [36] considered the roto-optic contribution that is evident in crystals
with strong linear birefringence only. Both the elasto-optic and roto-optic contributions are
associated with the inhomogeneous elastic field induced by the piezoelectric effect in a
non-centrosymmetric crystal during photorefractive grating formation. In addition, a
nonuniform piezoelectric polarization of the effective static dielectric constant [34-37] of
the medium must be taken into consideration that influences on the condition of trap
saturation. The influence of the elasto-optic effect on Bragg diffraction, two-wave mixing,
and beam fanning has been experimentally verified in various photorefractive crystals such
as LiNbO; [34], Bi;2GeOy [38], Bi12SiOy [39-41], Bi12TiOy [35, 42-45], GaAs [46],
KNbO; [47], and BaTiO; [47-49].

The cut (110) of sillenite crystals is not unique for implementation of light self-action
effects. It is known that cubic photorefractive crystals of {112}-cuts have the feasibility of
implementation of a counter light-beam interaction on holographic gratings [50], which is
absent in samples of the conventional {110}-cuts.

At the same time the effect of laser beam self-focusing is accompanied by the bent of
the trajectory of the light propagation (self-bending). Self-bending of light beams occurs
when they propagate in single-axis photorefractive crystals with a nonlocal nonlinearity of
a diffusion type [51-54, 92]. In barium titanate (BaTiOs) and strontium-barium niobate
(SBN) this effect is strong due to large values of their electro-optic coefficients. However,
only the simple electro-optic mechanism of photorefractivity has been taken into account
[3, 54-58, 60] in the analysis of this effect without considering the anisotropy of the
additional photoelastic contribution to the modulation of the optical properties of the
medium by the space-charge field induced by a light beam.

In cubic sillenite-type crystals the effect of the self-bending is much weaker. However,
it is well known that the nonlocal nonlinearity in these crystals is strongly amplified by an
external alternating field [61]. Self-bending of a light beam propagating in a cubic
photorefractive crystal with an applied square-wave electric field was considered by
Borodin et al. [62], who disregarded the optical activity of the crystal. At the same time, it
is well known [64] that cubic crystals of point group 23 have a considerable rotary power
at the wavelength of a helium-neon laser in the range from 6 deg/mm in Bi;,TiOy (BTO)

to 22 deg/mm in Bi;2S10,9 (BSO) and Bi;2GeO,y (BGO). The rotation of the polarization
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plane can affect considerably the self-action of a light beam due to the anisotropy of the
electro-optic effect.

The aim of this work is to study theoretically and experimentally the influence of the
additional photoelastic contribution to the modulation of the optical properties by the
space-charge field as well as the effect of the optical activity on self-focusing and self-
bending of laser beams. An accounting of the additional photoelastic contribution allows to
separate the influence of effects of the induced birefringence and the formed space-charge
field on the optical properties of the medium. It is not possible to separate these effects in
existing theoretical models that lead to the strong distortion of the theoretical beam
intensity distribution and of the beam polarization state. The influence of the optical
activity on the nonlocal photorefractive response of cubic crystals gives an opportunity to
predict and observe new effects of laser beam self-bending.

The dissertation work has six chapters. The second chapter gives a brief review of
self-action effects of the focused laser beam propagation in different photorefractive
crystals. We discuss existing theoretical models describing beam self-focusing and self-
bending, and show their restrictions.

For the study of additional self-action effects of the light beam propagation in
photorefractive crystals we present in the third chapter basic experimental and theoretical
investigations of the self-trapping and the self-bending of a laser beam with different input
diameters in a photorefractive SBN-crystal in dependence on the applied electric field, the
input beam intensity and the input beam diameter (FWHM).

In the fourth chapter we develop a theoretical model of self-action of one-dimensional
light beams in (110)-cut sillenite crystals. The model takes into account the vector nature
of the light field, the gyrotropy of the medium, the linear birefringence induced by the
external field, and the additional photoelastic contribution to the modulation of the optical
properties by the space-charge field.

The considered cut (110) of sillenite crystals is not unique for the implementation of
light self-action effects. Further we are going to derive equations with which we can
analyze the self-action of light beams with a one-dimensional input intensity distribution
propagating along the crystallographic [112] axis of 23 symmetry crystals.

The fifth chapter is aimed at studying self-bending of light beams in single-axis
BaTiO;3 crystals and in cubic photorefractive crystals of (110)-cut by considering the

optical activity of the crystals. Following the simple model of Lyubomudrov and Shkunov
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[56], we investigate theoretically the trajectories of the self-bending for extraordinary
speckle-beam in BaTiO; considering the elasto-optic contribution to the changes of the
dielectric permittivity for the photorefractive response. We neglect the roto-optic
contribution because of the weak linear birefringence of BaTiOs;. We present also
experimental results of the laser beam self-bending in the BTO.

The last chapter summarizes the main results of this dissertation.



Chapter 2

Self-action of laser beams due to the
photorefractive effect

Self-action of the light in photorefractive materials has a great interest in optical processing
technologies [65-67]. Thanks to the high nonlinear optical susceptibilities and the ability to
maintain holograms for long periods of time [68] have made them attractive in dynamic
holography [69-71], laser coupling [72-80] and nonlinear optical imaging [81, 82]. The
photorefractive effect is connected with processes of the charge redistribution on trapped
hole centres under inhomogeneous light illumination. For the case with electronic
conductivity the light produces charges from donor impurity in the conducting band. The
drift of free charges in the external and internal electric fields, the diffusion and
photovoltaic effect lead to an inhomogeneous space-charge distribution after charges have
been recombined on the trapped hole centres. The created electrostatic field of the space-
charges leads to the change of the optical properties of the crystal due to the linear electro-
optic effect of Pockels [83]. The form of the created electrostatic field is characterized by
the distribution of the light intensity. Hereby induced perturbations in the medium by the
laser beam excite changes in the initial light field and so one observes self-action effects of
the light due to photorefractive nonlinearity.

Processes of self-action lead to the self-focusing (defocusing) and self-bending of laser
beams. The most interesting field of the experimental and theoretical investigation of the
laser beams self-action is the self-focusing because of the possibility to produce stable
optical waveguides in photorefractive crystals. If the diameter of such a waveguide keeps
itself stable along the laser beam propagation distance it calls — optical soliton. Optical
solitons exist also in media with Kerr nonlinearity but they require a rather large power of
the input beam about 400 kW or higher however photorefractive optical solions can be

realized with input beam powers of the order 10 uW.
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Self-trapping of the laser beam in photorefractive crystals first time was predicted by
M. Segev et al. [1] and B. Crosignani et al. [2] as a process of the screening of the internal
electric field by the external applied voltage based on the Pockels effect. Photorefractive
solitons can exist in two different stages: quasy-steady-state and steady-state. Quasi-
steady-state solitons can be trapped only during short time periods and then suffer
diffraction, break-up and fanning [14]. This first type of photorefractive solitons was
predicted and observed as bright and dark self-trapped beams in one and two transverse
directions [14, 33, 84]. Such types of self-trapped beams are of interest only for the study
of the temporal dynamics of the self-focusing effect.

The other type of photorefractive solitons is based on the so-called screening
nonlinearity. Waveguide structures formed by the screening self-focusing exist as long as
the corresponding experimental conditions remain constant. In comparison also with the
Kerr nonlinearity photorefractive screening solitons are supported in both transverse
directions. The idea of screening solitons is based on the fact that an artificial background
illumination helps to inhibit the quasi-steady-state configuration [4]. This fact was also
confirmed in some experimental works [7, 85]. The runaway increase of the charge density
leads to a quasi-steady-state regime. The background illumination helps to decrease the
charge density due to the charge recombination at the edge of the propagating beam. This
is the result of the low dark conductivity in the dark region of the crystal. An artificial
increase of the crystal conductivity by means of homogeneous dark irradiance of the whole
sample leads to the stable dark current that suppresses the unrestrained increase of charges
in the conducting band. The resulting electric field in the crystal, screened by the external
applied voltage, depends only on the ratio of the intensity of the propagating beam to the
background illumination. By means of the linear electro-optic effect the resulting refractive
index change gives rise to a stable self-lensing effect [85]. The exact balance between the
essential diffraction and the self-trapping is generally referred as an optical soliton.

Photorefractive screening solitons have been observed in different configurations and
in different media as bright 1D slab solitons [4], as dark (1+1)D slabs [6, 86], as bright
(2+1)D needle solitons [12, 13], and even as dark needles [87]. The self-trapping solitons
were experimentally detected in SBN [12, 13] and BTO [4, 88] crystals.

The common experimental setup realizing self-trapped beams in photorefractive
crystals is shown in figure 2.1. Polarizer P controls the input polarization of the laser beam.

The beam is focused by the lens L1 on the input face of the crystal. The external electric
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field Uy is applied along the optical axis ¢. Changing the appropriate ratio of the laser beam
intensity to the background illumination it becomes possible to find experimentally
conditions under which one can observe the self-trapped beam as an optical soliton. The
output face of the crystal is observed by means of lens L2 and a CCD camera. The
experimental setup is a common scheme to realize all experiments dealing with self-action
of the laser beams such as self-focusing, self-bending, interaction of solitons and solitonic

lattices.

c? ol CCD
Laser P L1 L

L —0—{ e
%é' =

Background

Figure 2.1:  Typical experimental setup to realize self-trapped beams in photorefractive crystals.

In this chapter we discuss the theoretical base to study the self-action of laser beams in
photorefractive single-axis and cubic crystals. The main equations to control the
photorefractive response in the media will be presented. We observe effects of self-
focusing and self-bending, and show base mechanisms to control these nonlinear

processes.

2.1 Control of the photorefractive response

The fundamental advantage of photorefractive crystals is the ability to provide nonlinear
response of the medium under the light illumination with powers of order of 10 uW. The
control of the photorefractive response of a crystal is realized by applying an external
alternating (AC) or direct (DC) electric field. Under an applied DC electric field
photoinduced electrons drift in one direction of the applied voltage and pass at an average
the same length L, (drift length) till they will be trapped by ionized donors. The diffusion
of electrons occurs due to thermal processes and has a great magnitude particularly in
single-axis crystals. In cubic electro-optic crystals the magnitude of the diffusion can be

enhanced by applying an AC electric field [61]. These two mechanisms of the control of
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the photorefractive response let to observe effects of the self-focusing (self-defocusing)
and the self-bending of laser beams, and could be described by means of the one level

transport model of Kukhtarev et al. [89]:

dilvt > 5(1, + )N, — N} ) ynl;, 2.1
V-(6E)=p, 2.2)
d

5, P+V1=0, (2.3)
p=elN;-n-N,). (2.4)
J = eunE + T - grad(n), (2.5)

where I — optical intensity, E — the space-charge field, Np* and n, — concentrations of
ionized donors and free charges; Np — full concentration of donor centers; N —
concentration of acceptors compensating the charge of ionized donors in the dark; s —
photoionization cross-section; Yg — two-particle recombination constant; € — low

frequency dielectric constant; p — density of the space-charge field; e — charge of the
electron; ¢ — mobility of photoelectrons in the conducting band; x; — Boltzmann’s

constant; 7 — absolute temperature.

2.1.1 Applied DC electric field

The first theoretical prediction [1] of the (1+1) D self-focusing of the laser beam in
photorefractive crystals under the applied direct electric field was the base for a number of
theoretical (for example [2-9, 1110, 85]) as well as experimental (for example [8, 12-14,
33, 84, 86-88, 90]) works studying these effects in different crystals. The nature of the
space-charge distribution depends on experimental conditions. The first experimental paper
[14] has demonstrated the possibility of the laser beam self-focusing in the medium with
photorefractive nonlinearity where a one-dimensional light distribution is focused by a
cylindrical lens on the input face of the crystal. In this case the space-charge distribution
has also one-dimensional nature. If the input laser beam has a two-dimensional light
distribution the induced space-charge field depends in this case also on the transverse
coordinate and the theoretical model of Kukhtarev et al. has to be considered for the

(2+1)D cases.
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The speed of the space-charge field formation depends on the relaxation time of the
electric field which has different magnitudes for different crystals types. Generally this
task is solved for stationary conditions suggesting that the process of the charge
redistribution reaches saturation. In this chapter we consider only steady-state conditions
and present the exact solution of the amplitude of the space-charge field for (1+1)D cases

and the common analytical solution for the (2+1)D cases.

One dimensional case
Under steady-state conditions the set of Kukhtarev equations (2.1)-(2.5) in the one

dimensional case takes the form:

dilvt D = §(1, +I)(N, — N3)— 7nNy, (2.6)
dE. e +

=% (N;-n-N,),
i (V5 -n-n,) @7
%[e,unESC + KT - grad(n)] =0, (2.8)

where & — dielectric constant; & — relative dielectric conductivity in the crystal along the
direction of the applied electric field. The spatial dependence of all variables on the
propagation coordinate is ignored, while they vary much rapidly in transverse direction.
Thus the contribution of the electric field to the modulation of optical properties of the
medium along the propagating distance can be neglected.

The estimation of the space-charge field can be simplified if the laser beam propagates
in the photorefractive crystal under steady-state conditions [69-71]. In this case the

amplitude of the space-charge field Eg. is described by the nonlinear differential equation

[76]:

ESC()C): EO Im + Id 1+ &€, dESC _ KBT 1 ﬂ "
I+1, eN, dx e \I+1,dx
(2.9)

KT €€, (1+ g€ 1 dEg. j_l d’E,.

e eN,\ eN, I+, dx dx’?

ESC

The inequality eN, >> £,€, satisfies the condition if the traps saturation is absence in

the crystal. Under this condition and in the linear approximation the equation (2.17) can be

reduced to the simpler form:
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I +1, xT( 1 dI
E.lx)=E,—=—4 - -8 — . 2.10
sclx)=E, I+1, e (I+Id dxj (2.10)

The obtained solution of the one dimensional space-charge field distribution describes the

contribution of the local and nonlocal response of the photorefractive medium when the

I +1
laser beam propagates through the crystal. The term E,—=—4

, corresponding to the local
d

response of the medium, is responsible for the self-focusing and the self-defocusing of the
light beam. The self-bending effect arises due to the influence of the second term in
equation (2.10). In cubic photorefractive crystals of the sillenite family the second term
vanishes due to small values of the electro-optic coefficient if the direct electric field is
applied to the crystal. However it is well known [61] that the nonlocal response in cubic

photorefractive crystals can be enhanced by applying an alternating electric field.

Two dimensional case
Photorefractive optical spatial solitons are of great interest because of the possibility to
form two-dimensional waveguide structures. The created waveguide possesses the
fundamental mode parameters of the spatial soliton. In this case the set of Kukhtarev
equations has to be solved in frameworks of the (2+1)D model.

The solution for the set of Kukhtarev equations for the vector of the space-charge field
E cannot be found in explicit form. On the other side the dimensionless potential of the

static electric field ¢ is a scalar value and under the standard assumptions N, >>n,_,
NJ, >>n, it can be reduced to a nonlinear partial differential equation [98].

Introducing the amplitude of the space-charge field by the relation E=V ¢+E,,

where V| =(3/0x, 9/dy), and under the above assumptions equations (2.1)-(2.5) can be

reduced after some manipulations to:

0 V¢2¢+ e;u{VL ’ [ne (VJ_(D_ Eo )]}+ IUkBT{VJ_ ' (Vine )}: 0. (2.11)

E)E, g

The density of charge carriers n, can be expressed in the exact form:

-1
n,=s(N,—N NI +1,)z, (1 + &by, Ej : (2.12)
eN ,
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where 7, = (N VA )_l is the recombination time of free charge carriers. If the power density

of the light beam I(x,y,z) varies slowly in both transverse directions x and y, the term

Sfhy K

N is much less than unity for typical photorefractive media. By substituting
e A

(2.12) in (2.11) the equation for the potential of the space-charge electric field yields:
1 0
T—Vp+V@+VIn(I+1,)-Vo=
I+1, o ®» ®» ( )V

EO%IH(I+IC1)+ kZT [Vzln(“‘Id)+{V1n(I+Id)}2]

(2.13)

where 7= ¢€,€,/&un, is the characteristic relaxation time of the electric field. The diameter
of the input beam is much smaller than the crystal width and so the power density 7(x, y, z)
vanishes at the crystal borders that is I(x — %oo, y — *o0,z)=0. The potential ¢(x, y,z) is
a function of two transverse components of the spatial electric fields E, and E and

depends on time.

