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b Grupo de Fı́sica Básica y Aplicada, Politécnico Colombiano Jaime Isaza Cadavid, Medellı́n, Colombia
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In this work, we show that it is possible to change the properties of an optical vortex formed in a

speckle pattern by the control of an external electric field applied to a sillenite-type photorefractive

material in a non-holographic configuration. To show it, a scheme that allows the recovering of both,

the polarization state and the phase distribution of an optical field was implemented. Changes in the

polarization state of the light in the neighborhood of the vortex were observed with the application of

an external electric field. Likewise, changes in the phase structure around the vortex and displacements

of the vortices themselves were measured. These displacements have a fairly linear dependence on the

applied field to the photorefractive crystal. Experimental results are qualitatively explained with the

theoretical treatment of non-holographic recording in photorefractive crystals.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

It is well known that speckles appear when a diffusing surface is
illuminated by coherent light. The speckle patterns have interesting
and important applications in metrology and image processing [1,2].
Displacements, tilts, and deformations of the input diffuser produce
displacements and structural changes in the speckle patterns, which
can be analyzed on the basis of the correlation operations [3–5].
Recently, other particularities of the speckle patterns have been
proposed in a wide range of engineering applications [6–8].

A fully developed speckle can be understood as an optical noise
with a negative exponential probability density function whose
maximum value is located at zero intensity. Statistically, the prob-
ability of occurrence of absolute zero intensity in a point into a
speckle distribution is zero. However, even so, points with zero
intensity can occur [1]. These points are known as nodal points,
phase singularities, wave dislocations, or optical vortices [6].

An optical vortex is a point with a phase indetermination, and
around it, all values of the phase are present [9]. For this reason, the
energy flows circularly in the same direction of the phase variation
[10]. Optical vortices are usually characterized by their spin angular
ll rights reserved.
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.

z).
momentum (SAM), associated with the polarization state of the field,
and their orbital angular momentum (OAM), associated with the
spatial structure of the field and the phase [11,12]. Techniques of
spin–orbital exchange have been demonstrated with inhomogeneous
birefringence devices [13]. Many experimental and theoretical studies
have been performed on optical vortices in speckle patterns [14–18].
Unlike the optical vortices in Laguerre-Gaussian beams, the vortices
in speckle patterns are anisotropic. It means that the phase of the
field does not increase linearly with the azimuthal angle around the
singularity [19,20]. On the other hand, in speckle patterns, the phase
singularities almost perfectly compensate each other, so the net
topological charge of the speckle pattern is very close to zero. This
balance is due to coexistence of vortex–antivortex pairs [21]. The
phase singularities inside each vortex–antivortex pair move around
each other and rope-like structures are formed in free space propaga-
tion [22]. The phase singularities in a speckle pattern may be
experimentally detected by the interference of the speckle pattern
with a plane wave. The position of the vortex coincides with the
position of a fork-like structure in the interference pattern [14].

One of the most important applications of the optical vortices
is the optical tweezers [23]. In this kind of arrangement, colloidal
particles are trapped into the vortex. Speckle fields have shown to
be suitable for trapping nanometer objects and cooling atoms
[24–26]. Recently, in Ref. [27], it demonstrated the possibility of
using 3D clustered speckle pattern in an optical tweezer setup.
Likewise, the use of volume speckle in trapping has been recently

www.elsevier.com/locate/optlaseng
www.elsevier.com/locate/optlaseng
dx.doi.org/10.1016/j.optlaseng.2011.10.021
mailto:jagomez@elpoli.edu.co
dx.doi.org/10.1016/j.optlaseng.2011.10.021
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reported [28]. In any trapping arrangement, it is important to
implement ways to change the dynamics condition of the parti-
cles and, when optical vortices are used, the modification of the
angular momentum is the way to reach it [13].

On the other hand, it is well known that photorefractive
crystals have been widely used in dynamic holography, light
amplification, optical conjugation, optical signal processing, sen-
sing systems, and spatial light modulators [29–35]. These materi-
als are well suited for such applications because of their ability to
encode light intensity distributions by refractive index changes. In
particular, the sillenite photorefractive crystals (BSO, BGO, BTO)
are fast and sensitive materials adequate for real time procedures
[36]. In non holographic arrangements, it is possible to demon-
strate that when an external electric field is applied to the crystal,
the induced birefringence, via electro–optic effect has its max-
imum in the dark regions and it is approximately zero in the more
illuminated regions [37]. Here, it is important to highlight that, if
a speckle pattern is imaged on a photorefractive crystal in non
holographic scheme, when external electric field is applied to the
crystal, in the points where optical vortex appears, the induced
birefringence has a maximum, which can be very useful in the
modification of the vortex characteristics.

