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Abstract

Many researchers have been interested in finding elements that help in calculating the orbital angular momentum (OAM)
of perturbed vortex beams i.e., after propagating through turbulence in recent years. In this work, we realized a method that
utilizes the area of spatial auto-correlation function of scattered optical vortices for finding the topological charge. We have
also established an analogy between the area of the intensity auto-correlation profile of the partially coherent vortices and
the radii of the related coherent ring-shaped vortex beam transverse profiles which helps us finding the topological charge
in a simpler way. This method is independent of the beam waist of Gaussian laser beam for generating the vortex beams.
Our experimental results are in good agreement with the theoretically obtained results. These results may find applications
in free space optical communication and ghost imaging with vortex beams.

1 Introduction

The optical vortices have gained special focus and attention
of many researchers in the past years due to their helical
wave fronts, phase singularity and dark core at the center
[1]. These beams possess a new degree of freedom, orbital
angular momentum which is given by mh per photon where
m being the topological charge (TC) or order of the vortex
beam. The order has been defined as number helices com-
pleted by the light in one wavelength [2]. These beams are
known for their applications in optical micromanipulation
[3-5], optical communication [6, 7], and data transmission
[8].

The singularities have been realized in both coherent
and partially coherent optical beams. When we propagate
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coherent vortices through the atmospheric turbulence, they
become partially coherent, and the mode also gets disturbed.
In these beams, the phase is ill-defined and becomes a prom-
ising research field due to the applications in communica-
tion. A new class of singularities have also realized in cor-
relation functions and named as coherence vortices [9]. The
value of the effective TC obtained in a correlation between
two partially coherent beams possessing OAM is bounded
by the TC of each beam [10].

Due to these high potential applications, developing
the techniques to measure TC has been a constant task for
many optical scholars. The interferometric techniques were
the first to reveal the helical phase of the vortices [11, 12].
In recent years, the inference of the TC through the pattern
formed by the diffraction of the field through specific ele-
ments has gained more attention by practical application.
Many other techniques have been implemented for finding
the TC for both coherent and partially coherent vortices by
transmitting them through double slits [13], annular aper-
tures [14], triangular apertures [15, 16], square apertures
[17], among others, are diffraction techniques used. All
these techniques work very effectively when light beams
have high coherence. In our earlier studies, we have explored
the geometry of the intensity profiles of both coherent and
partially coherent ring-shaped beams [18, 19, 20]. In addi-
tion to the geometry of intensity profiles, work has also been
done on measuring the topological charge and its sign of
partially coherent beams using statistical properties such as
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cross spectral power density [21-25]. However, the observa-
tion of number of dark rings in correlation function becomes
difficult with the increase in order and one may not be able
to use the above techniques for higher order optical vortex
beams.

In this work, we design a method for diagnosing the TC
using the relation between the properties of coherent and
partially coherent singular beams. We explore the depend-
ence of area of intensity auto-correlation profile of partially
coherent vortices obtained by scattering vortices through a
rough surface and compare them with the respective prop-
erties of coherent vortices. We further verify our proposed
method experimentally which are in good agreement with
our numerical results. It is also noted that our results are
independent of the beam waist used for producing the vortex
beams.

2 Theoretical analysis
2.1 (a) Simulating the scattered light field

For numerically simulating the speckle patterns obtained
by scattering the optical vortex beams, we start with the
field distribution of OV beams which can be expresses math-
ematically as

_ /\.2 +y2

E=x+iy)"e ", (D

where w,, is beam waist of the Gaussian beam used to gener-
ate the vortex beams. One can get the random phase intro-
duced by the ground glass plate by taking the convolution
between the Gaussian correlation function with finite width
and the 2-D random pattern. This can be written as [26]

dx,y) = e—((x—xo)2+(y—yo)2)/62 * Rand(x, y), )

where o is width of the correlation function defined by the
size of the grains present in the ground glass plate and *
indicates the convolution operation. Now, the scattered
field i.e., the speckle pattern can be represented with the
following:

E = E.e') 3)

We perform numerical simulations based on Van-Cittert-
Zernike theorem that states that the far-field intensity distri-
bution i.e., the Fourier transform of near field light is given
by auto-correlation function. Now, mathematically the auto-
correlation function can be written as

r=r{E}, @)
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where F indicates the Fourier transform operator. All simula-
tion results presented here have an average of 50 calculations
and were obtained in the Matlab® software.

