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We propose a novel scheme for measuring the topological charge (TC) of the vector vortex beam (VVB) using
polarization speckles size of the 2D auto-correlation function of scattered vector vortices. We have generated the
non-separable state having singularities in both orbital angular momentum (OAM) and polarization. This non-
separability is verified by measuring the degree of polarization (DOP) which can be calculated by using
Stokes parameters. The Stokes parameters can be measured by observing the intensity distribution of the beam

when projected onto different polarization states. The divergence of polarization speckle size of the auto-
correlation function was measured as a function of topological charge of the vector vortex beams. These re-
sults can be used to generate a security key for data authentication and data encryption.

Introduction

A system is called entangled, when its state cannot be expressed as
the product of two individual states [1]. Generally, one uses the
entanglement between two spatially separated particles in the same
degree of freedom (DOF) such as spin or polarization. In some cases,
hybrid entanglement occurs when two degrees of freedom of either a
single particle or two particles are entangled [2,3]. This arises due to the
non-separability of two degrees of freedom. Similar kind of non-
separability can also be seen in classical optics, when we consider the
radially polarized light beams [4]. The entanglement that can be used to
describe the non-separability of classical light named as the “classical
entanglement”. These non-separable states of light are shown to violate
Bell like inequality [5]. The non-separability of vector beams is utilized
in many applications such as free space optical communication, high
speed kinematic sensing, polarization metrology, single shot Mueller
polarimetry, and characterizing the quantum channels [6-10]. The
violation of Bell’s inequality by non-separable vector beams reveals
entanglement-like correlations between spatial and polarization degrees
of freedom, correlations that cannot be explained by classical local
theories. This highlights their potential for advancing communication,
sensing, and information processing technologies, while also offering
insights into the boundary between classical and quantum regimes.

The phase singular beams, also known as vortex beams, possess zero
intensity at the beam’s center and carry an orbital angular momentum
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(OAM) of +tlh per photon, where [ is the topological charge (TC) of
vortex beam, which can be defined as the number of helices per wave-
length [11]. In another case, one can use this OAM as an additional
degree of freedom along with the polarization to form the hybrid
entanglement state [2]. The vector beams are known for their non-
separability in the spatial mode and polarization DOFs. Such non-
separability is essential for advanced optical technologies because it
enables multiplexing and improves control over light’s spatial and po-
larization properties, benefiting applications such as high-capacity op-
tical communication, polarization metrology, quantum simulation,
imaging, and information processing. The non-separable beams can be
generated using interferometers, resonators, spatial light modulators
(SLMs), digital micromirror devices (DMDs), or g-plates [12-16].

In the past, the scattering of vector vortex beams has been thor-
oughly studied [17-19]. A coherent light beam can be scattered to
produce fine granular patterns of light known as the speckle patterns.
These speckle patterns are formed due to the interference of many
scattered wave fronts coming from different inhomogeneities of a rough
surface on the detection plane [20]. The speckles and their statistical
properties are utilized in various applications such as optical imaging,
optical coherence tomography, and astronomy [21-23]. Past studies on
the scattering of optical vortices have revealed that the intensity speckle
size decreases with the vortex order, which is attributed to the larger
area of illumination on the rough surface [24]. A more detailed theo-
retical understanding of this behavior is provided by J. W. Goodman
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[25]. In contrast, speckle fields with spatially varying polarization
referred to as polarization speckles have attracted significant interest in
biomedical optics, particularly for their potential in differentiating be-
tween various types of skin cancer [26]. Further insights into the for-
mation, behavior, and diagnostic potential of polarization speckles in
biological tissues are discussed in studies by Shirai and Dogariu (2016)
and Alfano (2010), which provide comprehensive physical in-
terpretations and applications [27,28]. These polarization speckles can
be generated by the superposition of two speckle patterns obtained from
orthogonally polarized beams scattered through statistically indepen-
dent random media [19]. The physical origin of these polarization
speckles lies in spatial fluctuations of the orthogonal polarization com-
ponents induced by scattering, a mechanism that is clearly and
comprehensively explained [19]. The size of the polarization speckles
decreases with the order of the vortex, and also changes slightly with
different polarization states.

For the utilization of vector vortex beams in communication where
one can enhance the data capacity by four times, we need to propagate
them through the channel. After propagating through the channel, the
mode and polarization information gets disturbed and one needs to
recover both the mode and polarization information. For compensating
the polarization changes, an approach involving Mueller matrix and SU
(2) operations using wave plates was developed [29]. There are many
techniques to measure the topological charge of the vector vortex
beams, but they are not suitable for partially coherent or incoherent
vortices [30-32]. A limited number of techniques are available for
finding the topological charge of the partially coherent vector vortex
beam [33-37].