2.1.2 Applied AC electric field

The control of the nonlinear response in the photorefractive medium can be realized also
by means of an applied AC electric field [61]. This technique allows significantly increase
the nonlinear response of photorefractive crystals. This effect is especially strong in
widegap-semiconductors and sillenite crystals possessing a long drift length of the charge
carriers. The applied AC electric field increases significantly two-wave-mixing gain [61,
91-95], improves the beam fanning and phase conjugation efficiency [96, 97], lets to
observe spatial subharmonics [98-100] and photorefractive surface waves [101, 102].

If the external square-wave electric field is applied to the photorefractive crystal and
the focused laser beam propagates perpendicularly to the direction of this bias field the set
of Kukhtarev equations can be solved for the (1+1)D case neglecting the diffusion of
charge carriers [37]. Under standard assumptions mentioned in section 2.1 for the steady-
state and taking into account only linear and quadratic terms relative to the space-charge
field the (1+1)D set of Kukhtarev equations (2.6)-(2.8) can be reduced to two nonlinear

equations:
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vl L, dD. k| 1 dI L, d’E L, dEg.
o — + — — A SC ] |- A S =,
I,+1 dx e |I,+Idx E, dx

E, dx (2.14)
D 1+ LA dE‘SC LE ESC dlﬂjSC LA dESC _sz) LA dzI)SC
' E, dx E, dx 7, dx E, dx’
, (2.15)

where 7, =¢/0, is the dielectric relaxation time in the dark area of the crystal,

L, = utyE, is the drift length, L, = &E,/(eN, ) is the length of the electron tightening by
the electric field E,, and L, = (,UTRK‘BT/e)l/ ? is the diffusion length. The equation for the

ESC can be obtained from equations (2.14) and (2.15) excluding BSC . If the drift length L,

exceeds the lengths L, L, and the Debye screening length L = [KBTs/ (ezN A )]1/2 then the

nonlinear equation for the time-averaged space-charge field takes the form [37]:

E,. I’E
2L Zsc & Tsc
N
2 2 T - 2 -
L.L, 1—E—5§ +L§+Lf)—2lSLE dESC+ Ege AL |d"Ege ESC
E E, \ dx I,+Idx)| dx
E E. dE
—{2(LE ~L, )E—SOC+ L,(L, ~ L, )E—Socf : (2.16)
I E 1 dI|dE
—| Ly — L 1-=5 |+ 215 +31; —
he A( EjJ 5 LDLdudx}dx
S E,. d 1)~ KT 1 dI
+]1- =€ — 4212 — | |[Ey. +| L.E, +—2 —=0
1d+1(LE E, dx LDdxzﬂ 5 (LE e jld+ldx
Here it is assumed that the following inequalities are satisfied
Lo __ L __, L
7<<1,7<<1,7<<1, 2.17)

which allow to take into account terms that are linear and quadratic relative to the small

parameters L, /a, Li/a, L, /a.
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If the diameter of the input beam is small enough to neglect terms involving Li , le) ,

Lg and much smaller than the transverse dimension of the crystal the equation (2.16) can

be simplified as:

EX \d’E,
Ly|1-=5¢ |==sc g
l’EA( Egj dx2
E E,. dE EL) 1 dI |dE
2L, - L) =S +2L, L, =S¢ —C — [ L,|1-—5 — =< (2.18)
{(LE A)EO LEAEO dx LEA( Egjldudx}dx
1 dl =
~L.E ——E.=0
LE Old+ldx SC

In the linear approximation and in the absence of traps saturation (LA = O), equation
(2.16) can be expressed in the explicit form:

Ege = IL:%%. (2.19)

In this work we will use applied dc and ac electric fields to control the nonlinear

response in photorefractive crystals. The applied dc voltage is used to control the local and

nonlocal response of the medium in single-axis photorefractive crystals. The applied ac

electric field provides a strong nonlinear response in cubic crystals to observe self-bending

of laser beams.

2.2 Beam propagation equation for slowly varying

amplitudes

Consider the propagation of the laser beam in a photorefractive crystal along the z axis that
has the essential diffraction in both transversal x and y directions. For simplicity we
assume that the beam is linearly polarized along the optical axis coincident with the
coordinate x. The electric-field component of the optical beam field E satisfies the

Helmbholtz equation:
VZE + (k2. YE=0, (2.20)
where k, =27x/4, and A, are the wave number and the wave length in free-space of the

propagating beam and 77, is the unperturbed extraordinary refractive index. Expressing the
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ikz

electric-field component in the form E =3A (x,y,z)e™ + A, (x,y,z)e™ and in terms of

slowly varying amplitudes A, and A, equation (2.20) yields:

. d 1 k

where V| is the transversal Laplace operator.

By studying the dynamic evolution [15-17] of solitons and their temporal development
[18, 19] in photorefractive crystals it became possible to obtain conditions for stabilized
solitons in common [20, 21] as well as in dissipative [22] photorefractive systems and

finally to describe the properties of quasi-steady-state solitons [23, 24].

2.3 Laser beam propagation in uniaxial crystals

The photorefractive SBN and LiNbOs crystals belong to the class of single-axis ones. The
maximal value of the electro-optic coefficient in these crystals can reach values up to 30
pm/V in LiNbOj [64] and up to 200 pm/V in SBN [103] along the direction of the optical
axis. The nonlinear response in LiNbOj crystals occurs due to the photovoltaic effect that
requires no applied external electric field. However effects of the beam self-action in SBN
crystals are possible only under an applied voltage. In this case the maximal
photorefractive response is achieved if the direction of the bias field is along the optical
axis. This condition lets to consider only the perturbation of the space-charge field along
the direction of the applied voltage that simplifies the task of the theoretical investigation

of the laser beam propagation in single-axis photorefractive crystals.

2.3.1 (1+1)D case

The consideration of the process of the laser beam self-action in frameworks of a one-
dimension model supposes that the laser beam is focused by a cylindrical lens on the input
face of the crystal. The induced space-charge field in this case depends only on the x
coordinate that corresponds to the direction of the optical axis (Equation 2.10). For the
linearly polarized beam along the optical axis (Equation 2.21) the process of a self-action
of the laser beam in photorefractive media under the applied external electric field in the

steady-state regime is described by [7]:
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Eta &I 1 AT, (2.22)

A——— 0
I,+1 e I+1,dx

. dA N 1 9 kon
dz  2kyn, ox’ 2 ¥

The bright soliton solution can be obtained from equation (2.22) by expressing the

beam amplitude in the from A=r"?y(s)exp(i1z), where s=x/x, is a dimensionless

coordinate, x, is an arbitrary spatial width, y(s) is the normalized function that has to be

integrated in the interval [0, 1] and v presents the nonlinear shift of the propagation

constant. The quantity r is the ratio of the maximal input beam intensity 7, = 1(0) to the

dark irradiance I,, r=1_ /1;.

The first attempt to solve this problem taking into account no diffusion nonlinearity is
shown in [7] where the amplitude profile for a bright soliton beam has the form close to the

Gauss beam:

(28)7s =] ol r_dy : (2.23)

1+ ryz)— y*In(1+ r)]l/2
where S = (k,x,)’ (njr33/2)EO and y corresponds to the normalized amplitude of the

solution of the soliton beam profile. The width of the input beam depends on the ratio r

and the magnitude of the applied electric field E, .

The existing soliton curve presented in [7] shows that for the ratio r from 0.1 till 100
the beam diameter remains relatively constant and the existence of bright spatial solitons is
always possible if E, is a positive quantity.

By taking the nonlocal response into account, the solution of equation (2.22) was in
detail considered by Krolikowski et al. [104] and Jinsong et al. [62]. The authors have
shown that the beam center follows a parabolic trajectory and in the biased crystal the

solution has the form of an Airy function.

2.3.2 (2+1)D case

Observing theoretical works [9, 11, 105] trying to describe the propagation of the laser
beam with transverse intensity distribution in unixial PR crystals we can see that this
problem requires considerable efforts to find any analytical solution. The first analytical
solution was considered by Zozulya et al. [9] where authors took into account the

anisotropic nature of the photorefractive medium. However, as it was mentioned by
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Crosignani et al. [11], these results predict no possibility to observe experimentally a self-
trapped propagating beam maintaining an axially symmetric invariant diameter. But the
theoretical approach developed by Crosignani et al. [11] showed that in the low-intensity
regime the RP crystal can support circular solitons but after short propagation distance they
evolve into an elliptical beam that agrees with the published experimental results (for
example [12, 13]).

The propagation of the laser beam focused by a spherical lens on the input face of the
biased single-axis photorefractive crystal requires the taking into account of the isotropy of
the linear electro-optic effect. However if the input light is linearly polarized along the

optical axis it becomes possible to consider the change of the refractive index An; only

along the direction of the applied electric field. Under these assumptions the equation

(2.21) yields:

.0 1 k.nl
[la_fzkon VJA_ P fx- B . y.2)]A =00, (2.24)

where Eg. (x,v.2)= xEq. (x,y,2)+ YES (x,y,z) is the space-charge field amplitude, x and
y are unit vectors parallel and perpendicular to the optical axis.

The potential equation (2.13) of the induced space-charge field for the (2+1)D case
cannot be solved analytically but under steady-state conditions the time derivative vanishes
and the equation can be rewritten as:

Vo+VIn(I+1,)- Vo=

d k,

Ey= In( +1,)+ L2 + 1)+ i+ 1)F] (2.25)
X e

The bright (2+1)D solitons were in detail discussed by Crosignani et al. [11]. Authors have
presented the existence curve and shown that solitons do not exist for the low-intensity
regime when the maximal beam intensity is much smaller than that of the dark irradiance.

For the high-intensity regime when I, /1, is large or equal to 1 the self-trapped beam can

support screening solitons that was confirmed by Shih et al. [12, 13].

We are going to investigate the self-trapping and the self-bending of a laser beam with
different input diameters in a photorefractive SBN-crystal in dependence on the applied

electric field and the input beam intensity.
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2.4 Laser beam propagation in cubic crystals

The propagation of leaser beams in cubic photorefractive crystals is studied already since
1994 after their first experimental observation in Bj;TiO;y [4]. When choosing the
directions of light beam propagation and application of an external electric field used to
increase the nonlinear response, one should take into account the anisotropy of the electro-
optic properties of sillenites belonging to the class of 23 symmetry of cubic system. The
other problem is the presence of the natural optical activity that makes it necessary to take
into account the rotation of the polarization plane and the birefringence of cubic crystals.
The first theoretical models for the (1+1)D case were suggested by Singh et al. [25] and
Krolikowski et al. [106] only for the case when the external electric field is applied along
crystallographic axes [001] and [1T0] when the laser beam propagates along [110]. Five
years later in 2002 this problem was considered again by Fazio et al. [27]. Authors
developed a (2+1)D theoretical model for the orientations of the external electric field
along [001] and [1T0] axes, and demonstrated experimentally the adequacy of the
suggested model [33].

The first attempt to take into consideration the arbitrary orientation of the applied
external electric field was made by Shepelevich ef al. [29] for the (1+1)D case. Authors
showed theoretically and experimentally that a maximal nonlinear response of the
photorefractive cubic medium can be observed at the orientation of the bias field along

[1 1 1] axis. Wiedner et al. confirmed this fact experimentally for the (2+1)D case [32].

2.4.1 Base equations

The set of coupled equations describing the laser beam propagation in optical active
photorefractive cubic crystals can be obtained from equation (2.21). The natural optical
activity is taken into account by an additional term specifying the rotation of the
polarization plane [106]:

[ii +LVLF()C, .2)= X0 And(x, y,2)+iple,, Alx, v.2)]=0, (2.26)
0z 2kyn, n

where €, corresponds to the unit vector along the direction of the propagation z, pis the

specific optical rotation.
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2.4.2 (1+1)D laser beam propagation

The set of coupled equations describing the propagation of laser beams in cubic
photorefractive crystals under an applied external electric field takes the form [26]:

0A, 1 %A, kg,
i—+ -
dz  2kyn, Ox

ryEscA, +ipA, =0,

w1 A e 2.27)
1 - I, —1 =V,
aZ 2k0n0 ax 2 417SC* %y IO X

where r,, is the value of the linear electro-optic coefficient, and E,. is the magnitude of

the space-charge field und the parameter O determines the orientation of the external

electric field:

§=0 for E | [001],
_ (2.28)
s=—1for E | [1T0].

If 6=0 only the A, component of the optical electric field gives the contribution to the

nonlinear properties of the medium. The presence of the optical activity leads to the
redistribution of the energy between both components of the polarization and the efficiency
of the nonlinear response in this case reduces. Such interconnection between both
components makes it impossible to observe the spatial soliton regime, especially if 6 =—1.

A theoretical model for arbitrary orientations of the external electric field was
presented by Shepelevich et al. [29]. The orientation of the coordinate system in this case
is presented in figure 2.2 where e, and e, are unit vectors along axes x and y. The external

electric field is applied along x making an angle 6 with the crystallographic direction
[1 TO]. The set of coupled equations takes the form:

04, 1 A, k)

1 1. E A+ uA |J—-1pA =0,
aZ 2]{0”0 axz 2 41 SC(ﬂl X Il'lZ }) p y

i (2.29)
0A, 1 O’A, kn,
i—+ -0y E \W,A 4+ 1A )+ipA, =0,
aZ 2k0n0 ax2 2 41 SC(#Z X /’lS }) p X
where coefficients g, are:
I, =3sinfcos’ 6,
11, =cos8l-3sin>8), (2.30)

11, =sin8(1-3cos’ 8).
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Figure 2.2:  Orientation of the coordinate system relative to the crystallographic directions.

Coefficients g, and g, are responsible for the nonlinear response of the medium and
are responsible for the self-action process of the light. The coefficient u, specifies the

cross-nonlinear coupling between x- and y-components of the polarization. The

dependence of coupling coefficients on angle @ is shown in figure 2.3. It is easy to see that
for the orientation of the applied voltage along the crystallographic axis [1 1 1] (60=35.26)

the coefficient u; reaches its maximal value (u; = 1.16) and coefficient u, corresponding to
the cross-nonlinear coupling between both components of the vector amplitude is zero. In
this case the direction of the polarization vector has to coincide with the direction of the
applied voltage while the negative magnitude of coefficient u3 (43 = -0.58) can defocus the
y-component of the polarization vector. The third term in the second equation (2.29)
corresponds to the self-action of A component and the sign of coefficient w3 gives the
negative contribution to the beam self-action process. The first experimental observation of

spatial solitons in cubic photorefractive B;,TiOy crystals of (110)-cut under the applied

electric field along the crystallographic axis [IT 1] was demonstrated by Shepelevich et al.
[29]. Authors have shown that in comparison with conventional orientations [OOT] and

[1TO] the considered one [1T1] requires much smaller magnitude of the bias field to

observe the same nonlinear response of the medium.
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Figure 2.3:  Dependence of the coefficients x,, i, 3 on the orientation angle 6.

