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Abstract: Orbital angular momentum (OAM) of optical vortex beams has been regarded as an
independent physical dimension of light with predominant information-carrying potential. However,
the presence of scattering environment and turbulent atmosphere scrambles the helical wavefront
and destroys the orthogonality of modes in vortex beam propagation. Here, we propose and
experimentally demonstrate a new basis for the recovery of the OAM mode using a holographic
ghost diffraction scheme. The technique utilizes the speckle field generated from a rotating diffuser
for optical vortex mode encoding, and the fourth-order correlation of the speckle field for the efficient
recovery of the associated modes. Furthermore, we successfully demonstrate the complex-field
recovery of OAM modes by the adoption of a holography scheme in combination with the ghost
diffraction system. We evaluate the feasibility of the approach by simulation and followed by
experimental demonstration for the recovery of various sequentially encoded OAM modes. Finally,
the efficacy of the recovered modes was quantitatively analyzed by an OAM mode analysis utilizing
orthogonal projection scheme.
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1. Introduction

Optical beams with helical wavefronts and associated orbital angular momentum
(OAM) have become a focus of intense research in recent years owing to its high-capacity
information bearing characteristics with noteworthy applications in various domains
of imaging and communication [1]. The recognition of OAM of helical phase beams
by Allen et al. provides new insights into the theoretical and applied realms of optical
vortex beams [2]. The vortex-encoded light beams possess an azimuthal phase of exp(il¢),
where ¢ is the angular coordinate and [ is the topological charge that owns a positive or
negative sign, and carries an OAM equivalent to /7 per photon (% is the Planck’s constant
divided by 27) [3]. The orthogonality and infinite-dimensional basis of OAM modes offer
extensive applications in OAM multiplexing-based optical communication in free space
and optical fiber, quantum and classical information processing, multi-dimensional coding,
and imaging [1,4,5]. Following theoretical investigations on the properties of optical vortex
beams, several experimental techniques were realized for the generation of helically phased
beams by utilizing spiral phase plate (SPP), diffractive optical elements, cylindrical lens
with mode converters, g-plates, meta surface, etc. [1]. Recent years have witnessed the
extension of the regime of optical vortices from coherent light to low coherent light with
the demonstration of helicoidal modes in partially coherent beams [6-8]. The horizon
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of partially coherent vortex beams or vortex beams embedded into the randomness has
expanded with the demonstration of the existence of phase singularity in the correlation
function utilizing the Young-type interference experiment [9], by using broad band light
source illumination on a vortex phase mask [10], an irradiance control of an extended quasi
monochromatic source [11], with spatial light modulator [12], etc. Moreover, experimental
strategies to generate vortices in coherence function by utilizing the partially coherent light
arrays were demonstrated by the controlled modulation in the correlation structure of the
light fields [13,14].

Along with the advancements in the generation and transmission of optical vortex
beams, the detection and sorting of specific OAM modes are an indispensable part in view
of the applied domain. A variety of techniques for detection and sorting were demonstrated
in the last two decades by utilizing inverse SPPs, holographic gratings, interferometry;,
mode sorters, etc. [1]. However, the presence of inhomogeneous or turbulent atmosphere
inevitably destroys the helical wavefront of the vortex beam, which limits the execution
of conventional detection schemes. Last decade saw the introduction of several research
efforts that emphasize the development of sophisticated approaches for the recovery and
determination of topological charge of vortex beams propagating through rough scattering
surface by exploiting the information bearing properties of the speckle pattern generated
from the scattering medium [15-19]. In addition, several theoretical investigations on the
cross-correlation function of partially coherent optical beams with vortices were demon-
strated and techniques were developed for helicity and topological charge determination
of partially coherent vortex beams [20-22]. Additionally, the robustness of the low coherent
vortex beams in propagation through turbulent and noisy media in comparison to high
coherent optical beams was explored [23,24], and a few techniques were demonstrated
recently for the discrimination of incoherent vortex states of light [25] and in the sorting of
incoherent optical vortex modes [26].