In this work, we generate light beams with non-separable OAM and
polarization and confirm the non-separability using the degree of po-
larization [38]. A polarizing Sagnac interferometer is used to generate
the non-separable beams by placing a dove prism along with a spiral
phase plate (SPP). The generated non-separable beam is projected onto
different polarizations using a quarter-wave plate (QWP) and a polar-
izer, and the corresponding intensity distribution is measured. The de-
gree of polarization is zero for the maximally non-separable state i.e.,
the non-separable state is completely unpolarized. One can use the 2D
spatial auto-correlation technique to find the information about topo-
logical charge of the scattered vector vortex beams. Here, the topolog-
ical charge of the vector vortex beam refers to the topological charge
with either integers or fractional values. In section 2, we present the
theoretical details of the intensity distributions of non-separable state
which is projected onto different polarization states and also the proof of
this non-separability using degree of polarization. In section 3, we pre-
sent an experimental setup to generate the polarized states and inves-
tigate their scattering through the ground glass plate (GGP). The results
along with their detailed interpretation are presented in section 4 and
followed by the conclusions in section 5.

Theoretical analysis

A classical light beam with a non-separable state of OAM and po-
larization can be represented mathematically as [38]:
ly) = [H, +1) +|V, = D), )
where [H), |V) and | + I), | —I) are the basis vectors of vector spaces
corresponding to the polarization and OAM, which are independent. The

density matrix of the state of polarization, represented by a Poincare
sphere, can be completely described by:

13,
Pp=3 > oitsi, (2

i=1

where, os are the Pauli matrices, s;s are the Stokes parameters of the
corresponding polarization state and ‘“*’ indicates the multiplication
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between the two operators. The trace of this density matrix is given by:

1 1
Tr[pj] :5(1 +53+53+53) :5(1 +DOP?), 3

where DOP denotes the degree of polarization which can be measured

using the magnitude of the Stokes vectors ,/s? + sZ + s2. If the DOP is

zero, the generated state is purely non-separable and completely un-
polarized. Experimentally, one can easily find the DOP by measuring the
Stokes parameters using the power meter. For a separable state, the
outcome of one does not affect the outcome of the other, whereas, in
case of a non-separable state, the outcome in one depends on the other
outcome due to the fact that the OAM state of the beam varies according
to the projections to different polarization states. The general expression
for the polarization state is given as:

|£) = cos(0)|H) + exp(ig)sin(0)|V), C))

where, 0 and ¢ are the Euler angles corresponding to the polarization
state on the Poincare sphere. Using Egs. (1) and (4), we obtain the su-
perposition of the OAM state as:

Woam) = ({lw) = cos(0)[I) + exp(—ig)sin(6)| —1). )

The above equation represents a pure OAM superposition state. The
transverse intensity profile of the beam corresponds to the superposition
of two equal and oppositely charged vortices with different polarization
states. Therefore, the intensity profile of the beam varies according to
the polarization projections defined by 6 and ¢. For demonstration, we
consider (0,¢) =(0,0),(90,0), (45,0), (—45,0), (45,90), (—45,90)
which correspond to |H), |V), D) = |H) + |V), |AD) = |H) —|V), |RCR) =
|H) + i|V), and |LCR) = |H) —i|V) polarization states, respectively.

Experimental details

The experimental setup for generating the vector vortices (non-
separable state) is shown in Fig. 1. An incident He-Ne laser beam of
wavelength 633nm and power 5mW is used to generate vector vortex
beams. Here, the incident laser beam is confined along the horizontal
polarization which is parallel to the optical plane using the half-wave
plate (HWP). The Sagnac interferometer has the advantage that the
interfering beams follow exactly the same path, making the output
insensitive to phase fluctuations. This method is used for the decom-
position of topological charge-l polarization vortex beam into the
coherent sum of two-phase vortex beams with opposite sign of topo-
logical charges of + I and opposite handedness of polarizations. Then
this input beam passes through the polarizing Sagnac interferometer
containing a Dove prism (used to change the sign of the topological
charge along one beam path), spatial light modulator and half-wave
plate (used to change the direction of polarization) to generate two
light beams with different topological charge and polarization states.
These two light beams with different topological charge and polariza-
tions are superposed onto the beam splitter to generate the non-
separable state. A computer-generated hologram (CGH) can be created
by the interference of a vortex beam with the Gaussian beam, and it is
displayed on the spatial light modulator (Holoeye PLUTO-2.1-NIR-144)
which is used to generate vortex beams. In our experiment, the SLM is
used at small incidence angle to minimize astigmatism caused by the
quadratically varying optical thickness of the SLM.

