Optical Vortices: Scattering through
Random Media

A THESIS
submitted for the Award of Ph.D. degree of
MOHANLAL SUKHADIA UNIVERSITY

wn the

Faculty of Science

by
Salla Gangi Reddy

Under the Supervision of

Prof. Ravindra P Singh

Professor
Atomic, Molecular, and Optical Physics Division
Physical Research Laboratory
Ahmedabad, India.

DEPARTMENT OF PHYSICS
MOHANLAL SUKHADIA UNIVERSITY
UDAIPUR

Year of submission: 2015






To
My Parents

Amma-Nanna






DECLARATION

I, Mr. Salla Gangi Reddy, S/o Mr. Venkata Subba Reddy,
resident of Room No. C-103, PRL Students Hostel, Navrangpura, Ahmed-
abad, 380009, hereby declare that the research work incorporated in the
present thesis entitled, “Optical Vortices: Scattering through Ran-
dom Media” is my own work and is original. This work (in part or in
full) has not been submitted to any University for the award of a Degree
or a Diploma. I have properly acknowledged the material collected from
secondary sources wherever required. I solely own the responsibility for

the originality of the entire content.

Date:

(Salla Gangi Reddy)






CERTIFICATE

I feel great pleasure in certifying that the thesis entitled, “Optical
Vortices: Scattering through Random Media” embodies a record
of the results of investigations carried out by Mr. Salla Gangi Reddy
under my guidance. He has completed the following requirements as per
Ph.D regulations of the University.

(a) Course work as per the university rules.

(b) Residential requirements of the university.

(¢) Regularly submitted six monthly progress reports.

(d) Presented his work in the departmental committee.

(e) Published a minimum of one research paper in a referred research
journal.

I am satisfied with the analysis, interpretation of results and conclu-

sions drawn. I recommend the submission of the thesis.

Date:

Prof. Ravindra P Singh
(Thesis Supervisor)

Professor, AMOPH,

Physical Research Laboratory,

Ahmedabad - 380 009

Countersigned by
Head of the Department






Acknowledgements

This thesis is the end of my long journey in obtaining the doctoral degree. A journey
1s easter when you travel together. Interdependence s certainly more valuable than indepen-
dence. This thesis is the result of five years of work whereby I have been accompanied and
supported by many people. It is a pleasant aspect that I have now the opportunity to express
my sincere gratitude for all of them.

I am deeply indebted to my supervisor R. P. Singh for his able guidance and continued
encouragement for the fulfilment of the research work. I believe I don’t have words which
could fully encompass the amount of gratitude and respect I have for him. For his simple
attitude yet thorough professionalism, I thank him, for his supervision and scientific expertise
provided during this period. His company and assurance at the time of crisis (both scientific
and personal) would be remembered lifelong. I appreciate his many useful comments on this
work, but even more so, I appreciate his advices and willingness to discuss any questions or
ideas that I have had.

I am very much thankful to Prof. Jagannath Banerji for his continued support and en-
couragement in my research work. With great pleasure I express my sincere gratitude to him
for fruitful discussions, numerous suggestions and constructive criticism throughout the pe-
riod. I take this opportunity to express my sincere thanks to Prof. Rajaiah Simon, IMSc
Chennai for his collaboration and also for imparting knowledge as well as motivation towards
research. I am thankful to Dr. Goutam K. Samanta for his help in my research work. I
would like to say my sincere thanks to Prof. K. P. Subramanian for his kind support during
my project as well as Ph.D.

I take this opportunity to express my profound respect to PRL for providing the basic
infrastructural facilities for carrying out the research work. I thank Prof. Jitesh Bhatt,
Prof. M. M. Sarin, Prof. S. Ramachandran, Prof. R. Ramesh, Dr. Bhuvan Joshi, Dr.
Abhijit Chakravarty, Dr. Bijaya Sahoo, Prof. S. Goswami, Dr. Navinder Singh, Prof. R.
Rangarajan, Prof. Varun Sheel, Dr. D. Chakravarty, and Dr. K. K. Marhas for taking
various courses in physics. My special thanks goes to the academic committee and my thesis
experts Prof. Pallam Raju and Prof. Dilip Angom for thoroughly reviewing my work. Their
guidance has served me well and I owe them my heartfelt appreciation.