In this article, we propose a speckle correlation assisted quantitative technique for the
recovery of OAM modes with a holographic ghost diffraction system. The approach utilizes
the robust propagation characteristics of the spatially incoherent light beam comprising
the speckle field and exploits the properties of the speckle field to encode and transmit
the OAM modes with various topological charges. A spatial light modulator (SLM) is
employed for the sequential encoding of various modes, and the information of the OAM
modes is recovered from the correlation of spatial intensity fluctuations of the speckle
field at the detector plane. Moreover, a simultaneous detection of amplitude and phase
of the OAM modes is achieved by adopting the holography scheme by superposing an
independent reference random field with the speckle field of the spatially incoherent
source. The complex field recovery of OAM modes provides an additional advantage of
determining the sign of the topological charge along with the amplitude, which makes
the potential realization of the approach in the applied domains of optical storage and
communication. Applicability of the proposed technique is theoretically investigated and
experimentally demonstrated by recovering the complex correlation functions bearing
various OAM modes.

2. Principle and Methods
2.1. Generation and Recovery of OAM Modes

Let us consider a light source created by the coherent light illumination on a rotating
ground glass diffuser (RGGD). The speckled beam proceeding from the diffuser illuminates
a spatial light modulator (SLM), which encodes the phase mask for vortex beam generation.
The beam emanating from the SLM carries the signature of the OAM mode, which is
spatially distorted into the random pattern without any direct signature of the mode. A
conceptual schematic of the generation of a vortex beam with the proposed technique is
illustrated in Figure 1. The speckle field carries the vortex information (V§' (#) = exp(iclg))
with zero radial index and ! azimuthal index, where € and I represent the sign and magni-
tude of the topological charge (TC) of the specific OAM mode. The helicity of the specific
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mode is determined by € with ¢ = 1 for an anticlockwise helical structure direction and
e = —1 for a clockwise direction.
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RGGD,
Figure 1. Conceptual schematic of the generation and propagation of a vortex beam with specific
OAM mode. The superposition of an independent random reference field with the ghost diffraction

fields makes an off-axis ghost diffraction holography scheme; RGGD: rotating ground glass diffuser;
SLM: spatial light modulator.

As shown in Figure 1, the speckle field encoded with the specific modes propagates
in the positive Z-direction in free space. The field distribution in a transverse plane at
distance z from the source plane is given by [27],

Pi(r) = eXI;\;kZ /lpo ) exp zq)g( )) ‘c'l(f') exp[ (|r| —2ri+ |?‘|2>}d? (1)

where 1o (7) is the incident light field at the exit plane of source, ¢, (#) the random phase
introduced by the ground glass diffuser, A the wavelength of the light source, k = 2” the
wave number of light, z the propagation distance, and # and r are the position coordlnates
at the source plane and detector plane, respectively. The free space propagating field
distribution reaching the detector plane consists of speckle field characterized by Gaussian
field statistics [28], where the information of the OAM modes is indistinguishable and
scrambled in the random pattern. The cross-correlation of two identical copies of the
spatially incoherent field distribution at the detector plane, with one copy ¢, (r) with m
having any positive or negative integer values and the other () with a zero-order vortex
mode can retain the signature of the OAM modes in its cross-correlation function [29].
Therefore, the cross-correlation of the field contributions ., () and ¢ (r) is expressed via
the field correlation function,

W(ri,r2) = (P, (r1)po(r2)) ()

where () is the ensemble averaging and W(ry, ;) the second order correlation function of
the field at the detector plane.