2.2 (b) Formalism used for coherent vortices:

We analyze the intensity distribution of coherent optical
vortex beams using the methodology provided in Ref. [19].
Figure 1 shows the transverse intensity profile of a coherent
vortex beam with m=10. The inner and outer radii (r|, r,) are
the radial distances at which the intensity falls to 1/¢? of the
maximum intensity [19] and r, is understood as the radius of
the optical vortex beam defined by the distance from the beam
center to the points where the maximum intensity is obtained.

One can find the ratio of two radii theoretically using our
recent formalism provided in ref. [19], showing that there is
a dependence of the radii of the vortices on their topological
charge m. The radii r, ryandr, of the vortex beams assuming
w,= lwas obtained and given by
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Fig. 1 (Color online) Transverse intensity profile for a coherent opti-
cal vortex with m=10
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Using the above two formalisms, we find the area of auto-
correlation intensity profile and match its variation with the
ratio of two radii (r,/ry) as a function of topological charge.

3 Experimental details

For generating the intensity profiles of auto-correlation func-
tions, we produce optical vortices using computer-generated
holography. We illuminate the laser beam on the spatial light
modulator (SLM) on which we display the computer-gen-
erated holograms corresponding to the vortices of different
orders and shown in Fig. 2. The vortices have been produced
in first diffraction order and selected through an aperture and
scatter them through a ground glass plate (Thorlabs DG10-
600). We have used an intensity and frequency stabilized
He—Ne laser (from spectra) of wavelength 632.8 nm and
power <5 mW in our experiment. The coherent vortices at
40 cm from SLM and the corresponding speckle patterns
have been recorded using a CCD camera with a pixel size
3.45 pm at a distance of 20 cm from the ground glass plate
(GGP).

4 Results and discussion

Figure 3 shows the results obtained from the numerical
simulations of the transversal intensity profiles of optical
vortices for different TC values. In (A) we have the inten-
sity profiles of the coherent vortex beams with m equal to
2, 8, 14, and 20. In row (B) the related partially coherent
LG beams are shown. In (C) are present the intensity auto-
correlation profiles performed from row (B). The numeri-
cal simulations used matrices of 200 X 200 pixels in (A)
and (B), but in (C) the matrices were cut out and presented
with 100 X 100 pixels for better viewing. We can clearly
observe in Fig. 2 that with the increase in the TC values
there is an increase in the annular area of the coherent

Fig.2 Experimental setup for He-Ne Laser
generation of a optical vortices
and b their corresponding

speckle patterns

i

Fig.3 Numerical simulation of transversal intensity profiles of opti-
cal vortices for different TC values. Coherent vortex (A), partially
coherent vortex (B) autocorrelation (C)

vortex (A) and a decrease in the respective correlation
profile area (C). At the same time, it is possible to observe
the decrease of the average size of speckle grains. (B).

We further generated the experimental auto-correlation
functions using the speckle patterns obtained after scatter-
ing the vortex beams. The coherent optical vortices with
order m=0, 3, 6, 8 (top), the corresponding speckle pat-
terns (middle) along with their auto-correlation functions
(bottom) have been shown in Fig. 4. The number of rings
or dark points present in the auto-correlation function is
equal to the topological charge [25]. However, it is dif-
ficult to observe the dark rings at high separation of two
field points of the speckle pattern. Due to the same, we
utilize the area of auto-correlation function for finding the
topological charge.

To measure the area of the intensity auto-correlation
profile of the optical vortices, we count the number of
pixels with intensity values from 1/eof the maximum
intensity. The results for these areas obtained with w
equal to 0.9, 1.0 and 1.1 when m varies from 1 to 20 are

SLM

BS A GGP cco

@ Springer



85 Page4of6

M. V. Cris et al.

m=8

m=6

m=0

Fig.4 Experimentally obtained intensity profiles of optical vortices
for different TC values. Coherent vortex (first row), partially coherent
vortex (second row) autocorrelation (third row)

Table 1 Result of the pixel number counting of the intensity auto-
correlation profile of optical vortices

Order (m) Area (Pixel number)
wy = 0.9 mm wy= 1.0 mm wy= 1.1 mm

1 863 685 573
2 549 437 361
3 401 325 277
4 321 253 213
5 261 213 177
6 221 177 145
7 193 159 137
8 177 137 113
9 147 121 101
10 137 113 97
15 97 69 69
20 73 61 49

shown in Table 1. We observe that regardless of the beam
waistw,, the pixel number decreases with increasing of
the TC values.