2.4.3 (2+1)D laser beam propagation

The propagation of two-dimensional laser beams in cubic photorefractive crystals was

considered first time by Fazio et al. [27] if the external electric field is applied along
directions [OO 1] and [110]. Authors have demonstrated theoretically and experimentally

the existence of (2+1)D solitons in media with large optical activity and absorption. They
have investigated the dependence of the soliton features on different parameters and have
shown that solitons are transversely modulated (breathing) due to the combined action of
effects of optical activity and absorption. The breathing period is not constant, but depends
on the experimental conditions, as it was analytically described. The existence of (2+1)D
solitons requires a more limited range of experimental parameters than for the (1+1)D case.
The dependence of the normalized experimental beam waists versus the signal/background
intensity ratio r, at Eo= 40 kV/cm, together with the analytical and numerical solutions has
shown that for the same external electric field, both the numerical integration and the
experimental data show a minimum (2+1)D soliton width at r = 0.8, which cannot be
predicted by the analytical solutions. The further growth of the ratio from about 2 Iy/I5 till
10 I/l does not influence on the normalized soliton width.

The arbitrary orientation of the external electric field for the (2+1)D case was
considered by Shepelevich et al. [31]. The theoretical model takes also into account the

complex behavior of the space-charge field (Equation 2.13) obtained from the two-
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dimensional Kukhtarev model. The set of coupled equations developed by Shepelevich et

al. is:

. 0A 1 (%A, 9%A. ) kyn, ( 8(/))
: : « |- E,— 25 (A, + u,A
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b

(2.31)
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The transversal component of the space-charge field E, =—d¢@/dy is taken here into

consideration.

In frameworks of the two-dimensional model authors showed that for the orientation of
the bias field along [ITI] axis the x-polarized input light provides the quasi-soliton

propagation of the laser beam in the crystal. They have calculated the existence curve for
two-dimensional spatial solitons taking into account the optical activity of the medium.
The presence of the optical activity makes it necessary to increase the amplitude of the
external applied voltage to reach a quasi-soliton regime, while the rotation of the
polarization plane violates the optical self-focusing. However the higher magnitude of the
biased field, the weaker the influence of the optical activity and at about 30 kV/cm it does
not influence on the waist radius of the quasi-soliton. This phenomenon is connected with
the increasing of the rotation speed of the polarization plane that is allowed to consider the
propagated beam as a circular polarized light. Later Weidner et al. [32] have shown that
the circularly polarized beam in a BTO crystal (with length 21 mm and with an optical
activity 6 °/mm at the wavelength 633 nm) has a circular cross-section on the output face
of the crystal in the quasi-steady-state regime.

However the main problem of existing theoretical models is the impossibility to
separate the effects of the birefringence and the induced space-charge field that distorts the
behaviour of the beam polarization and makes it impossible to consider beam self-action
effects independently of the birefringence induced by the external applied voltage. It is also
well known that the additional photoelastic contribution to the modulation of the optical

properties of the medium by the space-charge field has to taken into consideration [107].
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So we will consider a model taking into account separately the linear birefringence
induced by the external field, the additional contribution of the photoelastic effect to the
modulation of the optical properties of the crystal by the space-charge field, and the
natural optical activity.

The (110)-cut is not the unique orientation of sillenite crystals for the implementation
of the light self-action effects. Plesovskikh et al. [50] have shown that cubic
photorefractive crystals of {112}-cuts give the feasibility of the implementation of a
counter light-beam interaction at reflective holographic gratings. In this work, we derive
equations with which we can analyze the self-action of light beams with one-dimensional
input intensity distribution propagating along the crystallographic [112] axis in cubic
crystals of 23 symmetry classes. The external electric field orientation is assumed to be

arbitrary in a plane perpendicular to the propagation direction.

2.5 Self-bending of the laser beam

Self-bending of light beams occurs when they propagate in single-axis photorefractive
crystals with the nonlocal nonlinearity of a diffusion type [3, 56, 57, 108]. This effect has a
rather high magnitude in barium titanate (BaTiO3) and strontium-barium niobate (SBN)
crystals characterized by large values of the electro-optic coefficients.

Various theoretical models have been applied for the investigation of these phenomena.
In 1982, Feinberg [54] explained the asymmetric beam fanning by using the diffraction
integral for a TEMy Gaussian laser beam which itself deflects from a created transverse
gradient of the refractive index. The evolution problem of one-dimensional Gaussian
beams propagating in photorefractive crystals was considered in the paraxial
approximation by Christodoulides et al. [3] and by Esayan et al. [55]. Any noise fanning
effects have been neglected in these works. In addition of the noise to the system, it is
possible to describe the fanning effect both for linear [58, 59] and nonlinear models [59] of
material response in the case when the propagated beam has a wide size. In 1994,
Lyubomudrov and Shkunov [56] introduced a theoretical model of self-bending with the
assumption of a speckled structure of the input beam. This model describes a beam with a
Gaussian shape of the angular spectrum. The photorefractive interaction between angular

components with random phases causes energy redistribution and the bending of the beam
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trajectory in a crystal. Using such approach, the trajectories of the whole beam with a
strong curvature (without the frame of paraxial approximation) can be considered.

In single-axis crystals as BaTiO3; and SBN with the strong diffusion mechanism of the
photorefractive nonlinearity the radius of the trajectory curvature typically reaches several
centimetres. This process is accompanied by an asymmetric beam fanning. A reduction of
the spot size of the beam weakens the fanning. A narrow Gaussian beam with the waist of
15 pm at the entrance face of a BaTiO3 crystal [58] can have only a wave front tilting of
about 0.2 with a small change of the beam shape after the propagation of ~ 5 mm.

The strong anisotropy of a photorefractive response in BaTiOs influences both the
quantitative parameters and the qualitative peculiarities of the self-bending phenomenon
[54-59]. However, a simple electro-optic mechanism of photorefractivity has been taken
into account [54-57] and [58-60] in the analysis of this effect. The spatial variations of
dielectric permittivity are primarily due to the electro-optic contribution of the space-
charge field which is formed in the crystal.

Nevertheless, the additional elasto-optic contribution to the changes of the dielectric
permittivity during the process of the photorefractive grating writing was taken into
account in [34, 35]. More recently Gunter and Zgonik [36] considered the roto-optic
contribution that is evident in crystals with strong linear birefringence only. Both the
elasto-optic and roto-optic contributions are associated with the inhomogeneous elastic
field induced by the piezoelectric effect in a non-centrosymmetric crystal during
photorefractive grating formation. In addition, a nonuniform piezoelectric polarization of
the medium must be taken into consideration of the effective static dielectric constant [34-
37] of the medium must be taken into consideration that influences the condition of trap
saturation. The influence of the elasto-optic effect on Bragg diffraction, two-wave mixing,
and beam fanning has been experimentally verified in various photorefractive crystals such
as LiNbO;3 [34], Bi12GeOy [38], Bi12SiOy [39-41], Bi12TiOy [35, 42-45], GaAs [46],
KNbOj [47], and BaTiO3 [47-49].

Following the simple model of Lyubomudrov and Shkunov [56], we investigate
theoretically the trajectories for a selfbent extraordinary speckle-beam in BaTiOs3,
considering the elasto-optic contribution to the changes of the dielectric permittivity for
the photorefractive response. We neglect the roto-optic contribution because of the weak

linear birefringence of BaTiO;.
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In cubic photorefractive sillenite crystals the nonlocal response of the medium can be
enhanced by applying an external alternating-sign electric field [64]. Self-bending of a
light beam propagating in a cubic photorefractive crystal with an applied square-wave
electric field was considered by Borodin et al. [62], who disregarded the optical activity of
the crystal. At the same time, it is well known [64] that cubic crystals of point group 23
have considerable rotary power at the wavelength of a helium-neon laser lying in the range
from 6 deg/mm in Bi;;TiOy (BTO) to 22 deg/mm in Bi;,S10,9 (BSO) and Bi;2GeOy
(BGO). The rotation of the polarization plane can affect considerably the self-action of a
light beam due to the anisotropy of the electro-optic effect. We are going also to study
theoretically and experimentally the self-bending of light beams in cubic photorefractive
crystals with allowance for the optical activity of crystals. Experimental results have to
confirm developed theoretical models for the investigation of laser beam propagation in

cubic photorefractive crystals.

As we have shown effects of the laser beam self-action are investigated in two different
kinds of photorefractive media: in single-axis and cubic crystals. Both media are suitable to
realise the self-focusing as well as the self-bending effects under applied external dc or ac
electric fields. If the essential diffraction of the laser beam in the crystal can be exact
compensated by nonlinear self-focusing, the propagated beam calls — spatial soliton.

From the literature it is known that photorefractive solitons can be generated in single-
axis photorefractive SBN-crystals with input beam powers of 1-10 uW, applied fields of 1-
7 kV/cm and background illuminations in the order of 1 mW/cm? [109-111]. Under a
photorefractive soliton one understands generally a self-trapped beam, which diameter
remains equal along the whole propagation distance in a PR-crystal. We are going to
investigate the self-trapping and the self-bending of a laser beam with different input
diameters in a photorefractive SBN-crystal in dependence on the applied electric field and

the input beam intensity.
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Due to their good photorefractive properties, cubic Bi;;TiOy (BTO) and Bi;,Si0y9
(BSO) crystals from the sillenite family are rather popular nonlinear media for the study
and implementation of different effects of the light beam self-action (see, e.g., [4, 25-31,
106]). When choosing the directions of the light beam propagation and application of an
external electric field to increase the nonlinear response, one should take into account the
anisotropy of the electro-optic properties of sillenites belonging to the 23 symmetry class

of cubic system. Conventionally, a light beam propagates along [110] crystallographic

direction when the external electric field is applied along axes <00 1> (4, 25, 27-29], <1 1 1>
[31], or <T10> [27, 31]. The equations describing the self-action effects for an arbitrary

orientation of the applied field in a plane orthogonal to the <110> light propagation

direction are presented in [29, 31]. However theoretical models developed by Shepelevich
et al. [29, 31] cannot separate influences of the induced birefringence and the formed
space-charge field than strongly distorts the properties of the propagated beam. It is also
well known that the additional photoelastic contribution to the modulation of the optical
properties of the medium by the space-charge field has to be taken into consideration
[107]. So we will consider a model taking into account separately the linear birefringence
induced by the external field, the additional contribution of the photoelastic effect to the
modulation of the optical properties of the crystal by the space-charge field, and the
natural optical activity.

However, the (110)-cut is not the unique orientation of sillenite crystals for the
implementation of the light self-action effects. Plesovskikh er al. [S0] have shown that
cubic photorefractive crystals of {112}-cuts give the feasibility of the implementation of a
counter light-beam interaction at reflective holographic gratings. In this work, we derive
equations with which we can analyze the self-action of light beams with one-dimensional
input intensity distribution propagating along the crystallographic [112] axis in cubic
crystals of 23 symmetry classes. The external electric field orientation is assumed to be
arbitrary in a plane perpendicular to the propagation direction.

The other phenomenon of the beam self-action is connected with the bending of the
beam trajectory due to the nonlocal response of the media. Due to the high magnitude of
the electro-optic coefficients this effect can be observed in single-axis photorefractive
crystals under applied dc electric field. Following the simple model of Lyubomudrov and

Shkunov [56], we investigate theoretically the trajectories for a selfbent extraordinary



Chapter 2. Self-action of laser beams due to the photorefractive effect 27

speckle-beam in BaTiO;, considering the elasto-optic contribution to the changes of the
dielectric permittivity for the photorefractive response. We neglect the roto-optic
contribution because of the weak linear birefringence for BaTiO3.

In cubic photorefractive sillenite crystals the nonlocal response of the medium can be
enhanced by applying an external alternating-sign electric field [64]. Self-bending of a
light beam propagating in a cubic photorefractive crystal with an applied square-wave
electric field was considered by Borodin et al. [62], who disregarded the optical activity of
the crystal. At the same time, it is well known [64] that cubic crystals of point group 23
have considerable rotary power at the wavelength of a helium-neon laser lying in the range
from 6 deg/mm in Bi;;TiOy (BTO) to 22 deg/mm in Bi;,Si0y (BSO) and Bi;2GeOy
(BGO). The rotation of the polarization plane can affect considerably the self-action of a
light beam due to the anisotropy of the electro-optic effect. We are going also to study
theoretically and experimentally the self-bending of light beams in cubic photorefractive
crystals with allowance for the optical activity of crystals. Experimental results have to
confirm developed theoretical models for the investigation of laser beam propagation in

cubic photorefractive crystals.
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Chapter 3

Beam self-trapping and self-bending dynamics in a
SBN crystal

We present in this chapter base experimental and theoretical investigations of the self-
trapping and the self-bending of a laser beam with different input diameters in a
photorefractive SBN-crystal in dependence on the applied electric field, the input beam
intensity and the input beam diameter (FWHM). The diameter of the input beam varies
from 18 pum till 40 um. For the input beam diameter 25 um with different values of input
intensity (270, 210, 130, 100 mW/cmz) and under an applied external electric field in the
range from 1.5 till 5 kV/cm we obtain experimentally saturation times that correspond to
the maximal focusing of the propagated beam. The self-focusing of the light with different
input beam diameter in dependence on the applied voltage was investigated under

saturation conditions.

3.1 Experimental results

The experimental setup is shown in figure 3.1. A He-Ne laser is used as a source of the
monochromatic wave (633 nm). The lens L focuses the beam onto the front surface of the
SBN:60 crystal (5x5x20 mm°) doped with 0.2-mol.% Ce. The beam profile on the rear
surface is taken by a CCD-camera with the help of a micro objective MO. The optical axis
c of the crystal is directed parallel to the applied electric field. A white light emitting diode
realizes the background illumination.

The peak intensity of the input beam is varied from 100 mW/cm? up to 270 mW/cm®.
Before focusing the beam by the lens L it is transformed into a Gaussian beam by a system
of lenses and a pinhole so that the maximum of the intensity distribution can be derived

from the initial beam power. The applied electric field is taken in the range from 1 kV/cm
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up to 5 kV/cm, the background illumination amounts to 1 mW/cm?, the input beam

diameter takes values between 18 um and 40 pm (FWHM).
c T U

- mm—]
P

Background

Figure 3.1: Typical experimental setup to realize self-trapped beams in photorefractive crystals.

The output beam size is measured parallel and perpendicularly to the applied electric
field and in dependence on the saturation time. In this work we consider only the time
period before the maximal focusing and take it as the saturation time (Figure 3.2). One can
see that with the increasing of the input beam intensity the saturation time decreases. This
can be explained with the increasing density of free charges caused by the stronger laser
beam. The general tendency of the decreasing of the saturation time with the increasing
applied field is due to the faster recombination rate of the excited charges.

The output beam profile is in general anisotropic and has an elliptic form with the short
axis along the applied field (Figure 3.3). This behaviour corresponds to the observations
described in [109]. For values of the applied electric field lower than 1.5 kV/cm the effect

is weak. For values higher than 5.0 kV/cm the probability of breakdown increases.

4 270 mW/cm®
i * 210 mW/cm®
c 130 mW/cm®
— 2
g 3 * % o o 100 mW/cm
)
E * * *
c 27 b3 % %
2 > * *
- n
o . SIS
2 11 coo > >
© [ [ -
w n

0 T !

10 20 30 40 50
External applied field, kV/cm

Figure 3.2: Saturation time for beam intensities 100 mW/cm?, 130 mW/cm?, 210 mW/cm® and 270

mW/cm” and an input diameter FWHM = 25 um.
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Figure 3.3:  Experimental values and average fit of the output beam size parallel (a) and perpendicular

(b) to the applied electric field for input beam diameters (FWHM) 18 wm, 25 wm, 34 pm, 40

um and an input intensity of 130 mW/cm®.

We did not notice any essential difference of the output beam size in dependence on
the input beam diameters, so that the output beam size decreases exponentially versus
applied electric field and reaches a stable form at about 3 kV/cm, where the length of the
small axis lies between 18 um and 22 um (Figure. 3.3.a), and the length of the large axis
varies between 25 um and 30 um (Figure. 3.3.b). Out of these observations we can
suppose that independently of the input diameter the beam is focused within the crystal
always to the same optimal width at least along the optical axis (optimal focusing).