Now, let us turn our attention to the measurement of the field correlation function
W (r1, 7). By assuming the random field distribution at the detector plane obeys Gaussian
statistics, the correlations of the spatial intensity fluctuations or fourth-order field correlation
function can be expressed in terms of its second-order correlation function [28,30] as,

(ALn(r1)Alp(r2)) = |[W(ry, 1) | ®)

where I,(r1) = ¢y, (r1)Ym(r1) and Ip(r2) = y5(r2)Po(r2) are the respective intensities at
the detector plane, ALy, (r)= L, (r) — Lu(r). From Equation (3), it is evident that this inten-
sity cross-correlation retrieves only the modulus of W(r, rp); therefore, for the complex
correlation function recovery and thereby the simultaneous recovery of amplitude and
phase distributions of the OAM mode, we make use of the holography scheme, where a
reference random field is combined with the propagated spatially incoherent field as shown
in Figure 1. The independent addition of the holographic reference random field [31,32]
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(pr(r)) with the field contributions ¢y, (r) and o (r) modifies the correlation of intensity
fluctuations in Equation (3) to:

<A1m(1‘1)AI() 1’2 ‘W 1‘1,1‘2) +W (1’1,1‘2) 4)

‘2
where L, (r1) = (P (r1) + Pr(r1))" (Ym(r1) + Pr(r1)) the resultant intensity contribution
from ¢y, (r) and Yr(r), Io(r2) = (Yo(r2) + Pr(r2))" (Yo(r2) + Pr(r2)) the resultant inten-
sity contribution from ¢y (r) and ¢ (r) with /Al’ representing the fluctuation of intensity
value with respect to its average value, W(ry,r2) = 5, (r1)Po(r2) represents the com-
plex cross-correlation function that bears the OAM mode in its correlation function and
WR(r1,12) = ¢} (r1)r(r2) the reference correlation function. Albeit the execution of en-
semble averaging in the approach can be performed either with temporal averaging or
with space averaging, we rely on space averaging by considering the time frozen speckle
fields at the detector plane under the assumption of spatial stationarity [32-35]. The spatial
averaging is performed in the execution of the cross-correlation of intensity images by
fixing the distance Ar = r; — r; equivalent to the pixel size at the detector plane, and by
moving a specific window size in the intensity distribution I,,,(r) over the entire intensity
image Iy (). Equation (4) is the contribution of two complex correlation functions, and thus
described as correlation hologram, as in analogous to the conventional holography, but
with the superposition of correlation functions [36,37].

Therefore, by considering the change of variables r; = r+ Ar and r, = r the com-
plex cross-correlation function W(rq, ) in Equation (4) is expressed by the relation, (see
Supplementary Materials)

W(r+Arr) & [ g5 (01) V5 (1) 0(F2)0 (71 — P2)exp [—i(@g (1) — g (#2))]

o X ‘ R ©)
x exp [~k ([in]? = 72" ) | exp[—i3EAr-indindts

where 6(#1 — 72) f exp [fi%\—” (71 —12) ﬂ dr the delta function. The contributions of r depen-
\r-&-Ar\

2
dent phase factors exp (ik';z> and exp <1k ) were not represented in Equation (5) as

these terms were canceled out while estimating the fourth order correlation using Equation (4).
For a fixed wavelength A and at a fixed propagation distance z, by considering #, = # = #
the recovered complex cross-correlation function is transformed to,

W(Ar) / In(? ) exp [—zAAr r} dr (6)

where Iy (#) = ¢ (#)1po(#) represents the non-stochastic intensity distribution at the diffuser
plane and this appears in Equation (6) without a trace of the random phase ¢, (#). Equation (6)
indicates that the correlation function W (Ar) is directly related to the Ip(#) and the encoded
vortex phase information Vgl (#) at the exit plane of the diffuser. Additionally, the reference
correlation function WR (Ar) is considered as, (see Supplementary Materials)

Ar / IR(?) exp [—zAAr r} dr (7)

where [(?) = CZTC( ) is utilized in the proposed approach for the generation of WX (Ar)

i.e., the intensity of the reference field at off-axis position /rs/ and size /as of the circular
aperture. The reference random field generated by such source creates a constant reference
correlation function WR(Ar) with a linear phase to record the correlation hologram.

The complex correlation function W (Ar) is recovered from other redundant terms in
Equation (4) by utilizing a Fourier domain filtering approach to the retrieved correlation
hologram [38]. Therefore, the recovery of the complex correlation function offers a new
method to directly detect OAM modes scrambled in the speckle pattern as explained by
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Equation (6). The retrieval of phase distribution along with the amplitude of the vortex
modes delivers a direct scheme for the simultaneous determination of sign and magnitude
of the topological charge of specific helicity.