The intensity distributions corresponding to the different polariza-
tions are recorded using a CCD camera (UI-2220SE-M) with a resolution
of 768 x 576 pixels and a pixel size of 8.3 pm. The Stokes parameters can
be obtained by changing the angles in quarter-wave plate () and
polarizer (¢), which were explained in the previous section 2. We project
non-separable beam to horizontal(H), vertical(V), diagonal (D), anti-
diagonal (AD), right circular (RCR) and left circular (LCR) polariza-
tions and measure the intensity. The intensity measurements for
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Fig. 1. (a) Experimental setup for the generation of vector vortices and their corresponding speckle patterns, (b) Optical beam passage inside the Sagnac inter-
ferometer.

HWP - half-wave plate, BS — beam splitter, PBS — polarized beam splitter, DP — dove prism, SLM — spatial light modulator, M1 & M2 — mirrors, QWP — quarter-
wave plate, P — polarizer, GGP — ground glass plate, CCD - charge coupled device, CW — clockwise, CCW — counter clockwise.
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determining the Stokes parameters s;= (Iy-Iy)/L, s2 = (Ip-Iap)/I, and s3 = Results and discussion

(Ircr-ILcr)/1 were performed with an optical power meter (Thorlabs

PM100D) with sensitivity of 1nW, where I is the total intensity of the
light beam and Ix is the intensity of the beam corresponding to the x
polarization. The obtained polarization states are scattered through a
GGP ground glass plate (Thorlabs DG10-600) to generate random pat-
terns [19] and are recorded using a CCD camera as shown in Fig. 1(a).
Fig. 1(b) shows the optical beam passage inside the Sagnac
interferometer.

Experiment

Theory

CIC)

AD = |1) —|-1)

Experiment

Theory

D= 1) +[-1)

LCR= 1) =i|-1)

We start the experiment by recording the intensity distributions of
coherent light beam with non-separable state which is projected onto
the different polarizations for the vector vortex beams at the plane of
GGP for a range of all the topological charges starting from 1 to 5 with an
interval of 0.5. Fig. 2 shows the experimental (first and third rows) and
the theoretical (second and fourth rows) intensity distributions corre-
sponding to the different projections of the polarization states for an
order | = 1 and 1.5. The experimental results are consistent with the
theoretical results. When we project the non-separable state on

D- |1.5) +|-1.5)

AD = |1.5) — |-1.5)  RCR - |1.5) +i|-1.5) LCR - |1.5)—i|—1.5)

Fig. 2. Experimental and theoretical intensity distributions of the non-separable states of light beam with (a) I = 1, (b) I = 1.5 for different polarization projections

and OAM states corresponding to each intensity distribution are also given.
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horizontal (vertical) polarization, we obtain vortex order [ = +1 (—1).
The projections of the non-separable state on diagonal (D), anti-diagonal
(AD), left circular (LCR) and right circular (RCR) gives the superposition
of two orthogonal vortices that contain 2 I number of lobes with different
orientations. The number of lobes confirms the order or the topological
charge of the vortex and the change in the orientation of lobes confirms
the presence of non-separability in a light beam. We measure both the
Stokes parameters of the coherent light beam for non-separable state
and the degree of polarization of the beams before the GGP and the
results s; = -0.04, —0.07, 0.06 and DOP = 0.01 have been shown. One
can clearly see that the non-separable state is completely unpolarized.
The deviations in the degree of polarization may be due to uncertainties
associated with the orientation of the waveplates, small misalignment of
the interferometer and the measurement uncertainty of the power
meter.

After measuring the intensity distributions of the non-separable
beam, we scattered them through the GGP and recorded the speckle
patterns corresponding to different orders of the vector vortex beams by
placing a camera immediately after the GGP. Fig. 3 shows the speckle
patterns obtained by scattering the vector vortex beams at different
orders [ = 1-3 with an interval of 0.5 (from left to right) at a particular
propagation distances z = 20 cm. The color maps and length scales have
also been shown in the same figure. It is clear from the figure that the
size of the speckle decreases with an increase in the order of the vector
vortex beams which is attributed to the increase in the area of illumi-
nation on the rough surface with the order. One can use the speckle
patterns to generate a security key in 1D cryptography systems.

