Optics and Spectroscopy, 2024, Vol. 132, No. 7

03

Interferometry of optical vortices in the presence of spatial phase noise
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A method for recording interferograms of optical beams with orbital angular momentum (OAM) is proposed.
Interferograms are formed due to interference of the zero and one of the first orders of beam diffraction when an
additional diffraction grating is added into the optical scheme. The noise robustness of such a detection method has
been experimentally and theoretically investigated using the addition of OAM beams with two-dimensional phase
noise. The Gaussian distribution was used to describe the phase noise. The magnitude of its standard deviation o
varied during measurements. For these specific conditions of our experiment, the limiting value o was determined,
which makes it possible to register the value of the OAM according to the criterion S/N = 3.
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Introduction

Beams with axially-symmetric polarization structure or
so-called optical vortices are of interest due to the extensive
development of optical, in particular, quantum free-space,
i.e. atmospheric, communication links [1-3]. Although such
links provide communication only within line-of-sight range,
they are of great interest for a variety of applications, for
example, satellite communications between mobile objects,
etc. [4,5]. This is associated with one of the key advantages
of beams with axially-symmetric structure, ie. invariance
to unpredictable rotation of their polarization plane with
respect to the propagation axis [6,7).

At this point, a significant number of theoretical and
experimental studies has been performed in this area,
including establishment of a quantum communication line
protocol using axially-symmetric beams that is similar to
BB84 used for linear polarization beams [8,9].

This study will focus on the influence of spatial phase
noise on optical vortex detectability by a two-dimensional
photodetector. Quite similar objectives occur, for example,
in propagation of optical vortices through various turbulent
media [10-15].

Another objective includes practical detection of OAM
beams. There are several OAM beam detection techniques.
They include: g-plates, crossed cylindrical lenses, two-
dimensional phase light modulators (SLM) or holographic
diffraction elements [16], including those based on various
controlled (i.e. dynamic) holographic gratings [17-19].
OAM sorter technology is being rapidly developed now
and is used to distinguish such beams in a wide range of
values [20,21]. Extensive efforts are taken to use graphene
and graphene-like coatings as photodetectors for the above-
mentioned objectives [22,23].
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Various approaches differ in beam detection rate, optical
system dimensions and cost which drives into selecting an
individual detection method for each particular application.

This paper proposes a technique of interferometric de-
tection of optical vortices and illustrates the efficiency of
this technique by signal-to-noise ratio measurement in the
presence of spatial, i.e. two-dimensional, phase noise.

Experiment

A so-called ,fork” image that occurs as a result of
background wave and vortex interference is one of the
attributes of optical vortex. For this, interference between
the zero and one of the first diffraction orders obtained
due to additional introduction of a diffraction grating into
the initial phase distribution of the Laguerre-Gaussian
beam [24].

The test setup is shown in Figure 1. A spatial,
ie. two-dimensional light modulator (4) (SLM — Spatial
Light Modulator) based on a LCoS (Liqud Crystal on
Silicon) matrix is the main component. The matric had
1920 x 1080 pixels 8.0 x 8.0um? in size, the matrix aper-
ture size is 15.36 x 8.64 mm? and the reflection coefficient
is 65—95%. The modulator was connected via the HDMI
port to PC (8) as a secondary additional monitor. Optical
phase in each pixel was encoded using 256 levels (8 bit).

Additive mixture of three phase distributions was formed
on the modulator aperture:

IN(X,y) = LGi(X,y) + N(X, y) + G(X),

where X and y are the modulator matrix coordinates
(Figure 2). Method of constructing a similar mask is
described in [25].
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Figure 1. Experimental setup. I — laser, A = 650nm, 2mW,
2 — beam expander; 3 — polarizer and analyzer; 4 — two-
dimensional light modulator; 5 — lens, F = 300 mm; 6 — spatial
filter; 7 — CCD camera; 8 — PC. The inset shows the position of
the spatial filter transmitting the zero and one of the first diffraction
orders.