2.2. Experimental Design and Recovery Scheme

To demonstrate the applicability of the technique, we develop a vortex beam gener-
ation and detection experimental system as shown in Figure 2. The system utilizes the
time frozen speckle field detection corresponding to various vortex modes at the detector
plane. The experimental technique employs a sequential independent recording of the
time frozen speckle fields corresponding to various modes and utilizes the space averaging
as a replacement of ensemble averaging in the execution of digital cross-correlation of
recorded intensity images. The experimental geometry of the proposed technique is shown
in Figure 2a. A spatially filtered and collimated He-Ne laser (632.8 nm) is used as the
coherent light source. A non-polarized beam splitter (BS1) splits the beam into two parts,
where the transmitted part illuminates a rotating ground glass diffuser (GG1) controlled
by an aperture (A) of specific size and generates a spatially incoherent light beam with
random speckle field at each instant of time. The instantaneous speckled field from the
rotating ground glass illuminates the SLM through a beam splitter (BS2). The reflecting
type of phase sensitive SLM (Hamamatsu X131318, 1272 x 1024 pixels, with a pixel pitch
of 12.5 pum) is used to encode different vortex modes with specific [ values. A half wave
plate (HWP) is used to rotate the polarization state of the input beam to match with the
polarization sensitivity of the SLM. The reflected beam from BS1 is used to make the
holography system by generating an independent reference random field. A point source
created by an off-axis microscope objective (MO:10X/0.25NA) illuminates an independent
diffuser (GG2) and produces the respective reference random field. This reference random
field propagates and combines with the vortex encoded spatially incoherent field by using
BS3. The intensity recording is implemented using a charge coupled device (CCD) camera
(Prosilica-GT1910 from Allied Vision having total pixels of 1920 x 1080 with a pixel pitch
of 5.5 um, and 57.5 fps). The random light illuminating the SLM further propagates along
with the reference random field and is recorded by a CCD, which is synchronized with
RGGD and SLM. The vortex phase mask corresponding to various topological charges
and zero order phase mask were encoded in the SLM, and the respective time frozen
speckle patterns were recorded for various position shifts of the rotating diffuser. The
corresponding resultant speckle patterns obtained with specific topological charges are
shown in Figure 2b—e. An enlarged view of the marked specific region is shown in the inset
of Figure 2b—e, which clearly indicates the speckle pattern modulation with interference
fringes corresponding to various vortex phase masks.

A schematic representation of the recovery scheme of OAM modes in the cross-
correlation function is shown in Figure 3a. The digital analysis corresponding to vortex
phase mask with topological charge el = +3 are shown in Figure 3b—i. The phase masks
encoded in the SLM are shown in Figure 3b,c. This phase-encoded reflected field individu-
ally combined with the reference random field and a double shot recording system records
the time frozen intensity images as shown in Figure 3d,e. In the digital processing of
two point correlation of intensity fluctuations, spatial averaging is performed by selecting
the distance Ar with varying the pixel positions 7y and r, in the double shot recorded
intensities I, (r) and Iy(r). Therefore, the realization of spatial averaging is carried out by
pixel-by-pixel movement of Al (1) with 200 x 200 pixels over the entire region of Aly(ry).
This cross-correlation of the intensity fluctuations of the recorded intensities retrieves the
correlation hologram as given in Equation (4), which is represented in Figure 3f. The
occurrence of a fork type pattern clearly indicates the encoding of the vortex mode in the
retrieved correlation hologram. A Fourier domain filtering approach is implemented in the
digital processing, where a Fourier transform separates the spectra and its conjugate from
the direct carrier (dc) term as shown in Figure 3g. An inverse Fourier transform operation
on the filtered and centrally shifted spectrum recovers the cross-correlation function with
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the signature of the OAM mode. The recovered amplitude and phase distributions of the
OAM mode are shown in Figure 3h,i, respectively.
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Figure 2. (a) Schematic of the experimental system for the generation and recovery of OAM modes:
He-Ne, helium-neon laser source; M, mirror; SF, spatial filter assembly; L, lens; HWP, half wave
plate; A, aperture; GG, ground glass diffuser; BS, beam splitter; SLM, spatial light modulator; MO,
microscope objective; and CCD, charge coupled device camera; (b—e) CCD recorded resultant speckle
pattern for OAM modes with [ =1, 4, —1 & — 4, respectively.
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Figure 3. Illustration of the recovery scheme of the technique: (a) step by step analysis procedure;
(b) vortex phase mask (el = +3) encoded in the SLM; (c) zero order phase mask encoded in the SLM;
(d,e) raw intensity images recorded by the camera corresponding to (b,c), respectively; (f) correlation