Figure 3.4 shows that the beam, as a rule, deviates stronger from the initial direction

with increasing of the applied electric field.

= 270 mW/cm®
651 | © 210 mwiom? o ¢

* 130 mW/cm® %
c 951 & 100 mW/cm®
3 *
— 45 * * ¥
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Figure 3.4: Beam displacement in the saturation case as a function of external applied field for beam

intensities 100 mW/cmz, 130 mW/cmz, 210 mW/cm? and 270 mW/cm> and an input
diameter FWHM = 25 um.



Chapter 3. Beam self-trapping and self-bending dynamics in a SBN crystal 31

These results coincide completely with similar observations in [109]. But it should be
taken into account that there are two different simultaneous temporal processes in the
experiment — beam focusing and beam self-bending. Their competition determines the final
result. If the beam bending process is faster than the focusing (e. g., low voltage, small
intensity), a monotone focusing of the bent beam occurs. In the opposite case (high
voltage, high intensity), if the focusing is faster, a collapse of the structures takes place

connected with the focusing of the deviated beam at a new place.

3.2 Theoretical model

To check the fact of optimal focusing we compared the experimental results with the
theoretical ones.

The theoretical description of a laser beam propagating in a monoaxial photorefractive
crystal is based on the paraxial wave equation:

2 2 3
ia_A+ 1 82+ 82 A_kono r33(8_¢_ 0}4:0, (3.1)
dz  2k,n,\ 0x~ dy 2 ox

where A is the amplitude of the optical field, z is the direction of the beam propagation, x
and y are the transverse coordinates, ko is the vacuum wave number, and ny is the index of
refraction. The internal electric field (with potential ¢) and the external electric field (with
amplitude Ey) influence on the modulation of the refractive index inside the crystal via the
linear electro-optic effect with the coefficient r3;. The potential ¢ of the induced space

charge field from [60] is given by:

faiV2¢+V2(o+Vln(I+Id)-V(p:
! 3.2)

9

k,T

e

aniln(l+ld)+ [Vz1n(I+Id)+{V1n(I+Id)}2]
X

where kp is the Boltzmann’s constant, 7 is the absolute temperature, e is the charge of the
electron, I = IAI? is the normalized intensity of the beam, I;=1p4cx/Inax 1 the intensity of the
background illumination normalized by the peak intensity of the input beam and 7 is the
intensity-dependent relaxation time of the crystal.

In the steady-state regime we can neglect the change of the potential in time, assuming

d
that §V2¢ =0 and obtain the following equation for the potential of the electric field:
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Vip+Vin(I+1,)- Vo=

K (3.3)

Eo;?_xln(1+1d)+ sT V2 in(r+1,)+ i + 1,)F ]

The propagation equation is solved numerically by means of the Split-Step method and
the potential equation is solved using the CGNR method [112]. It is assumed that the input

beam has an initial Gaussian amplitude distribution.

Numerical method

If we separate out linear and nonlinear parts of equation (3.1), we get:

0A, i (9> 0
= A, .
0z 2k,n, (axz ’ 8y2J GH
3
ag‘_ZNL:"o_z”’o%{%_onA, (3.5)

The nonlinear part has an analytical solution, but the linear one can be calculated only
numerically. If we take a small step along z, than the two parts can be treated separately
with only a “small” numerical error. So, for the nonlinear part the solution has the form:

kong (0 .
Ayp, = Ayro; "€XP o_”orn(_(p_on Az |, =12 (3.6)
’ 2 ox
and for the linear part the Fast Fourier transform (FFT) is applied— an efficient algorithm to

compute the discrete Fourier transform (DFT) and its inverse. For the direct Fourier

transformation we substitute the Fourier-function with:

o oo

A,(zxy)= [ [4c0.0)expl-22(0x+ 0 y)Hodo,, =12, 3.7)

—o0 —oo

where @, and @, are the projections of the Fourier-transformation frequency on the x- and

y-axises. Finally, the solution of the linear part is:

2
AZ = AZ“_ ~exp{— i” (a)f +w, )Az] i=1,2. 3.8)

oo

The distribution of the intensity on the input face of the crystal has a Gaussian function:
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2

2
X -y
I =1 expl ————1ogll6) |, 39
0 p( P g )j (3.9)
where Iy is the initial value of the beam intensity, FWHM 1is the half width at the half

maximum of the laser beam.

Numerical simulation
The numerical calculations are performed according to the experimental values of input
beam diameters, external applied voltage, and the ratio of the intensities of the background

illumination and the peak intensity of the input beams. The value of the linear electro-optic

coefficient is r,, =237 pm/V and the index of refraction is n=2.3.

€l

The average dependences of the output beam diameter versus applied voltage are
shown in figure 3.5. One can see that the output diameter along the optical axis has the
tendency to converge to the common value of about 20 um beginning with applied
voltages in the range of about 3 kV/cm which coincides with the experimental results at
least for the “parallel” configuration. According to our experience an external electric field
of 3 kV/cm is the most suitable for the generation of photorefractive solitons in SBN, what

is confirmed by the theory.

£
2‘%60- o 607
]
% 50+ g 504
L 40 S §
o V7 T Z404
2 30- 8=
= S =307
TJ +
E 10- T T T T 1 % : ' : ' : ' : ' :
g 1 2 3 4 5 o 12 3 4 S

External applied field, kV/cm External applied field, kV/cm

Figure 3.5:  Theoretical values of the output beam size parallel (a) and perpendicular () to the applied
electric field for input beam diameters (FWHM) 18 pm, 25 pm, 34 pm, 40 um and an input

intensity of 130 mW/cm®.

The theoretical calculation of the displacement is shown in figure 3.6. With increasing
applied external field the deviation of the output beam from the initial position also grows

in agreement with our experiments. Moreover, the beam with the lower input peak
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intensity has a stronger displacement than the beam with higher input peak intensity like in
the experiments (Figure 3.4). This behaviour is related to the different magnitudes of the
non-local response of the medium for different input beam intensities, which corresponds
to the second term on the right part of equation (3). The ratio I; of the intensity of the
background illumination 7, to the input peak intensity /,,, increases with the decreasing
of the input peak intensity /,,,, resulting in a growing of the term corresponding to the non-
local response of the medium. Moreover, it should be noted that the magnitude of
theoretical calculated self-bending is larger than the experimental one, and for some cases
(e.g. 5 kV/cm) the difference between theoretical and experimental results can reach up to
50%. Therefore for self-bending we are able to report only about the qualitative agreement

between theory and experiment which is confirmed by Ref. [109].
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Figure 3.6:  Beam displacement versus applied external electric applied field for beam intensities 100
mW/cm?, 130 mW/cm?, 210 mW/cm?, and 270 mW/cm? and an input diameter FWHM = 25

pm.

3.3 Conclusion

In this chapter we have investigated the self-trapping and self-bending of a laser beam in a
SBN-crystal for different values of input beam diameter, applied electric field and peak
intensity. We found experimentally that the output beam diameter especially along the
optical axis does not depend on the diameter of the input beam if it lies between 18 wm and
40 pm. The beams have the same peak intensities and the required applied electric field
should have a value of about 3 kV/cm (optimal focusing). The self-bending becomes

stronger for higher applied electric fields and smaller input beam intensities which is
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connected with the increasing of the non-local response of the medium. The theoretical
model confirmed the tendency of the experimental results only qualitatively and predicts
larger displacements than the experimental ones.

The competition of the beam focusing and the beam self-bending velocities determines
the experimental saturation time that decreases if the applied electric field and the input

beam intensity increase.



36

Chapter 4

Self-action of light beams in sillenites

In this chapter we develop a theoretical model of the self-action of one-dimensional light
beams in (110)-cut and (1 15)—cut sillenite crystals. The model takes into account the
vector nature of the light field, the gyrotropy of the medium, the linear birefringence
induced by the external field, and the additional photoelastic contribution to the
modulation of optical properties by the space-charge field.

We discuss different orientations of the applied voltage and show that the additional
photoelastic contribution plays a significant role in the photorefractive response of the
medium and strong influences on the polarization of the propagated beam when the

external electric field orientation is along the axis [1 1 1].

4.1 Self-action of light beams in (110)-cut sillenites

4.1.1 Theoretical model

Let us consider a photorefractive crystal of point group 23 in which a light beam with one-
dimensional intensity distribution /(x) at the input face (Figure 4.1) is propagated at a small
angle to the z axis.

The external ac or dc electric field is applied along the x axis which makes an angle 6
with the [ITO] crystallographic direction. The space-charge field formed in the crystal
results in a self-action of the light beam. It has the dominating component E,(x, z). To
describe this field taking into account only the local component of the photorefractive

response, we take the expression:

(4.1)
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where [, is the ratio of the dark irradiance including the intensity of background

illumination to the maximal intensity of the input beam.

" A

Figure 4.1: Orientation of the photorefractive crystal in which the light beam with the intensity
distribution I(x) at the input face is propagated. An external direct electric field U is applied

along the axis x.

The optical properties of the crystal change in external and internal fields due to the
linear electro-optic effect and additional elasto-optic contribution is connected with elastic
crystal strains excited by the piezoelectric effect [107]. With allowance for the well-known
relations [40, 41] the dielectric tensor components in a cubic crystal can be represented in

the form:
26 — 4T 4.8
g =0, F n0r41‘5ljk‘mkE0 +nyry AbE ., (4.2)

1
Ab; = Dé‘ljk‘mk +r_T (Pi/i/m/ - )} ) 4.3)

41

where n is the refractive index of an unperturbed crystal; 517. and 517.,( are the symmetric

. . . . T S . ..
and antisymmetric unit tensors, respectively; r,; and r,, are the electro-optic coefficients

of a mechanically clamped and free crystals respectively; P, are the photoelastic tensor

. : _ E . E
components; ¥, are the components of the tensor inverse of I, =C, ,,m m,; C, , and

nm nmkl

e are the components of the elastic and piezoelectric constant tensors, respectively; and

mnp

m, are the direction cosines of the x axis in crystallographic coordinates. For symmetric
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and antisymmetric unit tensors 517. and 51 the following rule has to be used: 5.4 =1 if i=j

and 6, =0 otherwise, J,, =1 if i#j#k and J, =0 otherwise.

For the crystallographic system in figure 4.1 the vectors of the coordinate systems

yield:

:(LCOS( )— \/l_cos(ﬁ),Sin(e)j,

2

; _(_%sm( )}sm(e),cos(e)j, (4.4)

which depend on the angle € and have to be used to formulate the problem in the given
coordinates.

The analysis of the laser beam propagation in cubic photorefractive crystals having
optical activity can be described by the wave equation for the electric vector of the optical
field E :

V2E(7,1)+k2éE +ip|z,E]=0, 4.5)
where k, is the wave vector inside the medium, p is the constant of the optical activity, &
is is the symmetric dielectric permittivity tensor of the anisotropic material from equation
4.2).

The solution of the equation (4.5) for the (1+1)D case can be expressed using the

exponent of the light monochromatic field in the standard form i(kz — at) :
E(x,1) [xo (x,2)+ yoA x,z)]exp[i(kz —ar)|. (4.6)

With the help of equation (4.5) we obtain in the paraxial approximation the following

equations for the components of the vector envelope of the light beam A(x, z):

_0A 1 9*A _ [ . .
! g t 2x - xok(%g [XOA_X ('x’ Z)+ yOAy ('x’ Z)]_ lpAy = 0’
dz  2kyn, Ox
2 4.7)
aZ 2k0n0 ax2 070 07 A 0% Ty \7 x ’
where the tensor & has the form:
8 = n0r41‘ zjk‘mkEO + n0r41Ab E.. (4.8)
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After some manipulation the set of coupled equation (4.7) takes the form:

A 1 A kad
P—+ 4
dz  2kyn, ox 2

kn’ .
% r4SIEx|(771Ax + 772Ay )_ lpAy =0,

r4T1E0 (;ule + :usz )+

4.9)
y

l + 5
dz  2kyn, Ox

0A. 0°A. 3
. 1 =+ Kty r4T1E0 (;UzAx +:U3Ay )+

k 3
(;/lo r4SIEx|(772Ax + 773Ay )+ lpr = 0’

where coefficients y; and #; depend on the direction of the crystallographic axes and in the

complete form can be presented by the expressions:
=18 = = _ 1.2.3
Hy =X, QJ‘ %o )Xo = 6(xoxoxo ),

- (a = |- 123 1.3.2 2 31
Hy, = xo(Moco)yo = 2(x0x0y0 + XX Yo +x0x0y0),

(4.10)
s = 5|8 5 5y = 20y + 22y +xivind)
- ~_, 1 2 2 2 3 3
ﬂlzonbe=Ab“(x0) +Ab22(x0) +Ab33(x0) +
+2Ab12x(1)x§ +2Ab13x(1)x3 +2Ab23x§xg ’
= AL 1.1 2.2 3.3 1.2
1, =X, Aby, =Ab, 1 x, ¥, + Abyxy vy + Abysxg vy +Ab X, Yy + @11

1.3 2.3 2.1 3.1 3.0
+Aby3x, Yy +Abysxg vy +Aby x5 vy + Ay x5y + Aby, X vy

oA 2 2 3
773:}’0Ab}’o:Ab11(}’(1)) +Ab22(yg) +Ab33(y3) +
+2Ab12y(l)y§ +2Ab13)’(1))’(3) +2Ab23ygy(3)

9

with b, =b,,, b, =b,, and b,, =b,, due to the symmetry properties. The tensor Ab of the

additional photoelastic contribution to the modulation of optical properties by the space-
charge field according to equation (4.3) has to be calculated taking into account the
symmetry class of the cubic crystals. The photoelastic tensor, elastic and piezoelectric

tensors of point group 23 have the form:
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Pi B, B; 0 0 0
Py Bi B, 0 0 0
Ri BRI ORI O 0 0 i
O 0 0 P, O 0
0O 0 0 0 P, O
o 0 0 0 0 P
ck ci c; 0o 0 o0
c, ¢ c, o 0 o0
c, c. ct oE 0 0 w1y
o 0 0 Ci, o o0}
0O 0 0 0 C, O
o 0 0 0 0 Cf
000 e¢ O O
000 0 e, O] (4.14)
000 0 0 e,

Using the symmetry of cubic crystals the components of the tensor Ab can be expressed

as:

_ €y
Ab, = r_s{pllml(%lm2m3 + Vmmy + 7/13m1m2)+
41 )

+ P12m2(721m2m3 + Yo, + }/23m1m2)+ Pwmts(}/mmzmts + Vi + Yamym, )}

_ €y
Ab,, = r—S{mel(}/“mzn% + Vimym, + }/13m1m2)+
4 )

+ pym, (}/21m2m3 + YVporymy + }/23m1m2)+ YLV (731m2m3 + Vi + Y5smym, )}
_ €y
Ab,, = _5{P12m1(711m2m3 + Vi myms + 713m1m2)+
S , (4.15)

+ pism, (}/21m2m3 + Vo mm, + }/23m1m2)+ Pty (731m2m3 + Vi mymy + Y im, )}

e
Ab, =m, +L€44{m2(7“mzm3 + Ymm, + 713mlmz)+

r4l )

+ ml(?’zlmzms + Yooty + Yysmim, )}

_ €41Pu
Ab; =m, + 5 {m3(}/“m2m3 + Vmm, + 713mlmz)+
41 )

+ ml(%lmzms + Vo ryns + Yssmm, )}



Chapter 4. Self-action of light beams in sillenites 41

_ €41P 44
Aby; =my + P {m3 (}/21m2m3 + Yo,rmymy + }/23m1m2)+
41

+ m2(731m2m3 + Vi + Yy m, )}

Taking into account the symmetry of the C~ , tensor the components of the tensor I,

nmk
are:
I, = Cﬁ(ml)z + Cﬁ(mz )2 + Cﬁ(”% )2 ,
L), = Clbi (mz )2 + Cﬁ (ml )2 + Cﬁ (m3 )2 )
I3 = C1E1 (m3 )2 + Cﬁ (mz )2 + Cﬁ (m1 )2 ,
(4.16)

L, = ClEzmlmz + Czﬁtmlmz )
L= (Clg + Cﬁ )mlma )
L), = (ClEz + Cﬁ )m2m3 )

where I, =I,, I};=I;, and I; =I,. The parameters of tensor ¥, are being calculated

by means of the inverse matrix (F) .
The coefficients u; and #; for the orientation (110) of the crystal using (4.4) are

determined by expressions:
M =—3sin Hcos> 0,
1> =—cosB(3sin 6-1), (4.17)

M3 =sin H(Scos2 6-1),

m :%(Ab11 +Abyy —2Ab;; )cos® 6+ Abs sin® e+i(Ab13 ~ Aby3)sin2,

NG

1
——(Aby3 — Abys )cos 26, (4.18)

V2

773 = %(Abll +Ab22 —2Ab12)sin2 0+Ab33 C052 0—-

M= i(Abn + &by, —2Ab3; —2Aby, )sin26 —

1L

V2

(Ab13 - Ab23)Sin 20 .

where the following designations have been introduced:
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Aby Z—COS 6’s1n6?(p11 +p12)A+pIBB ,
4 C
+ A+ B
Aby, =—COS2 051n0(p11 P13)A+ piy
r41 C
+ A+ p,B
Abs; = —cos2 49s1n9(p12 Pi3)A+pyy ’
r41 C
4.19)
Abyz =—Aby3 :LCOSH 1_31_:11)54 (2Asm 6+ Bcos 0) ,
V2 T4 C
2
Ab, =sinf 1—2614 pE Acos” 0 ’
3 C
Abl3y = _Ab23,
A= (C12 _Czﬂ)cosz 0—2C;,sin” 6,
b= 4(C12 +C‘€‘)Sin2 6-(Cy1 +Ciy)cos” 6-2C4;, (4.20)

C= (CH sin® 6+ Cﬂ cos’ HI(CH + C12)0052 0+ ZCﬂ]—Z(Cn + Czﬂ)2 sin® Bcos” 6.