In this work, an experimental methodology that allows evaluating
the effect of the induced birefringence in a photorefractive material
on speckle optical vortices is implemented. A speckle pattern gener-
ated by a diffuser element was registered in a BSO crystal in a non
holographic configuration, and an electric field was applied to the
photorefractive material. Maps of Stokes parameters and phase
distributions were then obtained by two experiments using the same
setup. Changes in the polarization state and in the phase of the optical
field in the neighborhoods of the vortices were registered. Moreover,
displacements of the phase singularities were detected and, a fairly
linear dependence of the displacements on the external applied field
was observed. Experimental results are qualitatively well explained
using the simplified one dimensional model for birefringence record-
ing in photorefractive materials. These observations can be of great
utility in applications of speckle patterns in several engineering
application and, particularly, in optical tweezers.
2. Theoretical and experimental analysis

In general, an optical speckle pattern can be mathematically
expressed as a sum of random phasors as [1],

U ¼ Aejy ¼
1ffiffiffiffi
N
p

XN

n ¼ 1

anejfn ð1Þ

where N represents the number of components in the random walk,
U represents the resultant phasor, A represents the amplitude of U
Fig. 1. Typical experimental fully developed spec
and y its phase; an and fn are the amplitude and phase of the nth

component of a phasor in the sum. The random walk can be
expressed in terms of their real and imaginary parts as,

Re Uf g ¼
1ffiffiffiffi
N
p

XN

n ¼ 1

an cosfn

Im Uf g ¼
1ffiffiffiffi
N
p

XN

n ¼ 1

an sinfn ð2Þ

Furthermore, if an and fn are statistically independent quan-
tities for each optical phasor, if the phase distribution of fn is
uniform on the interval (�p, p), and if the number of phasors is
large, the intensity probability density function has a negative
exponential behavior, in this way:

pIðIÞ ¼
1

I
e�ðI=IÞ: ð3Þ

A speckle pattern with this statistical distribution is known as
a fully developed speckle. In Fig. 1, a typical experimental speckle
distribution generated by 532 nm laser radiation impinging in a
diffuser, and its corresponding intensity histogram, are presented.
Although from the Eq. (3), it is possible to conclude that the
probability of occurrence of precisely zero intensity is null, in a
speckle pattern this is an event that indeed does occur [1]. Zero
intensity is obtained if both the real and imaginary parts of the
field are zero at the same point of the speckle pattern. In this way,
at the location of a zero of intensity, the phase is undefined, and
around of such a point, the whole (0, 2p) range of phases appears.
This means that there is a net change of phase in a circuit C

enclosing the zero intensity point, which is quantized in units of
2p, as

q¼
1

2p

I
C
r
!

y�d r
!

ð4Þ

The integer q, positive or negative, is called the topological
charge of the singularity. The sign of q is positive if the phase
increases in a right handed sense. For an optical field, the current,
which is the Poynting vector of the electromagnetic field, takes
the form [10],

: J
!
¼ Im½:Unr

!
U� ¼ A2r

!
y ð5Þ

Because the vector J
!

is in direction of the phase change, r
!

y,
the phase singularity is therefore the optical vortex of the optical
current flow. In the Fig. 2, the 3D image of an optical speckle
vortex reconstructed with our experimental set up, is presented.

On the other hand, it is well known that photorefractive
crystals can exhibit induced birefringence via the linear electro–
optic effect. Let us remember the physical mechanism by which
optical information can be stored in a photorefractive material by
kle distribution and its intensity histogram.