hologram retrieved from cross-correlation of intensity images; (g) results of Fourier transform opera-
tion on correlation hologram; (h) amplitude distribution of OAM mode; and (i) phase distribution of
OAM mode.

3. Results and Discussion
3.1. Simulation Results

The proof of principle of the technique is validated by simulation for various vortex
modes with specific helicity and topological charge. We simulate the technique by generat-
ing a spatially incoherent light source by illuminating a random diffuser with a collimated
coherent light source of wavelength 632.8 nm and a beam size of 6.5 mm. Vortex modes
of zero radial index with topological charge having [ = 1 to m and | = 0 are utilized for
generating vortex fields for the correlation function measurement. These fields are holo-
graphically added with a random reference field generated from an independent diffuser
illuminated with an off-axis point source. The propagated field intensities at the detector
plane (with a pixel size of 5.5 pm) at 400 mm from the diffuser plane are considered for
performing the cross-correlation of spatial intensity fluctuations. The simulation results
corresponding to e/ = +1 & — 1 and &l = +4 & — 4 are shown in Figure 4. Figure 4a-d
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represents the correlation hologram retrieved from the cross-correlation of intensity fluc-
tuations as expressed in Equation (4). The correlation hologram preserves the signature
of the vortex mode in the intensity cross-correlation function, which can be clearly seen
as the generation of the fork pattern corresponding to different topological values in a
way analogous to the fork hologram in conventional off-axis holography. The amplitude
and phase distributions of the OAM modes are retrieved from the correlation hologram
by utilizing the Fourier domain filtering approach [38], and the corresponding results are
shown in Figure 4e-h and Figure 4i-], respectively.

11111111

! - )
| :

I R O I I
Figure 4. Theoretical simulation results; Simulation results: (a—d) retrieved correlation holograms;
(e—h) recovered amplitude distributions of the OAM modes; (i-1) recovered phase distributions of
OAM modes; (m—p) OAM distribution with X-axis representing the topological charge (/) and Y-axis

the OAM power spectrum (P(1)); Scale bar: 110 um.

3.2. Experimental Results

The sequential encoding of specific phase mask in the SLM generate the vortex beams
with various OAM modes. The cross-correlation of CCD recorded intensity fluctuations
retrieves the correlation hologram at the detector plane, and the acquired experimental
results corresponding to the simulation results (Figure 4) are shown in Figure 5. The SLM
is encoded with different vortex phase masks having el = +1& — 1, el = +4 & —4 and
I = 0 for generating the respective vortex beams. Figure 5a—d represent the correlation
hologram retrieved from the cross-correlation of intensity fluctuations of CCD recorded
intensities. The recovered amplitude and phase distributions of the vortex modes for
respective topological charges are shown in Figure 5e-h and Figure 5i-1. The amplitude
distributions shown in Figure 5e-h show a doughnut shape. The simultaneous recovery
of both phase and amplitude provides direct advantage of quantitative determination of
magnitude and sign of the topological charge of the generated OAM modes in terms of the
recovered phase. The recovered phase distributions shown in Figure 4i-1 in simulation and
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Figure 5i-1 in experiment exhibit a phase variation around the singularity in the order of
2I7t with the number of phase jumps equal to the value of . Moreover, the quantitative
examination of the phase value provides the direct information of the sign of the topological
charge from the direction of rotation of the recovered phase distribution of OAM modes.
An anticlockwise direction of rotation of phase variation corresponds to the positive and a
clockwise direction of rotation corresponds to the negative topological charge.