Figure 5 shows the variation of area of the intensity
auto-correlation profiles A, as a function of the TC for
wo=1 mm. One can clearly observe that the experi-
mental results are in good agreement with the numeri-
cally obtained results. We also observe that the behavior
describes a negative exponential, represented by the solid
green line, whose best fit for w,=lis given by
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Fig.5 The variation of area of auto-correlation profileA,, with the
topological charge m forw,=1 mm

A, = 0.0lZZexp(—%) ~0.0013 ®)

where m is the TC of the vortex. For the other values of w0
we observe only a vertical displacement of the points around
the curve.

5 Correlation with the geometry of coherent
vortices

After studying the behavior of the area of the intensity auto-
correlation profile of partially coherent vortices when sub-
mitted to change of TC, we analyzed the geometry of the
intensity profile of the respective coherent vortices. Using
the analytical Eqgs: [5-7], we have found the theoretical val-
ues for the values of (ry, ry, r,) and Table 2 shows the results
for radius ratio r,/r, with m varying from 1 to 20 for different
values of w,, It is easily observable that, with the increase
of the ratio r,/r, values, the m values are reduced. However,
for a fixed m, the ratio does not change significantly with
the variation of w,.

For a better understanding of the result presented in
Table 2, the ratio r,/ry as a function of the topological
charge m is plotted in Fig. 6. We observed that the behav-
ior describes a negative exponential as well as what was
observed with the behavior of the area of the intensity auto-
correlation profiles shown in Fig. 5. The solid green line in
Fig. 6 is the best fit for the points obtained with wy=1.

Figure 6 shows the relation between radius ratio r,/r,
obtained from the Eqgs. (5) and (6), and topological charge
m. In the same figure are also shown the numerical results
obtained. We observed a great agreement between the theo-
retical results with the experimental findings.
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Table 2 Radius ratio r,/ryfor

/
different values ofw,, m f2%o
Theory (w, is in mm) Experiment
wy =03 wy=0.5 wy=0.7 wy=0.9 wo=1.0 wy=1.1 wo=1.0
1 2.115 2.178 2.180 2.282 2177 2.168 2.181
2 1.839 1.864 1.825 1.809 1.845 1.812 1.800
3 1.472 1.521 1.519 1.470 1.498 1.487 1.548
4 1.293 1.370 1.299 1.291 1.332 1.398 1.357
5 1.165 1.143 1.197 1.180 1.194 1.202 1.222
6 1.089 1.075 1.083 1.091 1.119 1.097 1.182
7 1.045 1.058 1.045 1.088 1.097 1.091 1.152
8 1.027 1.034 1.001 1.055 1.085 1.073 1.107
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Fig.6 Relation between radius ratio r,/r, and topological chargem

From here, we will note the ratio r,/rybyR,,. Thus, the
equation that best describes the fit above is given by

R, = 1.792exp<—%> +0.835 ©)

where m is the TC of the optical vortex. Surprisingly, the
term exp (— m/3.2) in the above equation is identical to that
in Eq. (8). Then, making a combination between Egs. (8) and
(9), after some adjustments, we obtain the relation between
Rm and Am with good approximation as

R, = 146.8 % 10°4,, + 1.024 (10)

Equation (10) presents the most important result of this
work. We discover that there is a linear dependence between
the radius ratio R, and the area of the intensity auto-correla-
tion profile A,, of the vortices. Thus, in a specific configura-
tion, it is possible to determine the radius ratio R,, of an optical
coherent vortex from the area of the intensity auto-correlation
profile of the same vortex in the partially coherent system.

0 1 2 3 4 5 6 7 8

Order of the vortex (m)

Fig. 7 The experimentally obtained accuracy for finding the topologi-
cal charge using the radii ratio r,/r

Since the ratio r,/rydoes not depend on the beam waist w, for
each value of m (see Table 2), we can estimate the TC value
of the optical vortex.

Further we have evaluated the accuracy in ﬁndin% the topo-

. . Rmrz_ mex; .
logical charge using the formula @ = 1 — 22" [t is

mth

observed that we can find the TC with the accuracy greater
than 94% as shown in Fig. (7). These results provide a signifi-
cant way for measuring the topological charge as the radii ratio
is independent of the beam waist used to generate the vortex
beams.

6 Conclusion
In conclusion, we have shown numerically, theoretically, and

experimentally that it is possible to estimate the topologi-
cal charge of an optical vortex beam through of the area of
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the intensity auto-correlation profile. This area has a linear
dependence to the radii ratio r,/r, of coherent optical vorti-
ces with negative exponential dependence on their topologi-
cal charge m. We also observe that this ratio is independent
of beam waist although the area of auto-correlation func-
tion depends on w, which makes the finding of topological
charge simpler. These results may find applications in ghost
imaging with vortices and free space optical communica-
tion [27-29].
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