In formulas (4.19) and (4.19), the piezoelectric coefficient e;, , elasto-optic constants p,,
and elasticity moduli C,,, are used in matrix designations.

The third term in the set of equations (4.17)-(4.20) determines the induced linear
birefringence by the external electric field. The magnitude of this term is determined by the
coefficients (4, M, and L, whose dependences on the orientation angle ¢ are shown in
figure 4.2 These coefficients do not depend on the type of cubic photorefractive crystals
unlike the coefficients 77,, 77,, and 7}, determining the magnitude and sign of the
photorefractive nonlinearity (the fourth term in the set of equations 4.9). The orientational
dependences of these coefficients, calculated using the material constants presented in [35,
43] (Table 4.1), are given in figure 4.3 for BTO and BSO crystals.

Comparing figures 4.2 and 4.3 one can notice that the orientational dependencies of
nonlinear coefficients ,u,.(é’) and 77,.(0) on the orientation angle # are similar. At the
orientations corresponding to the extrema of both dependences the magnitude of the

coefficients 4, and 77, have the quantitative difference. This difference is associated with

the additional contribution of the piezoelectric and photoelastic effects to the optical
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properties of the crystal by the space-charge field [35, 43] induced in this case by a light

beam. The best conditions for implementation of self-action are achieved for an external

field applied along the [1T1] direction at 6 =35.26°.

Bi;,TiOy Bi12S1029
Photoelastic tensor P%, Bf =-0.06 B} =-0.16
P =02 B =0.13
P =0.2 Pt =0.12
PE =-0.009 P =-0.015

Elastic tensor C*

nmkl

Cl =12.5x10"
Cl =2.75%10"

CE =2.42x10"

Cl =12.96x10"
Cl =2.99x10"

CE =2.45%10"

Piezoelectric tensor Conmp

e, =1.1

e, =1.12

Electro-optic coefficients | . =528x107" re=5x10"

of a free crystals of 7,

Table 4.1:  Material constants of BTO and BSO crystals.

w, rel. units

0 30 60 90 120 150 180
9, °

Figure 4.2:  Dependences of the coefficients [, {, and [L;on the orientation angle 6 .

In this case, the coefficients /4, and 7], determine, respectively, the induced birefringence

and the x-component of the light beam polarization has the maximal nonlinear self-action.
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It should be noticed that in a BTO crystal a larger additional photoelastic contribution leads

to a larger coefficient |7,|=1.419 than in BSO ([|=1.182) for an external field

orientation along the axis [IT 1]. However, the coefficient 7); characterizing the nonlinear
self-action due to the y component of the polarization vector has a larger absolute value for

the BSO crystal ([,’| =1.419,

77| =0.266) at §=35.26".

1.5 M, Bso

1.0-//n2 BTO

w, rel. units

0, °

Figure 4.3:  pependences of the coefficients 7, , 77,, and 7], on the orientation angle @ in bismuth

titanate (BTO) and bismuth silicate (BSO) crystals.

Choose of the optimal orientation of the crystal makes it possible to reach a maximal
photorefractive response of the medium. However the polarization of the input light beam

has to be taken into consideration to increase the nonlinear properties of the crystal. At the
orientation of the external applied electric field along axes of type [110] (8=0°) the

nonlinear photorefractive response reaches the maximal value for an orientation of the light
polarization vector at an angle a=45° with this direction. In this case only the coefficients

M, and 77, in the set of equations (4.9) differ from zero. These coefficients correspond to
the cross correlation between the polarization components A, and A of the light vector,
and the maximal nonlinear response of the medium can be realised only at a=45°. For
6 =35.26° (the external electric field is applied along the direction [IT 1]) the coefficients
M, and 77, have maximal magnitudes and the light polarization vector has to be aligned

along the direction of the beas field.
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4.1.2 Numerical simulation

BTO crystal

The propagation of a light beam (A =633 nm) with a Gaussian distribution of the input
amplitude (the waist radius is xy=25 pm) was numerically analyzed using equations (4.9),
(4.17)-(4.20) on the basis of the finite-difference Douglas scheme [113]. In the calculation,
the BTO crystal parameters (the size d=15 mm along the z axis and p=6 °/mm) were
taken to be the same as in [29]. In [29] Shepelevich et al. used a theoretical model taking
into account only the induced birefringence and optical activity that corresponds to the

following set of coupled equations:

. 0A 1 9°A, kg

X

i—= +
dz  2kyn, ox’ 2

0A. 1 0°A. ki’
i—+ L4 00y E A + WA J+ipA =0.
oz 2k0n0 2 ) 41 SCI(/UZ . T A y) PA,

TuEscy (/lle + LA, )_ ipA, =0,
(4.21)

Figure 4.4 shows the dependence of the output beam waist radius on the applied

electric field for 7, =0.1/, taking into account the induced birefringence and the

additional photoelastic contribution.
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Figure 4.4:  Output beam waist radius in dependence on the applied voltage with and without the

additional photoelastic contribution to the optical properties of the medium, 1,=0.11,.

The analysis shows that the additional photoelastic contribution decreases substantially the
magnitude of the external field necessary for the realisation of the quasi-soliton beam.
Taking into account of the photoelastic contribution decreases the necessary field strength

from Ep = 5.6 kV/cm down to 3.8 kV/cm.
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The increase of the intensity of the dark irradiance decreases the necessary magnitude
of the applied voltage to reach a quasi-soliton regime. From figure 4.5 we can see that in
the presence of the additional photoelastic contribution the quasi-soliton beam is realised at
the external applied electric field 3 kV/cm. The theoretical model of Shepelevich et al.

predicts a value of 5.1 kV/cm.
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Figure 4.5:  Output beam waist radius in dependence on the applied voltage with and without additional

photoelastic contribution to the optical properties of the medium, 7,=11,.

Comparing figures 4.4 and 4.5 we can see that the increase of the dark irradiance
intensity ten times decreases the magnitude of the applied voltage to observe the quasi-
soliton. In the first case the taking into account of the additional photoelastic contribution
decreases the necessary value of the electric field amplitude about 1.47 times. In the last
case this ratio increases up to 1.7 times. It means that the intensity of the dark irradiance
strongly influences on the magnitude of the additional photoelastic contribution to the
modulation of the optical properties of the medium. Thereby for the developed theoretical
model the accuracy of the numerical determination of the external parameters can be
enhanced in some cases more than twice.

In equation (4.9) the amplitude of the external applied voltage influences on the linear

birefringence induced in the crystal (terms g;) by the external applied electric field. The
amplitude of the space-charge field E_ depends on the applied voltage amplitude Eyand on
the dark irradiance intensity /. It is responsible for the laser beam self-action (terms 77, ). If

one takes into account no additional photoelastic contribution the amplitude of the space-

charge field influences simultaneously on the linear birefringence and on the laser beams
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self-action that doesn’t permit to separate these effects in the theoretical model by
Shepelevich et al. [29]. In our theoretical model the change of the dark irradiance intensity
influences only on the laser beam self-action trough the terms 7,. The separation of effects
of the induced birefringence and the formed space-charge field to the optical properties of
the medium makes it possible to decrease the amplitude of the applied electric field
necessary to observe the quasi-soliton regime in the crystal.

Figure 4.6 shows the dependence of the output beam waist radius on the ratio 7, at the
applied voltage 3 kV/cm for both theoretical models. In the absence of the additional
photoelastic contribution the minimum of the dashed curve reaches the value of the output

beam waist radius 29 uym at /, =0.3/,. The minimum of the solid curve is shifted on 0.2/

to the right with a value of 24 um. For the theoretical model by Shepelevich the quasi-

soliton regime cannot be realised for any value of the ratio 7, but for the solid curve the
quasi-soliton exists at I, =0.2/,. The maximal difference Sum is observed at 7, =0.51],

that corresponds to the minimum of the solid curve.
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Figure 4.6:  Output beam waist radius in dependence on the I, at the amplitude of the applied electric

field 3 kV/cm.

The ratio between output beam radii r,/7 in dependence on [, for both theoretical

models is presented in figure 4.7. The growth of the amplitude of the applied voltage leads
to the increase of this ratio and at the applied voltage 6 kV/cm the additional photoelastic
contribution decreases the output beam waist radius almost 1.7 times at the maximum of

the curve.This fact is important if the input beam waist radius has a rather small value.
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Figure 4.7:  Ratio of output beam waist radii in dependence on the I, at the amplitude of the applied

electric field 3 kV/cm.

The ratio of output beam waist radii r,/r, for the input ro = 10 pm in dependence on the

applied voltage is presented in figure 4.8.
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Figure 4.8:  Ratio of output beam waist radii (solid curve) and 1, / I, (dash curve) in dependence on the

value of the applied electric field amplitude for the input beam waist radius r,=10 um and

for Id:O.SI().

At the Ey=10.4 kV/cm the ratio r,/r, has the value 1.8 and when the output beam radius is
equal to the input one this ratio reaches the value r, /7, =1.43. Such large contribution of

the additional photoelastic effect to the optical properties of the photorefractive cubic
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crystal has to be taken into consideration in the case of a small input beam waist radius and

under a large amplitude of the applied electric field.

BSO crystal

The major difference between BSO and BTO crystals is the value of the optical activity.
The BSO crystal has the value of the optical activity at about p =22 °/mm [64]. The rapid
rotation of the polarization leads to the well known effect of breathing solitons [27, 28].
Authors have used the orientations of the applied external electric field along
crystallographic axes [OO 1] and [1 10] that requires extreme large value of the electric field
amplitude to observe photorefractive spatial solitons. If the external electric field applied
along the crystallographic axis [ITI] the distribution of the power between polarization
components in the BTO crystal influences weakly on the beam self-focusing due to
maximal values of nonlinear coefficients 7, and 7, responsible for photorefractive
response of the crystal. But the large value of the optical activity increases the necessary
value of the applied voltage to reach the same self-focusing effect as in BTO crystals.
Figure 4.9 shows the dependence of the output beam waist radius on the applied voltage
for the propagation of a light beam (A =633 nm) with the Gaussian distribution of the

input amplitude (the waist radius is x, =25 um) for BTO and BSO crystals for the same

crystal length 15 mm.
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Figure 4.9:  Output beam waist radius in dependence on the amplitude of the applied electric field for the
BTO and BSO crystals without (a) and with (b) an accounting of the additional photoelastic

contribution, 1,=0.51,.

The propagating laser beam reaches a quasi-soliton regime in the BTO crystal for the
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smaller value of the applied voltage Ey = 4.8 kV/cm and at Ey = 8 kV/cm for the BSO
(Figure 4.9a). The taking into account of the additional photoelastic contribution decreases
the necessary electric field 1.7 times for the BTO crystal and 1.6 times for the BSO one.
The difference between the two theoretical models is rather large and both crystals have
about the same decreasing factor of the necessary electric field to observe the quasi-soliton
regime.

In the common case the increase of the optical activity leads to the increase of the

applied voltage for the same self-focusing effect due to the difference between absolute
values of the nonlinear coefficients 77, and 7,. The transfer of the total power of the
propagating laser beam in the y-component of the polarization leads to the decreasing of
the effective beam self-focusing effect. In the set of equations (4.9) the absolute value of
the coefficient 77, 2.5 times less than for 7, that decreases the nonlinear response of the
photorefractive crystal by the same factor. The behavior of the intensity of both
polarization components for two crystals in the presence of the additional photoelastic

contribution is shown in figure 4.10.
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Intensity distribution of the x- and y-components of the quasi-soliton beam in BTO (a) and

BSO (b) crystals.
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Comparing figures 4.10a and 4.10b we can see that in the BTO crystal the self-focusing
occurs generally due to the x-component of the polarization and there is only one region
with a length of about 10 mm where the x-component vanishes. In the BSO crystal already
both components influence on the laser beam self-action that reduces the influence of the
nonlinear response of the photorefractive medium.

Taking into account the additional photoelastic contribution leads to the increase of the
rotating velocity of the polarization vector of the propagated beam which is shown in
figure 4.11 by the maximal normalized intensity.

The rather large value of the applied electric field changes strongly the polarization
state of the propagating light beam [27, 28]. The narrow input beam requires an increase of
the applied voltage to compensate the essential diffraction. As we have shown the quasi-
soliton regime for the input waist radius 10 um can be realised in the BTO crystal for
Ey=14.2 kV/cm if the electric field is applied along the crystallographic axis [1T1]. The
large magnitude of the optical activity of the BSO crystal decreases the nonlinear response
that leads to the increase of the amplitude of the electric field to observe the quasi-soliton
regime. The dependence of the output beam waist radius on the applied voltage is shown in

figure 4.12. The quasi-soliton is observed at a value of the electric field of about 19 kV/cm.
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Figure 4.11: = Maximal normalized intensity of the propagated laser beam in the x-component of the

polarization with (solid curve) and without (dashed curve) the additional photoelastic

contribution.
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Figure 4.12:  Output beam waist radius in dependence on the applied voltage in the BSO crystal at r,=10
um, Id:O.SI().

Maps of the polarization orientation during the laser beam propagation in this case for
both theoretical models are presented in figure 4.13a, b. Both maps are very different at
edges of the propagated beam as well as in the region of the light illumination. Due to the
accounting of the additional photoelastic contribution the vector of the polarization rotates
rather rapidly. Coefficients 4 in the set of equations (4.9) are responsible only for the
induced birefringence and in the theoretical model of Shepelevich et al. [29] (the set of
equations 4.21) they are responsible also for the nonlinear response. The induced space-

charge field switches on the influence of coefficients 77, in the set of coupled equations

(4.9) that gives the additional contribution to the optical nonlinear response of the medium

and to the induced birefringence. As magnitudes of coefficients 4 and 7, don’t differ

strongly (Figures 4.2 and 4.3) for any orientation of the applied electric field the induced
birefringence near the beam centre could be magnified about two times in comparing with
Shepelevich’s model.