Fig. 2. Experimental speckle vortex.

a

)(xI

L
x

0x

0

a

)(xI

L
x

x

0

I
)()( xtI

a

xx
rectIxI =−=

Fig. 3. Uniform rectangular light distribution.
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Fig. 4. Diagram of the experimental setup. B/S1 and B/S2: Beam splitters, D: Diffuser,

M1 and M2: Mirrors, A.P.: Aperture pupil, l/4: Rotating first order quarter-waveplate,

P1 and P2: Fixed polarizers, P3: Rotating polarizer, S.F: Spatial filter, H.P.: Horizontal

Polarization, V.P.: Vertical Polarization, L1 and L2: Lenses, SH: Shutter, BSO:

1 cm�1 cm�1 cm BSO crystal, H.V: High voltage source, ZoomþCCD: Magnification

system and CCD high resolution camera.
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a non holographic register. When a voltage V is applied to
the crystal, with a distance L between electrodes, it becomes
uniformly birefringent due to the external electric field E0 ¼ V=L.
A light intensity distribution incident onto the crystal generates
photo-charges that are drifted by the field E0. A space charge field
ESC is created, which partially compensates the external field
in the illuminated regions. In this way, if the light intensity
distribution is not uniform, the resulting internal electric field
E¼ESCþE0 modifies locally the refraction index via Pockels effect.

In our experimental arrangement, the external electric field is
orthogonal to the face (110) of a Bi12SiO20 (BSO) crystal and the
light is incident on the face ð110Þ. Therefore, the induced
birefringence modulation dn can be calculated as [38],

dnðxÞ ¼ n3
0r41EðxÞ ð6Þ

where r41 is the electro–optic coefficient and n0 is the average
refractive index at the writing wavelength.

It is possible to show, following the treatment in Ref. [39], that
if the crystal is illuminated by an uniform rectangular pattern
with a width a, as showed in the Fig. 3, and given by, Ii(x)¼ I0t(x),
where Ii(x) is the light pattern onto the crystal, I0 is the highest
intensity value, and t(x) is a normalized binary intensity distribu-
tion, the induced birefringence can be expressed as:

dnðx,VÞ ¼
dn¼ 0 if tðxÞ ¼ 1,

dn¼ n3
0r41

V
L�a if tðxÞ ¼ 0

(
ð7Þ

From Eq. (7), it is clear that, if we assume a speckle grain as a
simple rectangular distribution of light, and having into account
that the speckle size is shorter than the size of the crystal, the
induced birefringence on the crystal just in the zone where the
speckle is, can be written as dn¼ n3

0r41ðV=LÞ for the surrounding
dark regions, and zero in the illuminated zones. This is an
interesting fact; because the vortices in the speckle pattern are
in dark zones of the pattern, these appear to be located just in the
regions where a maximum induced birefringence is obtained in
the non-holographic recording scheme. In this way, it is possible
to expect that when an electric field is applied to a photorefrac-
tive crystal, the field has a significant effect on the vortices of the
pattern due to the local modification of the birefringence. Conse-
quently, these effects have a direct implication on the angular
momentum of the radiation.

To experimentally demonstrate these effects, let us consider
the experimental setup of Fig. 4. In this scheme, a laser source of
532 nm and 150 MW of optical power is divided by the beam
splitter B/S1 to generate in a branch of the setup, a speckle field
and, in another one, a plane wave to form a Mach–Zehnder
interferometer. In our configuration, when the shutter SH is
switched off, only the speckle pattern is registered by the analyzer
system. When the shutter is open, the superposition of the plane
wave and the speckle pattern is obtained. Using this experimental
setup and the analyzer system formed by a first order quarter
waveplate and a linear polarizer, it is possible to recover the
Stokes parameters of the speckle field and its respective phase
distribution. These procedures will be described below.

A subjective speckle pattern is formed by the diffuser, the lens
L1, and the aperture pupil AP with a diameter of 6 cm adjacent to
the lens. A 1 cm�1 cm�1 cm BSO crystal is used to record the
speckle pattern. Light is incident on the crystallographic plane
ð110Þ for a higher birefringence [36]. The optical activity of the
crystal at 532 nm was previously measured as 361/mm. A linear
polarizer P1 is located before the BSO crystal to guarantee
horizontal polarization of the output beam in absence of an
external electric beam. When an electric field is applied ortho-
gonally to the face (110), the light emerges from the crystal
elliptically polarized and the phase of the speckle pattern is also
modified. In the observation plane, a magnifier optical system
(5� ) was inserted in front of the CCD camera. This system allows
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evaluating the behavior of the speckle pattern in a few speckle
grains.