el=+1

424 012 345

=1

el

el=+4

—4

el=

Figure 5. Experimental results: (a—d) retrieved correlation holograms; (e-h) recovered amplitude
distributions of the OAM modes; (i-1) recovered phase distributions of the OAM modes; (m—p) OAM
distribution with X-axis the topological charge (¢/) and Y-axis the OAM power spectrum (P(I)); Scale
bar: 110 um.

Furthermore, to highlight the applicability of the approach in more applied scenarios,
a quantitative analysis of the recovered OAM modes is carried out using orthogonal
projection method [19,39]. The OAM power spectrum of recovered modes is determined,
and a decomposition is carried out for each OAM component in terms of azimuthal
modes. The simulation and experimental results corresponding to the orthogonal projection
analysis shown in Figures 4m—p and 5m-p, respectively, exhibits a good agreement. Also,
we carry out experimental recovery and characterization of OAM modes with different TCs,
and the quantitative characterization results corresponding to |e/| = 1 to 11 are represented
in the plot shown in Figure 6. The inner and outer radii of OAM modes were retrieved
from the respective amplitude distribution of correlation function [40]. The doughnut
structure of the amplitude distribution of OAM mode has a direct dependence with the TC,
which is demonstrated in the plot. The plot illustrates the experimentally generated OAM
modes of |el| = 1 to 11 and their corresponding simulation results. Figure 6a represents the
variation of inner and outer radii of the recovered modes with various TC. Figure 6b shows
the variation of areas of dark core and the annular bright rings of the doughnut structure
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with the TC. The quantitative comparison of experimental and theoretical results shows
a good agreement for all the recovered modes with various ! values. The dark core and
the annular bright ring have a direct relation with the order of the OAM mode, where an
increase in the order of the vortices makes a corresponding increase in the areas.

3004 26—
= rl (Experiment) Y 241 | ® Ad (Experiment) 2
2504 e rl (Simul:-ninn) - ~ 22 ] e Ad (Simulfxtion) 2
¢ 12 (Experiment) * 20 ] ¢ Ar (Experiment)
4 r2 (Simulation) o 4 Ar (Simulation) A
* ~ 18 1 *
=200 «
g 3 E 16 A
2 $ <« 1 @
Z 150 t S e S
= = 124
E . . = 10 *
100 t . 8" 3 el $
. [ ] b 4
[} 6 s
50 ] ] .
] ; £ i 8 =
s 2: & L]
8 e v 1t
0 A T T T T T 1 0 T » T T T T 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
(a) Topological Charge (/) (b) Topological Charge (/)

Figure 6. Quantitative comparison of experimental and simulation results: (a) variation of inner and
outer radii with the topological charge (¢, inner radius and r,, outer radius); (b) variation of area of dark
core (Ad, dark core) and area of bright annular ring (Ar, annular ring) of the recovered OAM modes.

4. Conclusions

In conclusion, we have developed a technique for the recovery and characterization of
OAM modes with a ghost diffraction holography system. The approach utilizes the spatial
correlation of intensity fluctuations of the speckle pattern for the recovery of scrambled
vortex modes. The applicability of the technique is validated by simulation and followed
by experimental demonstrations for the recovery of integer orders of various OAM modes
with positive or negative helicity. Additionally, we have demonstrated the recovery of
phase distribution beside the amplitude distribution of OAM modes and highlighted
the advantage of simultaneous determination of sign and magnitude of the topological
charge from the direction of rotation and azimuthal order of the helical phase structure.
Moreover, the encoding of the OAM modes in random field and the quantitative recovery
of scrambled modes from speckle pattern may find significant interest in the sorting of
superposed optical vortex modes. In addition, the technique is expected to find important
applications in optical communications, multi-dimensional imaging, ghost imaging, coding,
imaging through turbid media, etc.
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