Theoretically, the reduction in polarization speckle size with
increasing TCs can be understood in the following way: the helical phase
structure of the vortex beam becomes more intricate upon increasing the
TC of the beam. This, in turn, introduces higher spatial frequency
components which leads to finer variations in intensity and polarization
distributions across the beam profile. Since the speckle size is inversely
proportional to the spatial frequency, the increase of the values of TC
results in decrease of the size of polarization speckles [39]. It is impor-
tant to note that finite size of the optical system can limit the observable
speckle size and may introduce diffraction effects that can alter the ex-
pected scaling behavior. Similarly, at larger scattering angles, higher-
order scattering events can modify the speckle statistics, thereby, dis-
rupting the TC scaling behavior.

We measured the polarization speckle size (PSS) by computing the
spatial autocorrelation function of speckle patterns generated from non-
separable vector vortex beams with topological charges [ =1 to 5in 0.5
increments, after projecting the output onto a horizontally polarized
state using a linear polarizer. The division factor (DF) of the polarized
speckle size for two consecutive topological charges is nearly equal to

DF = 5:38((;)) ~ 1.15um. The division factor DF ~ 1.15um is a constant
which is determined by the experimental conditions such as the beam
size and the propagation distance etc. It is clear from the Fig. 4(a) that
the size of the speckles decreases exponentially with increasing the to-

pological charge of the vortex beam. From the Fig. 4(a), we obtained the
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general expression for finding the polarization speckle size:

PSS(1) = Aexp( —1/9), (6)

where A is a constant which depends on the beam parameters deter-
mined by the experimental setup and [ is an arbitrary topological charge
of the vortex beam including fractional values, and § is the decay factor.
From the fitting, we obtained A = 645.45 um and § = 3.41. While Eq. (6)
is an empirical fit derived from the experimental data, it reflects the
underlying theoretical behavior described by classical speckle theory,
where the speckle size is inversely proportional to the effective aperture
or angular spread of the illuminating beam. To account for the depen-
dence of the aperture on the topological charge, the effective aperture of
the beam can be modelled as D(I) = Dy x exp(kl), where Dy and k are
fitting parameters. Specifically, the polarization speckle size PSS(l) is
given by [25]
Az Az

PSS(1) = 0] = D—Oexp( —kl), 7)

where 4 is the wavelength, z is the propagation distance. By comparing
Egs. (6) and (7), we obtain the relations A = 1% and 6 = }. These results

imply that the topological charge of the vector vortex beam can be ob-
tained from the polarization speckles size of the auto-correlation func-
tion. Unlike conventional methods such as interferometry, diffraction or
mode decomposition typically applied to scalar vortex beams, our
technique offers a simple, non-interferometric approach based on po-
larization speckle analysis, presenting a novel method for estimating the
topological charge of vector vortex beams.

Further, we also calculate the variation of the speckle size corre-
sponding to the six different polarization states H, V, D, AD, RCR, LCR at
a particular propagation distance (z) and order of vector vortex beams.
Fig. 4(b) shows the variation of the speckle size with different polari-
zation states [ = 2 and z = 20 cm. It is clear from the Fig. 4(b) that the
average speckle size is constant (blue dots) for different polarization
states but there is small drift (red squares). This may be due to the
change in the beam size.

We further calculate the polarization speckle size of auto-correlation
function for different topological charges I = 1-5 for propagation dis-
tances z = 20 — 40 cm with an interval of 5 cm. We observe that the
polarization speckle size varies linearly with the propagation distance
for all topological charges from | = 1-5. The Statistical error was
measured by eight data points for each polarization speckle size using
eight different line profiles of the beam, for eight different images, for
each order. The variation of the polarization speckle size with the
propagation distance for the topological charges [ = 1 and 3 along with
the statistical error, are shown in Fig. 5. For all the orders, the error is
nominal. This is due to the fact that the auto-correlation function is
independent of the alignment.

We now define the divergence as the rate of change of the polari-
zation speckle size with the propagation distance [39] i.e., the slope of
the line that we obtain by using a linear fit to the data. Fig. 6(a) shows

Imm

Fig. 3. The experimental images for the intensity distributions of the speckle patterns for orders [ = 1-3 with an interval of 0.5 from left to right.
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Fig. 4. Variation of the polarized speckle size with (a) the order of vector vortex beam for propagation distance z = 20 cm, (b) the different polarization projections
H, V, D, AD, RCR, LCR with [ = 2 and z = 20 cm.
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varies linearly with propagation distance and the divergence varies
linearly with the both integer and half integer orders. One may use these
results to generate a 1-D key from a 2D correlation image, which will
enhance the security over the key generated with just speckles patterns
[401.
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