Distribution LGy (X, y) consists of p+ 1 concentric rings
with zero field intensity in the center of beam at | # 0 that
is referred to as the point of singularity. Fields between
neighboring rings are also equal to zero.

Distribution N(x, y) defined the two-dimensional image
of two-dimensional phase noise (Figure 3). It was built as
follows: first, the screen was divided into 5 x 5 pixel squares.
Then each square was encoded with a gray level using a
value from 0 to 255 on the RGB scale. Gray level encoding
values of each square were generated randomly using the
Gaussian distribution with a mean value of 128 and mean-
square deviation ¢. By varying o, the signal-to-noise ratio
could be varied to simulate various values of spatial phase
noise.

Distribution G(x) represented a one-dimensional phase
diffraction grating with the period T(X) consisting of
10 pixels (80 um). The presence of such diffraction grating
provided a pair of symmetric diffraction orders in the
focal plane of the lens (5). The output image OUT (v, &)
was recorded using the CCD camera (7). The spatial
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filter (6) transmitted the zero and one of the first diffraction
orders. The CCD camera (7) recorded the interference
result. Recording plane (CCD camera plane) coordinates
are designated as & and v, respectively (Figure 4,a).
The structure of the so-called ,fork” in the interferogram
indicates the optical vortex order. Two teeth in it indicate
that the recorded wave is the first-order optical vortex
(I =1), three teeth — indicate the second-order vortex
(I =2), etc.

Figure 4,5 shows the interferogram cross-section along
the line A—A in a relatively small output coordinate variation
range Aé, ie. in the nearest proximity of the ,,fork®.

To describe quantitatively the efficiency of detection of
the additive optical vortex and two-dimensional phase noise
mixture, we used the following method or estimating the
signal-to-noise ratio S/N (Figure 5,a). First, the outer and
inner boundaries of two first rings were determined. For the
purpose of illustration, in Figure 5, a the outer boundary of
the second ring is designated as A&, within which S/N was
estimated. These boundaries were not varied in all following
experiments. To determine the value of S, the average over
the amplitudes of all interference bands included in the rings

was calculated:
1 n
i=1

where S is the amplitude of the i-th interference band
included in rings, n is the total number of interference bands
within the rings in the scan image.

To determine the value of N, the average over the
amplitudes of interference bands included in the areas
between the rings was calculated:

1
:ﬁz::

where N; is the amplitude of the i-th interference band
included in the areas between the rings, m is the total
number of interference bands between the rings in the scan
image.
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Figure 2. Examples of input phase distributions IN(x, y) formed on the modulator screen. a — o =0, b — o =10, ¢ —

o =20.
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Figure 3. Part of input phase noise image IN(x, y) for o = 20.

Note that, in the ideal case, interference in the areas
between the rings shall not be observed because the field
between the rings is equal to zero. However, interference
bands between the rings specifically indicates the presence
of noise of different origin.

The above-mentioned algorithm was used to measure
S/N for 0 =0, 1, 2, 3, 4, 5, 10, 15, 20. Figure 5,a—e
shows the interference patterns and their scan images for
o =0,1, 3, 10, 20.

Simulation

Simulation of beam propagation with two-dimensional
phase noise was performed using the second-order split-
step beam propagation method SSBPM [26]. This method,
in particular, allows the beam diffraction and irregularity
effects induced by the two-dimensional phase noise to be

Av, arb. units
(e}

—10 B

20 -10 0 10 20
AE, arb. units

addressed simultaneously. Flow chart of the algorithm is
shown in Figure 6.