Without the influence of the additional photoelastic effect the polarization vector of the
beam center (Figure 4.13c, d) makes only 1.5 full rotations. Our theoretical model predicts

3.5 full rotations.
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Figure 4.13:  Evolution of the polarization vector orientation (a, b) and the polarization angle of the

beam centre (c, d) during the laser beam propagation in a BSO crystal at the ry=10 um,

Ey=19 kV/cm with (a, ¢) and without (b, d) influence of the photoelastic effect.

But the map representation is not suitable to demonstrate the polarization state while the
induced birefringence modifies it from the linear polarization to the elliptical one. The
polarization dynamics in this case can be easily analysed by means of the Poincare sphere.
We consider the projection of the S;-S, plane instead of the volumetric sphere while it is
the only possible representation to show the whole polarization trajectory (Figure 4.14). In
the absence of an external applied electric field both theoretical models show that the beam
has a linear polarization along the propagation direction. In this case there is only an
influence of the essential optical activity and the polarization vector turns itself with a
speed of 22°/mm. The increase of the applied bias up to 5 kV/cm changes the linear
polarization to the elliptical one and the polarization dynamic shows more than one
complete turn around the sphere, especially in the theoretical model of Shepelevich et al.
Our model predicts the strong change of the polarization state and the acceleration of the
polarization rotation. The induced birefringence strongly bends the polarization trajectory

which approaches once the S; axis (circular polarization).



Chapter 4. Self-action of light beams in sillenites 54

5 kV/cm

E():

E=15kV/cm E=10kV/cm

E=19 kV/cm

Figure 4.14:

(a) (b)

5 kV/cm

E():

E=10kV/cm

E=15kV/cm

E=19 kV/cm

Polarization dynamics of the beam for increasing of the applied voltage without (a) and

without (b) the accounting of the additional photoelastic effect.
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The further increase of the external bias distorts the polarization trajectory and at Ey = 15
kV/cm Shepelevich’s model shows about the same results as we can observe in our model
at Ey = 5 kV/cm. Increasing more the bias, the dynamics is more concentrated at the region
S;1>0 for both theoretical models. It means that the polarization doesn’t rotate anymore
completely but vibrates around the x axis. Observing all obtained trajectories for Ey > 0 we
see that all of them rotate around a stable state for the plane S, = 0. It is clear that the
quasi-soliton regime can be realised if the change of the polarization state tends to small
perturbations around the direction of the applied electric field. This fact is demonstrated by
the last image in figure 4.13b at Ep = 19 kV/cm. The induced birefringence reduces the
fluctuation of the polarization trajectory around the x axis (S; state) that makes it possible
to compensate the essential diffraction of the x-component of the polarization and we can
affirm that the pure solitonic state is reached. Although the polarization vector in figure
4.13b makes about 3.5 full rotations and the ellipse of the polarization is extended along
the axis x.

Already at Ey = 10 kV/cm the dynamics is completely concentrated at the region S;>0
and with an increase of the bias the whole trajectory approaches the state S; = 1. If one
takes into account no additional contribution of the photoelastic effect (Figure 4.13a) even
at Ep = 19 kV/cm the polarization in one place of the trajectory is very near to the circular
but generally has the elliptical form. It means that the amplitude of the external applied
electric field has to be grown to align the polarization to the linear state that could lead to
the overfocusing of the propagated beam and to the distortion of the beam intensity
distribution.

The necessary value of the applied bias to reach a quasi-soliton regime is 24 kV/cm.
The beam intensity distribution along the crystal in this case is presented in figure 4.15a.
Although the outputs beam waist radius is equal to the input one and the form of the
intensity distribution changes quite significantly along the propagation distance. It is easy
to see that there arise any additional beams which propagate under an angle to the straight
direction which reduce the whole power of the main beam. It leads to the narrowing of the
written channel and to the unequal intensity distribution at the edges of the output beam.
Our theoretical model predicts almost straight channels formed by the focused propagated
beam (Figure 4.15b). This large difference between theoretical models is connected with
the behaviour of the polarization. As we have shown before, the quasi-soliton regime can

be reached if the polarization state tends to the linear one along the direction of the applied
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electric field. The separation of effects of the induced birefringence and the nonlinear
response of the medium in the set of equations (4.9) gives us an ability to take into
consideration the change of the polarization of the propagated laser beam independently on
both effects. The model of Shepelevich et al. (Equation 4.21) mixes both effects that by

turn significantly distort the polarization behaviour.
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Figure 4.15:  Eevolution of the beam intensity distribution for the quasi-soliton regime without (a) and

with (b) the additional photoelastic contribution.

4.1.2 Conclusion

Thus the additional photoelastic contribution to the optical properties of the photorefractive
cubic medium in some cases can reduce the necessary value of the electric field amplitude
to observe the same magnitude of the self-action effect as in the simple theoretical model
by a factor of 1.7. It means that the accuracy of the numerical determination of external
parameters can be enhanced up to 60% in some cases. We have also shown that the
increase of the applied voltage leads to the increase of the influence of the photoelastic
contribution on the self-focusing of the laser beam. It is especially important if the input
beam waist radius has a rather small value. The new theoretical model predicts also the
strong change in the polarization behavior of the propagated laser beam in comparing with
old one. This is reached by the separating of effects of the induced birefringence and the
nonlinear response of the photorefractive medium.

The presented theoretical model predicts an ability to observe quasi-solitons in cubic
photorefractive crystals with a large magnitude of optical activity if the laser beam has
small input waist radius. The theoretical model developed by Shepelevich et al. does not

permit to obtain the same result.
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4.2 Self-action of light beams in (112)-cut sillenites

4.2.1 Theoretical model

We shall consider a crystal with symmetry 23, in which a light beam with an intensity

distribution I(x) on the input face propagates along the z axis (Figure 4.16) coinsiding with

the crystallographic direction [1 15].

Y‘ -

Figure 4.16:  Photorefractive crystal orientation under an applied external dc electric field U in which a

light beam with intensity distribution /(x) at the input face propagates.

The external ac or dc electric field was applied along the x axis which makes an angle 6
with the crystallographic direction [1TO]. In the presented crystallographic system the

vectors of the coordinate systems have the relations:

3 _(sm( ) cos(@) sin 9) cos(8) sm(¢9)
U3 2 V2

- (sm(ﬁ) cos(@) sin 9)+cos(9) cos(ﬁ)j
NN 5 |

(11 \F
Z()= T =T — Al ~ |
6 V6 3

The set of equations describing the laser beam propagation in cubic photorefractive

—_

&

—_

(4.22)

512
&

crystals of (1 15) -cuts can be obtained using the same method as in section 4.1. In this case

the coefficients £, and 77, entering in the set of equations (4.9) are given by:
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4.2.2 Numerical simulation

Dependences of coefficients (6)and n (6) for the (1 1§) -cut are presented in figures 4.17

and 4.18. For the orientation angle 8=0" (E, ll[1 TO]), as in samples with conventional
orientation, only the coefficients x4, and 77, responsible for the cross correlation between
the x and y components of the polarization vector are nonzero. However in the considered

case their absolute values (|,uz| =0.577,

77"°|=0.533 and |;*°| =0.657) are much lower

(| =1, 77| =0.923 and [*°|=1.137), than for the (110)-cut at the same direction of
the applied field.
When the field is applied along the crystallographic axis [ITO], the difference in the

coefficients u,, 1, for {110} and {112}-cuts influences considerably on the observation

conditions of the soliton-like laser beam propagation. For each of these cuts, at a given

field direction, the screening nonlinearity reaches its maximum for a polarization vector
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orientation at the angle & = 345 to the x axis. The calculation shows that the soliton-like

beam propagation with such input polarization and with input beam waist 25 um can be

observed in a (1 15) -cut BTO crystal for a field strength E; = 8.8 kV/cm, whereas for the

(110)-cut it is possible already for E, =5.1 kV/cm.

Figure 4.17:

Figure 4.18:
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Dependences of the coefficients 77, 7],, and 7]; on the orientation angle ¢ in bismuth

titanate (BTO) and bismuth silicate (BSO) crystals.

The maximal nonlinear response of the medium is reached at the orientation of the

applied electric field along the crystallographic axis [00 1] (6=90"). In this case the values
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of coefficients 7); and X, have the same magnitude as for the crystals of (110)-cuts at

6 =35.26°.

4.2.3 Conclusion

We have developed a theoretical model of self-action of one-dimensional light beams in
(1 15) -cut sillenite crystals. At the same orientations of the applied electric field as for the
(110)-cut the magnitude of the nonlinear response strongly differs. But (1 15) -cut sillenite
crystals show same properties if the electric field is applied along the crystallographic axis
[001] (8=90"). This correspond to the orientation [1 1 1] (68 =35.26") in the (110)-cut.

The advantage of using (1 15)—cut crystals is the possibility of counter interaction of

propagating light.
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Chapter 5

Self-bending of laser beams in photorefractive
crystals

In this chapter we study the self-bending effect of a laser beam in single-axis BaTiO3
crystals as well as in cubic BTO and BSO ones. We consider the influence of the
additional elasto-optic contribution to changes of the dielectric permittivity on the
magnitude of the beam deviation for a speckled extraordinary light beam in photorefractive
BaTiOs. The real trajectory of the speckled beam is calculated.

Results of theoretical analyses and numerical calculations of the influence of natural
optical activity and linear birefringence, induced by an external alternating-sign electric
field, on the self-action of light beams with one dimensional input intensity distribution
propagating in sillenite crystals are presented. The theoretical model is confirmed by the

experiment.

5.1 Self-bending in BaTiO;

Following the simple model of Lyubomudrov and Shkunov [56], we investigate the
trajectories for a self-bent extraordinary beam in BaTiOs, including the elasto-optic
contribution to the changes of the dielectric permittivity for the photorefractive gratings.

We neglect the roto-optic contribution because of the weak linear birefringence of BaTiOs.

5.1.1 Basic equations

Figure 5.1 shows the curved path geometry for pump beam propagation in BaTiOs, where

ao and a are the entrance and local angles of the beam inside the crystal.
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Figure 5.1:  Geometric configuration for self-bending of the laser beam in the crystal with an arbitrary

orientation of the optical axis ¢ in the (010) crystallographic plane.

In order to extend the configuration from References [56] and [108] we consider an
arbitrary orientation of the optical axis ¢ in the (010) crystallographic plane. In the
diffusion regime without trap saturation the trajectory of the whole pump beam can be

calculated from the following set of equations [56]:

da _ 1 d_“:kw; (ﬂ), (5.1)

dx cosa dg cosa

2(x)= [1gar(x ), (52)
0

where k = 27/J is the magnitude of the light wave vector in vacuum, A6 is the angular
half-width divergence of the speckled beam, 4 is the wavelength, f = a + 6y, and 0y is the
angle between the axes ¢ and z (Figure 5.1). The nonlinearity coefficient y(f) for a beam

with the extraordinary polarization can be represented as [56]:

1 (k,T)1
7(;8):_51{ IZ jg_Agijmimj’ (5.3)

where m; and m; are the components of the unit vector m which is perpendicular to the
local beam direction inside the crystal. For an arbitrary orientation of the optical axis ¢ in

the (010) crystallographic plane the unit vector m is:

m, =sin(B), m, =0, m, =cos(f). (5.4)
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In this case the nonlinearity coefficient y(f3) takes the form:

)= S

j[Agu(ﬁ)Sinz B+ A&y (B)cos’ B+2A¢e,(B)sin Beos ﬁ]gi (5.5)

where k,T is the thermal energy, e is the charge of the mobile charge carriers, and ¢ is the
vacuum permittivity. The change in the dielectric permittivity tensor, Agj;, for the
photorefractive grating with the unit amplitude of space-charge field in a non-
centrosymmetric crystal can be written as the sum of the electro-optic and elasto-optic

contributions [34, 35]:

& E:
— m=jn S E
Agij - e (rmnpmp T Dinnki ™M YV ks € psr M M ) , (5.6)
0

where ¢;, 1s the dielectric permittivity tensor at optical frequencies in absence of space-

charge field; r° and p’  , respectively, are the electro-optic tensor in a clamped crystal

mnp
and the elasto-optic tensor for a constant electric field; Gy, are the components of the tensor

G =T" inverse to the Christoffel's tensor I' with the components T, = CX m m,; CE, and

sqkt”"""q sqkt

e .., respectively, are the tensor of elastic constant for a constant electric field and the

psr?

piezoelectric stress tensor. The photoelastic, elastic and piezoelectric tensors of point group

4mm are presented below:
E E E

A B, By 0 0
E E E

Ay B B, 0 0
E E E

A, B R 0 0

S O O O O

0O 0 0 P, 0 ’ G-D
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O 0 0 0 0 P
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0 0 0 0 ¢, O
0 0 0 ¢ 0 0] (5.9)

e € €3 0 0 ey

Using the approach described in Refs. 37 and 116, we derive the following expressions for

Aeii, Agssz and Agjs in BaTiOs crystal:

’ ’

o ]cosﬁ

b

—1'ze, )smﬁ + plb;(Fn'%
F11F33 _F123

P1El(r33€1

Y
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A&y = n: r%cosﬁ + (5.10)
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— '35 jcosﬁ + pﬁ(FUQ — 3¢ jsinﬁ

2
F11F33_F13

E
P44(F33€1

Ag3 = nin| risinf +

where ny and n, are the ordinary and extraordinary indices of refraction. The relevant

components of the Christoffel's tensor I',, and vectors e, are given by [37]:
Iy, =Csin’ B+C/icos’ B,
[33 =Cyysin® B+ Ciscos®f (5.11)
I'z = (C1E3 +C4 )yinﬁcosﬁ ,

7

e, = (e, + e, )sinfcosp, 5.12)

’

ey = e ssin’ B+ eyscos’f
where 7> are the clamped electro-optic constants, p’ are the elasto-optic constants, C.
are the elastic constants, and e, are the piezoelectric stress constants in the matrix

contracted notations.

5.1.2 Results and discussion

Figure 5.2 shows the calculated curved trajectory followed by the speckled beam (A = 633
nm, Af; = 0.076) for various values of the incident angle ¢, specified at the entrance face
outside the 0°-cut crystal. The solid curve in figure 5.2 corresponds to the calculation on

the basis of exact equations (5.3) and (5.10)-(5.12). For comparison we plot these curved
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trajectories without considering the additional elasto-optic contribution ( p’ = 0) by using

clamped (dash-dotted curve) and unclamped (dashed curve) electro-optic constants of

BaTiO; crystal. We have used the following material parameters of the BaTiO; crystal for

A = 633 nm from Ref. 117: n,=2.412, n,=2.360, 13 =102 pm/V, r; =40.6 pm/V,
r4S2 =730 pm/V, plE1 =0.5, pf;, =0.2, pfl =0.07, pf3 =0.77, e, =-0.7 C/m?, e; =6.7
C/m?, e =34.2 C/m*, CE=222-10" N/m? CE=1.11-10" N/m? CZL =1.51-10" N/m?,

CE=0.61-10" N/m?%, r’ =8 pm/V, rf =105 pm/V, r}, =1300 pm/V.

Z, mm

Figure 5.2: Trajectories of the self-bent beam for various values of the incident angle ¢, in the 0°-cut
BaTiO; crystal at the angular half-width divergence of the speckled beam A6, =0.076 and
for the angle between the axes ¢ and z 6, =180°. The solid curves correspond to the

calculation with elasto-optic contribution. The dash-dotted and the dashed curves indicate
results calculated without elasto-optic contribution (P::n =0) by using electro-optic

coefficients for clamped and unclamped crystals, respectively.