In Fig. 5, images of the speckle patterns registered without
magnification and with the maximum magnification (5� ) are
presented. When the electric field is applied to the crystal,
changes of the speckle pattern are observed at the detection
plane. In Fig. 6, a section of the speckle pattern registered before
and after applying a field of 6 kV/cm to the crystal is shown. In the
same figure, a small region for both situations, framed in white
lines, is zoomed. An evident distortion of the speckle pattern
section is appreciated. It seems to be clear, that the significant
changes in the speckle patterns occur in the regions with the
lower intensity. On the contrary, the brighter regions are practi-
cally unmodified by the action of the electric field. This is in
agreement with the birefringence model for non-holographic
registers in the photorefractive material, as was mentioned
before. This is an important observation because the optical
vortices are present in completely dark regions. In Fig. 7, the
normalized self-correlation [40] of the speckle pattern without
external electric field and its cross-correlation for different values
of the electric field are presented. From this figure, it is evident
that the distortion of the speckle pattern depends on the intensity
of the field, and the correlation decreases linearly as the field
increases. To evaluate the effects of the induced birefringence on
the polarization and phase of the speckle pattern, Stokes para-
meter maps and phase distributions were calculated.

The Stokes parameters allow describing completely the polar-
ization state of polarized, unpolarized and partially polarized light
beams. Considering the z direction along the crystal depth, the
Fig. 5. Registered speckle patterns without magnification and with magnification 5� .

Fig. 6. Distortion of the speckle pattern when a 6 kV/cm field is applied to the BSO

crystal.
components of the optical field Ex(z,t) and Ey(z,t) are given by,

Exðz,tÞ ¼ E0x cosðwt�kzþdxÞ

Eyðz,tÞ ¼ E0y cosðwt�kzþdyÞ ð8Þ

where t represents time, E0x and E0y are the maximum amplitudes
of the optical field, w is the angular frequency, k¼2p/l is the
wave number, and dx and dy are phase constants. With these
definitions, it is possible to define the Stokes parameters as,

S0 ¼ E2
0xþE2

0y; S1 ¼ E2
0x�E2

0y;

S2 ¼ 2E0xE0y cosd; S3 ¼ 2E0xE0ysend
d¼ dx�dy ð9Þ

In Eq. (9), the parameter S0 describes the total intensity of the
field, S1 describes the preponderance of linearly horizontally
polarized light over linearly vertically polarized light, S2 describes
the preponderance of linear þ451 polarized light over linear �451
polarized light, and S3 describes the preponderance of right
circularly polarized light over left circularly polarized light. When
the light is completely polarized, the relationship S2

0 ¼ S2
1þS2

2þS2
3

is satisfied, and in the other cases S2
0rS2

1þS2
2þS2

3 [41].
As was mentioned, when the shutter in the experimental setup

of the Fig. 5 is open, the Stokes parameters can be calculated. To
recover the Stokes parameters an alternative methodology pro-
posed in [42] was proved and improved. According to [42], the
quarter-waveplate must be rotated in steps of y1 maintaining
fixed polarizer. An analysis of this system shows that the intensity
of the optical beam on the detector can be written in terms of the
Stokes parameters as [41],

IðyÞ ¼
1

2
ðS0þS1 cos2ð2yÞþS2 cosð2yÞsinð2yÞþS3 sinð2yÞÞ ð10Þ

In Ref. [42] it is shown that Eq. (10) can be rewritten as a
truncated Fourier series consisting of, a dc term, a second
harmonic term and two fourth harmonic terms. In this paper, it
is proposed that the Stokes parameters can be calculated with a
minimum of eight data corresponding to the measured intensity
for the same number of rotations of the quarter-waveplate.
However, in our case, the suggested method was proved with
eight and more data points without physical meaning for the
result. But, taking advantage of the knowledge of the analytical
expression for the intensity variation in Eq. (10), an algorithm
of global minimization was implemented with the software
Mathematica. The command NMinimize, which is based on the
Nelder–Mead method [43], was restricted with the ‘‘constrained
conditions’’ 0oS0o1o , and �1oSio1 for i¼1, 2, 3. In this way,
and with a calibration in the CCD camera, which allowed having
linear behavior from 10 to 255 in a gray scale, was possible to
construct in each pixel of the speckle pattern the set of data to
recover the Stokes parameters. The estimated error in the method
was around 5% and, in pixels where the intensity falls below 10 in
the linear gray scale, the method had no good results. In Fig. 8, the
experimental behavior of the intensity for linearly polarized
speckle pattern in an arbitrary pixel and the numerical fitting to
the experimental data are presented.

Due to the elevated computational cost of the calculus for the
whole speckle pattern, the method for the determination of the
Stokes parameters was ran in small regions where, by inspection
eventually an optical vortex could exist because of its light
distribution, i.e, regions where very dark points appear.