Masks displayed on SLM in the real experiment were
used as phase screens. Beam propagation on a distance of
1 km with one phase screen in the middle of the optical path
was simulated. Note that more phase screens are generally
used to simulate the optical beam propagation through a
turbulent medium by the SSBPM method, however, in our
case, to meet the experiment conditions, only one phase
screen was used to simulate OAM beam propagation in
free space in the presence of phase noise. Beam diameter
in the waist was equal to 2.4 mm, wavelength was equal to
650 nm. The beam transmitted through the optical path with
the phase screen interferes in the Mach-Zehnder scheme
with the reference Gaussian beam at an angle of 2.1 mrad
to achieve an interference pattern containing the ,.fork“.
The simulation provided scanned interference patterns on
which S/N were found in the same way as described above
(Figure 7, curve 2). The measurements of S/N are also
shown in Figure 7 (curve 7).

Note that simulation provides a better S/N for various
reasons. On the one hand, resolution of the pixel grid used
for simulation is higher that of the camera, thus, the optical
beam detection noise may be reduced. Pixel grid resolution
used for simulation is also higher than the SLM resolution,
which enables a more clearly-defined spatial beam profile
to be formed. Finally, the simulation does not consider
natural distortions and loss induced by optical components,
imperfection of the initial laser beam wave front and beam
diffraction on the SLM edges.

Conclusion and discussion of findings

Interferometric recording used in this study makes it
possible to determine the presence of optical vortex even
in conditions of quite high spatial phase noise. Such
experiment apparently doesn’t allow full-scale simulation
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Figure 4. a — interferogram of the output Laguerre-Gauss beam OUT (v, &), for 0 = 0 within AZ 4 28 b — cross-section on A—A.
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Figure 5. Left: interferograms of the output Laguerre-Gauss beam OUT (v
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, &), right: interferogram cross-section in the outer boundary

interval of the second beam cross-section ring A& consecutively for ¢ = 0 (a), 1 (b), 3 (¢), 10 (d), 20 (e).

Optics and Spectroscopy, 2024, Vol. 132, No. 7




Interferometry of optical vortices in the presence of spatial phase noise 709

Setting initial beam profile Ej,(x, )

Fourier transform of the beam profile

E~(0)xa (’)y) = T(Ein(xa y))

Multiplication of a beam in the frequency
_ domain by a propagator
Egit (o, my) =E(wy, (Dy) -ehzD

Inverse Fourier transform
of the resulting beam

Egir(x, y) = F Y Egir(oy, ©)))

Multiplication of the beam profile
by the amplitude-phase mask

EOut(xa J’) = Edif (xa y) 'M(X, y)

l

No

Eil’l (x3 J’) = EOut(xa y)

Is the optical path completed?

Yes

The simulation is completed

Figure 6. Flow chart of the simulation algorithm for optical beam propagation in a turbulent medium SSBPM.

of medium simulation because for this N two-dimensional
phase modulators defining phase distributions in N discrete
planes would have been arranged successively in axial
alignment. However, the simulation results suggest that the
proposed approach is easy to use for testing real optical
systems.

As can be seen from the findings in Figure 7, the tech-
nique described above may be used to identify the fact of
optical vortex detection by the criterion S/N = 3 at ¢ = 10.
It is interesting to note that, even at higher o: 10 and 20, the
optical vortex interference pattern image can be identified
(Figure 5,d, e), though in these cases S/N < 3, which
doesn’t meet the reliable detection criterion. Description
of spatial phase noise using the Gaussian distribution is one
of the most complicated cases compared with other models.
Thus, the obtained estimate of o is an upper-bound estimate.

The proposed interferometric detection method may be
used in the development of data transmission systems in
atmospheric optical links because the method of OAM
beam data encoding allows the data capacity of such links
to be increased cinsiderably. On the other hand, the shown
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Figure 7. Dependence of S/N on the RMS deviation of
phase noise in the Gaussian distribution: / — experiment, 2 —
simulation.

simulation of beam propagation with OAM and spatial
phase noise makes it possible to estimate the noise limit at
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which the atmospheric link may be effectively used for data
transmission, including quantum key distribution problems
where noise in a communication link is of essential to ensure
the security of data to be transmitted.
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