It can be seen from figure 5.2 that the real trajectory of the speckled beam lies in the
range between two curves that are commonly calculated on the base of the clamped or the
unclamped electro-optic coefficients. The form of the beam trajectory is dictated by the

angular dependence of the nonlinear coefficient y(f) and the initial angle ay + 6, at the
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entrance face of the crystal. In figure 5.3 we show the dependence of the real non-linear

coefficient with the elasto-optic contribution y on f and, as a comparison, the nonlinear
coefficients y° and y" which are calculated for pL =0 by using clamped and unclamped

electro-optic constants. It is clear that ys(ﬂ) and y'(f), respectively, indicate the

overestimated and underestimated magnitudes of the nonlinear response relative to y(f).

1(B)x10°

-3 | | l
0 90 180 270 360

B, deg

Figure 5.3:  Orientation dependence of the nonlinear coefficient y(f) in BaTiO; with elasto-optic
contribution (solid curve) and without one for the calculation by clamped (dashed curve) and

unclamped (dotted curve) electro-optic coefficients.

Figure 5.5 shows the trajectory of the self-bending beam in the 45°-cut crystal. In that
case a curvature of an initial part of the beam trajectories is far in excess of curve for the
corresponding incident angles in the 0°-cut sample (Figure 5.2). This distinction is due to
the dissimilar initial values of nonlinear coefficient y(ay + 6y) (Figures 5.1 and 5.3). Note
that calculated trajectory tends to be aligned along the direction of the optical axis ¢ [56] in
this approach.

The view of self-bent beams in a sample with the (OOT) input face is shown in figure
5.6. The negative or positive sign of the nonlinear coefficient (90° + 0y) at ap>0 or a<0
leads to the convex upwards or convex downwards trajectories of the beam.

The behavior of the beams in such nonlinear medium closely resembles that in a

positive gradient lens. However, the pattern of the beams in the crystal with (001) entrance
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face (Figure 5.6) indicates that the properties of negative lens for speckled beam is

exhibited in that case.

X, mm

Figure 5.4:  Trajectories of the self-bent beam for various values of the incident angle ¢, in the 45°-cut

BaTiO; crystal at Ag; = 0.076 and 6, = 135°. The curves calculated with elasto-optic

contribution.

Z, mm

1
9, =60°

| |
-1
0 1 2 X, mm
Figure 5.5:  Trajectories of the self-bent beam for various values of the incident angle ¢, in the 45°-cut

BaTiO; crystal at Ag; = 0.076 and 6, = 135°. The curves calculated with elasto-optic

contribution.
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Z, mm

Figure 5.6:  Trajectories of the self-bent beam for various values of the incident angle ¢, in the BaTiO;

crystal at A6, = 0.076 and 0, = -90°. The curves calculated with elasto-optic contribution.

5.1.3 Conclusion

We have considered the self-bending effect for a speckled extraordinary light beam in
BaTiO; on the base of a model that takes into account the additional elasto-optic
contribution. The analytical expressions for the nonlinearity coefficient have been derived.
The substantial influence of the elasto-optic effect on the beam self-bending was
demonstrated. It was shown that BaTiO; crystals exhibit the property of a positive or
negative gradient lens depending on whether the speckled laser beam propagates along the

optical axis ¢ or in the opposite direction.

5.2 Self-bending in cubic photorefractive crystals

5.2.1 Theoretical model

The nonlocal nonlinearity in cubic photorefractive crystals is strongly amplified in an
external alternating field [61]. Self-bending of a light beam propagating in a cubic
photorefractive crystal with an applied square-wave electric field was considered by

Borodin et al. [62], who disregarded the optical activity of the crystal.
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Let us consider a (110)-cut photorefractive crystal of point group 23 as in section 4
(Figure 4.1) in which a light beam with one-dimensional intensity distribution /(x) at the
input face is propagated at a small angle to the z axis.

The alternating square-wave electric field with amplitude E, and period T is applied
along the x axis which has an angle § with the [110] direction. To describe the dominating
component E,(x, z) of the space-charge far from the saturation of traps, we take the
expression

LpE, dI
E =—-—E=0 %
x 1, +1 dx (5.13)

obtained for the monopolar photorefractive crystal model [89] by averaging over the period

of applied voltage taking into account that E_ undergoes small variations around the
steady-state value [114]. Here L, = ut,E, is the drift length, p is the mobility, and TR is
the recombination time of charge carriers, /, is the dark irradiance including the intensity

of background illumination. From equation (5.13) it follows that for the employed linear

model, the nonlocal component of the field in the crystal £ grows quadratically with the
amplitude E, of the external square-wave field. The set of equations (4.9) in this case has

to be rewritten as follows:

0A 1 82A kony 7
I—=+ X L E WA, +
dz  2kyn, 8x2 2 (# HaA )
k, n3 .
r41E (771A +1,A ) lpAy =0,

aA . aZA . (5.149)
ke s R e (A i )s

aZ 2 kono ax 41 (/12 X ltl 3 y)
kyn

SE (1,4, +1,A, )+ ipA, =0,

where the sign of the third terms of both equations specifies the positive or negative half-

cycles of the alternating square-wave electric field.

5.2.2 Results of numerical analysis

BTO crystal
To analyze the evolution of spatial and polarization structures of the light beam, the system

of equations (5.14) was integrated numerically using the Douglas scheme [113, 115], and
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the space charge field was then averaged over the period of the applied alternating voltage.
In calculations, it was assumed that the Gaussian light beam with the wavelength A = 633

nm, plane wavefront, intensity distribution I(x) = I, exp(—x*/x) , and beam wais radius xo

= 15 um was incident at the input face of the crystal. The crystal parameters 47, =2-107"
m*/V and p = 6.5 °/mm were typical for the BTO crystal, and material constants are from
[43].

The third term in equation (5.14) determines the linear birefringence induced in the
crystal by the electric field, and the fourth term specifies the nonlocal nonlinearity of the
diffusion type resulting in the self-bending of the light beam. The values of these terms are

determined by the coefficients u,,u,,u, and 7,,n,,n,, respectively, depending on the

orientation angle 6 (Figure 5.7).
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Figure 5.7:  Dependences of the coefficients i, i, , 4, and 77,,77,,7]; on the orientation angle 0.

We note that without the piezoeffect (e,=0), when the elasto-optic contribution to the
modulation of the optical characteristics of the medium is absent, the electro-optic
constants of clamped and unclamped crystals are equal (7 =r7), and the orientation
dependences of the corresponding coefficients must coincide: 77,(68) = 1,(8) . From figure
5.7 it can be seen that at the orientation angle 8 = 35.26° (the x axis coincides with the
[ITI] crystallographic direction), the coefficients g, and 7,, specifying cross correlation

between x- and y-components of polarization, are equal to zero. The coefficients describing

induced birefringence and nonlinear self-action for the x-component of polarization in this
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case reach maximal negative values: u; = —1.155 and 7, = —1.419, while the appropriate
coefficients for the y-component of polarization are positive and their absolute values are
much smaller: u3 = 0.577 and 53 = 0.266. The opposite signs of the nonlinear coefficients
n1 and 73 cause self-bending of light beams with x- and y-components of polarization
toward opposite sides. This is illustrated in figure 5.8 which shows the input (curve 1) and
output light intensity distributions (curves 2—6) for the crystal with a thickness of 18 mm in
the alternating field with the amplitude Ey = 12.5 kV/cm for the indicated values of the
dark irradiance I;. We note that the light intensity distributions in the crystal are averaged
over the period of the applied alternating field. The maximal deviation of about 75 um of
the beam center of gravity at the exit from the crystal is observed at a dark irradiance 1; =
10°Iyand I, = 10”I, (curves 2 and 3) for the input polarization vector making the angle a =
0 with the x axis (Figure 4.1).

An increase of the dark irradiance for the same input polarization reduces the self-
bending effect and increases the degree of asymmetry of the beam intensity distribution
(curves 4 and 5). When the input polarization vector has the angle o = 90° (curve 6), the

beam is displaced toward the opposite direction from the center on much shorter distance.

Normalized intensity /(x)/],

©c o o o o =
o M A O ®© O
1 . 1 . 1 . 1 . 1 . 1 )

Figure 5.8:  Input (curve /) and output (curves 2—6) beam intensity distributions for the dark irradiance /,
= 10"510 (curve 2), 10"310 (curves 3 and 6), 0.03/, (curve 4), and 0.1/, (curve 5) and the input

polarization vector at the angle a = 0 (curves 2-5) and 90° (curve 6).

The circular polarization of the input beam has to reduce the self-bending effect. Figure

5.9 illustrates the input (curve 1) and output light intensity distributions (curves 2, 3) for
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the right (curve 2) and for the left (curves 3) circular polarizations at I; = 10°Iy. The
behaviors of the beam self-bending has the same tendency as for the input polarization
vector at the angles a = 0 and 90° (Figure 5.8). The displacement of the output light
intensity distributions for the right circular polarization is stronger as for the left one and
gives the magnitude of about 50 um that is 25 um less than for the curves 2 and 3 in figure
5.8. The decrease of the beam displacement is observed also in photorefractive cubic
crystals having a large magnitude of the optical activity (for example in BSO crystals with
p=22 °/mm [64]). The rapid rotation of the polarization plane reduces the magnitude of the
nonlocal response of the photorefractive medium due to the redistribution of the energy

between x and y components of the polarization vector.

©c o o o o =
o M A O © O
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Normalized intensity /(x)/],

Figure 5.9:  Input (curve /) and output (curves 2, 3) beam intensity distributions for the dark irradiance

I, = 1071, for the right (curve 2) and left (curve 3) circular polarizations.

At the orientation angle €=0, only the coefficients g, =1 and 77, = 0.923 are nonzero.

In this case, the correlation between the x- and y-components of the polarization vector is
maximal, whereas the nonlinearity reaches its maximum when this vector is directed at the
angle o = +45° to the x axis (see equation 5.14). Characteristically, at p = 0 in the
coordinate system x’y’ coinciding with these axes, the nonlinear terms have identical
values but opposite signs at o = 45 and —45°. Thus, for the input linear polarization plane
oriented at angles +45° to the x axis, the light beam will be bent in the crystal in the

opposite directions (Figure 4.1). In figure 5.10, the output light intensity distributions for
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this case (curves 2—6) correspond to the same crystal sizes and applied field amplitudes as
in figure 5.10 with the dark irradiance I; = 10'310.

It can be seen that the magnitude of beam displacement from the center is determined
by the orientation of the input polarization vector and changes from +45 to —45 um when
the angle o changes from +45 to —45°. We note that for the polarization vector oriented at
the angles o = £22.5°, the output intensity distributions have an asymmetric form, whereas
for the symmetrical output beam, the output intensity distributions have a maximal width
when the angle a = 0°. These differences are due to the transformation of light beam
polarization in the crystal and the corresponding changes in the effective nonlinear
coefficient which are responsible for the self-action effect. Figure 5.11 shows the evolution
of the cross sectional intensity distributions for the x- and y-components of the light field
accompanying the propagation of beams with different input linear polarization states

through the crystal with the orientation angle 6 = 0.
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Figure 5.10:  Input (curve /) and output (curves 2-6) beam intensity distributions for the input
polarization vector at angles o = —45 (2), + 45 (3), —22.5 (4), + 22.5 (5) and 0° (6) and the

dark irradiance 1, = 10"310.

At the input polarization angle o = —45° (Figures 5.11a and b), the amplitudes of both

x- and y-components of the light field and the nonlinear terms corresponding to them are
identical: 0A,/dz,0A, /0z ~i772(81(x)/8x)(1/1(x)/\/5)/[1(1 +1(x)] at z = 0 (see equation

5.14). Therefore, both components deviate in the same direction and the behavior of the

beam as a whole differs only slightly from that predicted by the scalar model [62]. Another
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pattern of the evolution of light field polarization components is observed for the input
polarization angle a = 0 (Figures 5.11c¢ and d).

For the single x-component excited in the crystal at z = 0, the nonlinear term vanishes.
The occurrence of the y-component at z > 0 is caused by two reasons. First, by the rotation

of the polarization vector due to the optical activity of the crystal dA, /8z ~—pA.(x,2)

(see equation 5.14). Second, the nonlinear cross-polarization term is equal to
i1, (0l (x)/0x)y/I(x)/[I; +1(x)] and reaches the maximal values at the slopes of the

intensity distribution function. As a result of the joint action of these effects, the intensity
distribution of the arising y-components is shifted to the left from the crystal center at x = 0
(Figure 5.11d). The same sign of the nonlinear term, as at oo = —45°, leads to the deviation
to the right part of both polarization components of the beam. Exactly the superposition of
both y- and x- components of polarization arising on the left and deviating to the right from
the crystal center produces a broadening of the total light beam intensity distributions

symmetrical around x = 0.

€ f&‘\_ =
c ) 6 N d ; 6 N
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-200 0 200 -200 0 200
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Figure 5.11:  Evolution of the x- (@ and ¢) and y-components (b and d) of the light beam for the input

polarization vector a = —45 (a and b) and 0° (c and d).
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The polarization dynamics of the propagated beam for both cases can be easily and
more understandable presented on the Poincare sphere (Figure 5.12). The input linear
polarization in figure 5.12a during the beam propagation is transformed to the elliptical
polarization or returns again to the linear one and once reaches a circular nature. It is easy
to see that the dynamics of the polarization change is more concentrated at the region S;>0,
S»<0 and tends to the linear state more and more for the angle o varying between 0 and —
45° to the axis x. The change of the polarization dynamics in the region S;>0, S,<0
provides the same sign for the amplitudes of both x- and y-components of the light field (as
we have shown before) that leads to the deviation of both components toward one side. For
o = 0° (Figure 5.12b) the state of the polarization changes first from linear to elliptical one
and back to the linear at the region S;>0. In the region S,<0 the polarization repeats the
same behaviour as in the region S;>0. This process repeats during the beam propagation
again and again. The transition of the polarization state from the region S;>0 to the S,<0
changes the sign of polarization components that influences on the direction of the self-
bending. Thus x- and y-components of the light field deviate in the region S,>0 to the left
and for S;<0 to the right. That produces a broadening of the total light beam intensity

distributions symmetrically around x = 0 as we have shown before in figure 5.11¢ and d.

(b)

Figure 5.12: Polarization dynamics of the beam at E, = 12.5 kV/cm and [, = 10’310 for the input
polarization —45° (a) and 0° (b).

The maximal deviation of the propagated beam occurs at the orientation angle 6 =
35.26° and for the input polarization vector at the angle o = 0. The self-bending depends
weakly on the intensity of the dark irradiance but can be strongly enhanced by the increase
of the magnitude of the applied alternating electric field (Figure 5.13). The dependence of

the output beam displacement on the applied voltage has an exponential form and at Ey =
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14 kV/cm for 1; = 10*510 the displacement magnitude reaches a value of about 5 of the

input waist beam radius.
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Figure 5.13:  Relative displacement of the output beam in dependence on the value of the applied

alternating square-wave electric field for I, = 10’510, 10’310, 0.11, and 11,.

The increase of the dark irradiance intensity reduces the self-bending magnitude and
influences on the output beam broadening effect (Figure 5.8). As the output intensity
distribution has no more Gaussian shape the waist radius could be used only for the
quantitative estimation of the characteristics of the output beam. The dependence of the
output beam waist radius on the dark irradiance intensity at £y = 14 kV/cm is illustrated in

figure 5.14.