In Fig. 9, a map of the Stokes parameters is presented for the
highlighted region in Fig. 6. In this map, because the evident
change in the Stokes parameters, it is clear the modification of the
polarization state of the speckle when a field of 6 kV/cm was
applied. Here, it is important to appreciate that the higher
changes are evident in the zones where the intensities are low,
but not in the darker regions. It is due that the threshold of 10 Gy



Fig. 7. Normalized self-correlation without external electric field and behavior of the correlation vs. applied electric field.

Fig. 8. Experimental data and numerical fitting for intensity vs. rotation angle of

the quarter wave plate, in an arbitrary pixel.

Fig. 9. Stokes parameters maps for a speckle pattern before and after applying an

external electric field of 6 kV/cm to the crystal.
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levels in the calibration of the CCD camera does not allow to
discriminate those points.

To analyze the effect of the induced birefringence on the
regions where the Stokes parameters were not recovered, a
reconstruction of the phase of the speckle pattern was realized.
The phase of the speckle pattern was recovered by the method
proposed by Denisenko et al. in [44]. In our experimental setup
and, as was previously mentioned, when the shutter SH is open,
the experimental conditions to recover the phase and its singula-
rities are given. In this case, and according to the definitions in
Eq. (9), when the Mach–Zehnder interferometer is formed, the
CCD camera registers the superposition of the speckle pattern and
a plane wave. In this way, the difference of phase between the
two waves can be calculated as [44],

d¼ tan�1ðS3=S2Þ

S2 ¼ Ið45,45Þ�Ið135,135Þ

S3 ¼ Ið45,0Þ�Ið135,0Þ ð11Þ

where I(a,b) is the intensity measured by the CCD when in the
analyzer system of the Fig. 4, the polarizer and the quarter wave
plate are rotated at angles a and b with respect to the horizontal
direction, respectively. This definition of the Stokes parameters
ensures cancellation of a common background in the intensity
measurements, improving their accuracy significantly. In Fig. 10,
the analyzed speckle pattern, its interferogram, and the phase
distribution are presented. It is clear that, in regions where a fork
shape is identified in the interferogram, a vortex is located in the
phase map, as indicated by red circles. The location of the vortices
by the phase reconstruction is convenient due to its independence
on the width and the contrast of the fringes [44].
Phase maps were reconstructed for the speckle pattern when
the BSO crystal was submitted to different values of the external
electric field. Changes in the phase structure in the neighborhood
of the vortices, and moreover, in its location were appreciated. In
Fig. 11, the modification and displacement of a vortex due to the



Fig. 10. Speckle pattern, interferogram and phase map. The white circles highlight optical vortices. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Fig. 11. Displacement of an optical vortex.

Fig. 12. Displacement of the optical vortices vs. applied field.
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electrically controlled birefringence of the crystal is presented.
The distance between the displaced vortex and the original vortex
was calculated. For the estimation of the vortex displacement, the
dependence of the speckle size, /LxS¼lz/D, was used. /LxS is the
average width of the speckle, z is the distance from the lens L1 to
the crystal, l is the illumination wavelength, and D is the
diameter of the pupil aperture adjacent to the lens. In this way
and, taking into account a pixel size of 4 mm, the estimated
displacement in the CCD camera plane was 120 mm. It corre-
sponds to a displacement of 13.3 mm in the inside crystal plane,
approximately. As shown in Fig.12, a fairly linear behavior for the
vortex displacement as a function of the applied electric field
was found.
3. Conclusions

In this work, the possibility of changing the properties of an
optical vortex produced in a speckle pattern by the control of the
birefringence by an electric field applied to a photorefractive
material in a non-holographic configuration was shown. Maps of
Stokes parameters and phase were reconstructed by a technique
that allowed recovering both quantities with the same analyzer
system through polarimetric measures. Significant changes in the
polarization state of the light in the neighborhood of the vortex
were observed. Likewise, changes in the phase structure around
the vortex, and displacements of the vortices were observed. The
measured displacements showed a fairly linear dependence on
the externally applied field to the photorefractive crystal. Experi-
mental results were qualitatively well explained using the theo-
retical treatment of non-holographic recording in photorefractive
crystals. These results here presented could be useful for applica-
tions concerning the control of the angular momentum of the
radiation, and particularly in optical trapping.
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