5.09 y_
1=0.0761,
454(
I
S) :
=_ 40] !
e I
= 1
3.5{
I
|
3I+—————————————
0.0 0.2 0.4 0.6 0.8 1.0
Dark irradiance intensity | , rel. units
Figure 5.14:  Relative output beam waist radius in dependence on the dark irradiance intensity at E, =

14 kV/cm.
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The curve has a maximum at /; = 0.0761, where the relative output beam waist radius is
about 4.3ry. The change of the I, strongly influences on the magnitude of the space charge
field (Equation 5.13) and for slighting small values input beam intensity plays no role in
the nonlocal photorefractive response of the crystal. On the other hand the growth of the
dark irradiance intensity up to /,,, reduces the induced space-charge field. Thus the self-
bending of the laser beam under an applied alternating electric field occurs without dark
irradiance that is not possible for the applied dc electric field. The further increase of the
bias field leads to the distortion of the output beam intensity distribution (Figure 5.15). At
Ep = 15 kV/cm the displacement becomes so strong that the beam divides into several
beams having different propagation angles. This fact is connected with the energy
redistribution between the angular components of the angular spectrum of the beam. The
self-bending effect occurs while all components of the spectrum have different self-
bending magnitudes [56] and the strong bent of the propagating trajectory of the whole

beam leads to the extension of the angular spectrum.
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Figure 5.15:  Displacement of the output beam at E, = 15 kV/cm. and 0.11,.

From equation (5.13) it is easy to see that the magnitude of the space-charge field
depends also on the spatial derivative of the intensity distribution and the decrease of the
input beam waist radius has to enhance significantly the nonlocal response of the
photorefractive medium that leads to the stronger bending of the propagating beam
trajectory. The figure 5.16 illustrates the dependence of the output beam displacement on

the magnitude of the input beam waist radius. At the input beam waist radius 10 um the
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displacement reaches the value of about 10x,. The increase of the input beam aperture

decreases the self-bending magnitude and at x, =30 um the displacement reaches the

value of about x,, .
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Figure 5.16:  Relative displacement of the output beam in dependence on the input beam radius I, = 10~

*Ipand E, = 14 kV/em.

BSO crystal
The other types of cubic sillenite crystals such as the BSO and BGO have a large
magnitude of the optical activity up to 22 °/mm [64]. The comparative analyses of the

beam self-bending effect in BTO and BSO crystals at § = 35.26° is presented in figure
5.17.
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Figure 5.17:  Ratio between displacements in both BTO and BSO crystals in dependence on the applied
electric field for I, = 1071y, 1071, 0.11, and 11,,.



Chapter 5. Self-bending of laser beams in photorefractive crystals 79

The dependences show the ratio between displacements in both crystals Dgro/Dpso versus
the applied electric field for different values of the dark irradiance intensity. The maximal
ratio Dgto/Dgpso=3 for 1, = 11, is observed at the smallest values of the bias electric field 2
kV/cm. With the increase of the applied voltage up to 14 kV/cm this ratio tends to 1.5. The
further increase of the bias field leads to the instability in the beam intensity distribution
which occurs because of the strong self-bending effect that was illustrated in figure 5.15.
However the increase of the dark irradiance intensity influences weakly on this ratio. At
the magnitude of the applied electric field in the range of 8 kV/cm the ratio Dgro/Dgso has
the same factor for all values of I;. At Ey=1 kV/cm and Ey=14 kV/cm the difference
between beam displacements ratios for different values of /; is not more than 0.2.

The polarization dynamics of the propagated beam for different values of the applied
electric field in BTO and BSO crystals are illustrated in figure 5.18. The difference
between polarization dynamics can be already observed at Ey = 4 kV/cm. For the BTO
crystal the polarization state rotates completely in the region S;>0 and with increase of the
bias electric field the polarization tends to the linear state. It means that the influence of the
optical activity on the propagated beam decreases that allows to neglect the vector nature
of the light field and the rotation of the polarization plane. But thanks to the high optical
activity the dynamics of the polarization change in the BSO crystal is significantly stronger
than in the BTO crystal. For the applied voltage 4 kV/cm the polarization in the BSO
differs insignificantly from the linear one. Increasing of the bias up to 8 kV/cm makes the
beam polarization in some points close to the circular state. The further growth of the
applied voltage shifts the curve of the polarization state in the region S;>0 where it
changes from linear to elliptical one. The strong distortion of the polarization state in the
BSO crystal leads to the decrease of the influence of the nonlocal response on the beam
self-bending effect. The effective self-bending at # = 35.26° can be reached if there is no
significant rotation of the polarization plane as it is shown in the BTO crystal at Ey = 12
kV/cm. But due to the high magnitude of the optical activity of the BSO crystal the
polarization state changes from linear to the elliptical one along the beam propagation
distance and this change decreases the displacement. A similar behavior is observed in the
BTO crystal (Figure 5.9) if the laser beam has the circular polarization.

Thereby the scalar theoretical model describing the laser beams self-bending developed

by Borodin et al. [62] is valid only for cubic photorefractive crystals having insignificant
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optical activity and if the laser beam is linearly polarized along the crystallographic axis
[1 1 1] and the applied electric field has a rather high magnitude.
(a) BTO (b) BSO

E0:4 kV/cm g2 E0:4 kV/cm g2
1 = 1 4

E0=8 kV/cm 32 E0=8 kV/cm 32
1 4 1 4

1 g i ; 1

Figure 5.18:  Polarization dynamics of the beam at different values of the applied electric field for

I, =107, and for the input polarization 0° in BTO (a) and BSO (b) crystals.

5.2.3 Experimental results

A BTO crystal with a specific rotation of 6.5° mm™ at the He-Ne laser wavelength was
used in the experiment. The experimental setup is shown in figure 5.19. An external

meander-shaped electric field with an amplitude of 10 kV/cm was applied to the crystal
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side faces along the x axis making an angle 8 with the [1 TO] crystallographic direction. For

the given crystal orientation 8 = 0, the crystal thickness is 6.93 mm. A light beam of the
He-Ne laser (A = 632.8 nm) with waist xp = 15 um was focused by a cylindrical lens (CL)
in the x direction to the input face of the crystal and propagated along the z axis coinciding
with the [110] crystallographic direction. The light beam intensity distribution on the
output face of the crystal was observed by means of the objective and the CCD camera.
The input polarization was controlled by the first polarizer (P1) placed behind the laser

beam source.

He-Ne BTO CCD camera

crystal
laser Objective

‘—-—\l-_
P2

V

I 10] X IZO] to computer

Figure 5.19:  Schematic diagram of the experimental setup for observing self-bending of the laser beam

in the photorefractive crystal.

The experiment was performed in two steps. At first, the output intensity distribution
was measured, and then the polarization characteristics of the light beam were measured
using the second polarizer (P2). The numerical simulation and experimental results for the
parameters of this crystal are shown in figures 5.20a and 5.20b, from which it follows that,
for the input Gaussian distribution Iy(x) (Figure 5.20, curve 1 ), the output beam with
distribution I(x) is deflected to opposite directions (curves 2 and 3) at light polarizations of
45° and -45°. The experimental intensity distribution for both cases of the input beam
polarization is shown in figure 5.20b (curve 2 and 3).

The amplitude of the applied external field for the numerical simulation and
experimental study was selected so that the deflection of the trajectory of the light beam
from the propagation axis in the crystal with a thickness d = 6.93 mm was noticeable;
Ep=10 kV/cm. According to the results of the numerical analysis, the shapes of the output
light distributions with a halfwidth of 30 um are identical for beams with input
polarizations of 45° and -45°, but their deflection directions from the center are different.

The experimentally measured light beam halfwidth was larger, about 50 um. The
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deflection of beams of both polarizations was 15 um, which is equal to the calculated one.

To analyze the polarization structure of the light beam the input polarization was taken
as 45°. The light beam components were separated by polarizer P2. The results of
numerical integration and measurement of the intensity distribution for x and y components
are shown in figures 5.20c and 5.20d, respectively. For +45° polarizations, the amplitudes
of x and y light field components excited in the crystal are equal at z = 0 and the
corresponding nonlinear perturbations of both components in the crystal have the same
magnitude. Therefore, both components during propagation deflect to the same side (to the
right for 45° and to the left for -45°), and the behavior of the beam as a whole differs
slightly from that predicted by the scalar model [62].
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Figure 5.20:  Normalized output distributions of the beam intensity /(x)/I(x), obtained experimentally

(dots) and by numerical solution (solid curves) for the input distribution (1). Beam intensity
distribution at input polarizations of 45° (2) and -45° (3). Output distribution of the light

beam intensity for x (c¢) and y (d) components of the light field vector.
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5.2.4 Conclusion

Thus, formulas have been derived that in the paraxial approximation describe the
propagation of a light beam with a one-dimensional input intensity distribution through
cubic optically active photorefractive crystals of point group 23 with applied external
alternating electric field. The employed model takes into account the vector nature of the
light field and the additional elasto-optic contribution connected with elastic strains
accompanying light-induced internal spatially inhomogeneous electric fields in
piezocrystals. Numerical analysis of the propagation of a Gaussian beam in bismuth
titanium oxide and bismuth silicate oxide crystals demonstrated the feasibility of control of
the self-bending direction and the form of the beam on the output face of the crystal by
changing the orientation of the sample relatively to the crystal axes and variation of the
input polarization state of light. The high optical activity of the bismuth silicate oxide
crystal requires the accounting of the vector nature of the light field that is not possible in
the scalar theoretical model developed by Borodin et al. [62].

The experimental study demonstrated the adequacy of the theoretical model and chosen
numerical solution, which allows their application for solving other problems of nonlinear
photorefractive physics, in particular, quasi-soliton propagation and the behavior of a
randomly polarized light beam for both high and low intensities which were studied in the

fourth chapter.
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Chapter 6

Conclusion

New effects of the laser beam self-action in photorefractive crystals were observed and
studied theoretically in single-axis and cubic electro-optic crystals. The work contains
results of experimental and theoretical investigations of these effects which give us an
opportunity to use obtained results for further researches of the laser beam propagation in
photorefractive media. Developed theoretical models take into account the additional
photoelastic contribution to the modulation of optical properties by the space-charge field
in the photorefractive medium that enhances the accuracy of the numerical simulation that
results in the increase of the efficiency of the numerical determination of external
parameters to observe the quasi-soliton regime up to 60% in some cases. This model
separates the influence of effects of the induced birefringence and the nonlinear electro-
optic response of the medium. Taking into consideration the optical activity for the
investigation of laser beam self-bending effects in cubic electro-optic crystals
demonstrated the ability to control the self-bending magnitude and the form of the beam on
the output face of the crystal by changing the orientation of the sample relatively to the
crystal axes and variation of the input polarization state of light. The experimental study
demonstrating the laser beam self-bending in the bismuth titanate oxide crystal under the
applied electric field shows the adequacy of the theoretical model for the investigation of
the self-action effects in cubic photorefractive crystals as beam self-focusing and self-
bending.

Self-action of laser beams in SBN. The experimental investigation of the influence of
the external applied voltage, parameters of the input beam and dark irradiance intensity let
us to find the new effect of the optimal focusing of the laser beam in single-axis strontium
barium niobate crystals. We have shown that the output beam diameter especially along the

optical axis does not depend on the diameter of the input beam if it lies between 18 wm and

40 um. The obtained results were proved theoretically and the numerical calculation



Chapter 6.Conclusion 85

confirmed the tendency of the experimental results only qualitatively and predicts larger
displacements than the experimental ones.

Beam self-focusing in sillenite crystals. A new theoretical model for the laser-beam
self-action in sillenite photorefractive crystals of point group 23 taking into account the
additional contribution of the photoelastic effect to the optical properties of the medium
was developed and investigated. The comparative analyse of the laser beam self-focusing
for the simple vector model by Shepelevich et al. [29] and for our vector model was
carried out for bismuth titanate and bismuth silicate oxide crystals. The magnitude of the
local photorefractive response and the induced birefringence were studied for different
orientations of the applied direct electric field and it was shown that the maximal

nonlinearity of the optical properties of the medium is reached at the orientation of the
applied voltage along the crystallographic direction [1 1 1] and with linearly polarized input

beams along this axis. The taking into acount of the additional photoelastic effect for this
orientation reduces the value of the bias electric field to observe the quasi-soliton regime
by a factor of 1.8 in some cases. The large difference between results of both theoretical
models gives us the right to confirm that the developed theoretical model is more adequate
in comparison with existing ones to investigate the self-action effect in cubic
photorefractive crystals especially for the orientation of the applied voltage along the
crystallographic direction [1 T 1].

For crystals with a large magnitude of the optical activity (for example, BSO) the
numerical results showed that considerable differences in the behavior of the polarization
state of the propagated beam for both theoretical models occur even at a small magnitude
of the bias electric field amplitude that influences on the conditions of the observing of the
quasi-soliton regime. We have also shown that the increase of the applied voltage enhances
these differences and taking into consideration of the additional photoelastic contribution
lets to observe theoretically the quasi-soliton laser beam propagation for a small waist
radius of the input beam which is impossible for the theoretical model developed by
Shepelevich et al. This fact is connected with an ability to separate the effects of the
induced birefringence and nonlinear response of the medium in our theoretical model that
make it possible to take into consideration the change of the polarization independently for

both effects.
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We have also considered the cut (l 15) where the maximal nonlinear photorefractive
response is reached for the orientation of the applied electric field along [001] direction
and has the same magnitude as for the direction of the bias field along [ITI] in (110)-cut

crystals. The advantage of the (1 15)—cut is an ability to investigate the interaction of
counter propagating light.

Beam self-bending effect. The bent of the trajectory of the propagated beam was
studied in single-axis photorefractive BaTiO; crystal and in cubic electro-optic media. We
have developed a theoretical model to investigate the beam selfbending effect for a
speckled extraordinary light beam in photorefractive barium titanate at an arbitrary
orientation of the optical axis ¢. The model takes into account the additional elasto-optic
contribution to changes of the dielectric permittivity. It was demonstrated that the
additional photoelastic effect has a substantial influence on beam self-bending. Due to the
possibility to take into consideration the arbitrary orientation of the optical axis we have
shown that BaTiOs crystals exhibit the property of positive or negative gradient lens
depending on whether the speckled laser beam propagates along the optical axis ¢ or in the
opposite direction.

The self-bending effect in cubic photorefractive sillenite crystals occurs only under an
applied external alternating square-wave electric field that makes it possible to investigate
the influence of the optical activity and the input beam polarization on the bent of

propagated beam trajectory. The maximal displacement of the light is observed for the
orientation of the applied voltage along the crystallographic axis [lTl] for the linearly

polarized input beam along this direction. The circularly polarized beam bends only for the

right rotation but with the lower displacement. At the orientation of the bias electric field
along [ITO] it becomes possible to control the beam self-bending direction by changing of

the input polarization. In this case for the polarization vector of the linearly polarized beam
oriented at angles +45° to the x axis, the light beam will be bent in the crystal in the
opposite directions.

It was also shown that the intensity of the dark irradiance, the value of the applied
electric field and the input beam waist radius strong influence on the self-bending
magnitude. The change of dark irradiance intensity leads to the slight influence on the
essential beam diffraction. The rather high amplitude of the applied electric field strong

influences on the distrotion the output beam intensity due to the redistribution of the
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energy between the angular components of the angular spectrum. The beam displacement
increases also with the reducing of the input beam waist radius while it enhances the
nonlocal response of the photorefractive medium. However the large optical activity of the
BSO crystal decreases the self-bending effect and only with the increasing of the applied
voltage tends to the same magnitude as in BTO. Investigating the polarization dynamics in
both BTO and BSO crystals we have shown that the scalar model of the laser beam self-
bending developed by Borodin et al. [62] is valid only for the BTO crystal under a high
applied electric alternating field along the crystallographic axis [lTl] if the propagated
laser beam has the linear polarization along this direction.

The experimental results demonstrated the adequacy of the theoretical model and
confirmed an ability to observe the bending of the laser beam in the opposite directions for
the input linear polarization plane oriented at angles +45° to the x axis at the orientation of
the bias electric field in the BTO crystal along the [ITO] axis. Thus the new theoretical
model taking into account the additional photoelastic effect allows to solve the considered
problems of nonlinear photorefractive physics as soliton propagation and the behavior of a

randomly polarized light beam for both high and low intensities.
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