I am thankful to Dr. Ashok Kumar and Dr. Priya (bhabhi ji), for their encouragement
and guidance in both the professional and personal life. I consider Dr. Ashok Kumar as my

guide and philosopher. I always like to have scientific discussions with him and to learn how



ii

to perform the experiments as well as how to write research papers. I would like to thank
Dr. Pravin Vaity and Dr. Shashi Prabhakar for their help at the initial stage of my research
career and also in computing programs. Special thanks to Shashi for helping me to complete
the thesis as well as for his personal support. I greatly enjoyed working with all my lab mates
Dr. Sunita Kedia, Dr. Jitendra Bhatt, Aadhi, Chithrabhanu, Apurv, Vinayak, Ali, Jabir,
Nigil, Aavesh and all the project associates who have completed their project work in our
lab. I specially thank Apurv for providing me the good drawings of the experimental set ups
and Chithra, Ali, Nijil for the careful reading of my thesis. I thank them all for their full
cooperation and ever needed help throughout to carry this work and also for being around all
the time. Many thanks to Chithra and Apurv for scientific discussions and political debates
which have made life enjoyable. I will be thankful to Dr. A. K. Jha (IITK), Dr. Goutam
Paul (ISI) and Dr. R. K. Singh (IIST) for their kind help and discussions during my Ph.D.

I would like to say thanks to all my seniors and juniors for making my stay in PRL
comfortable. I must acknowledge my batch mates Avdhesh, Girish, Arko, Yashpal, Gaurav?,
Priyanka, Bhavya, Lekshmy and Midhun, Anjali, Tanmoy, Gulab, Monojit, Debasis, Uma,
Latha, Dinesh?, Ashok, Naveen, Dillip, Upendra, Wageesh for providing the enjoyable com-
pany. I must say thanks to my friends Eswar Reddy, Ramanaiah, Pawan, Govardhan, Umad-
har, Ashok (Dg), Hari, Has, Pratap, Balu, Sowmya, Goutami, K (R) V Krishnaiah, Deva,
Madhu, Sriram, Uday, Jalpa, Asha, Vijay, Zeen and Akhilesh, Prasad and Prasanna for their
valuable company during my education and trips. I would like to say thanks to all my stu-
dents at RGUKT (specially, Pujitha, Amala, Meenakshi, Giri, Vivek, Saieesh, Durga, Siva,
Goutham) for teaching me Physics. I also thank my RGUKT colleagues Raghava Reddy, Ra-
makrishna, Angi, Tirupathi Reddy, Umakanth, Munichandu, Uma, Srinivas Siddhi, Venkata
Rao, Haritha, Soujanya, Srinivas, Sreedhar, and Ashok for their nice company and parties

while I was in RGUKT.

I will be always thankful to Prof. V. Rajagopal Reddy, who motivated me to join PRL
and supported through out my Ph.D career. My special thanks to Prof. K. T. Ramakrishna
Reddy, Prof. P. Sreedhara Reddy, Prof. S. Buddhudu, Mr. Jagan Mohanacharyulu (My
School Teacher), Dr. Ramesh, Dr. Chalapathi and Venkata Lakshmi for their encouragement,
inspirations and guiding me at different levels of my education. I must acknowledge the
company of my Andhra mates Dr. Suneel Krishna, Dr. B. Srinivas, Durga Prasad, Krishna
Veni, Dr. Aditya, Aslam, Teja, Jyothi, Maniteja, Ejaj, Satti (Nellore), Rajesh (HCU),
Damodar, Venkatesh, Samir, Satish, Kiran, Dr. Tirupataiah and family, Vamseedhar Reddy
(IITGn) who have always relieved me from the work loads. Special thanks to Dr. Suneel



iii

Krishna for his dinner parties and friendly company. I am always thankful to Sambhasiva
Rao (CISF) and his family for giving me homely atmosphere and also for providing such a
nice food. I would like to thank Krishna Reddy sir and Saraswathi madam for their precious
help in my life.

I am grateful to oll the staff members of PRL library, computer center, dispensary and
administration staff for their sincere support. Its my duty to acknowledge Google scholar,
Arziv for keeping me updated.

I have no words to express appreciation to my family. Without their love, inspiration and
support I would not have been able to complete this work. I am grateful for my Father Shri
Venkata Subba Reddy, my Mother Smt. Rama Lakshumma, my mama Muniratnam Naidu
and my atta Vasantamma, my brothers and vadina (bhabhi ji) Venkata Subba Reddy and
Praveena; Eswar Reddy and Nageswari; Rajesh and Muni Kumari, Sv Subba Reddy (both),
Siva, my Sisters and brother in laws Rama Tulasi and Linga Reddy; Narayanamma and Subba
Reddy, Vasanta, Sameepa, Chinna, Vijay, Manohar, and their kids Veena, Baby, Bhavani,
Charan, Vijay, Jyoshna, Teja®, Charith, Keerthana, Prarthana. I am always thankful to
my friend and brother Dr. A. Venkateswarlu and his family who made my life easier and
comfortable. I am also thankful to all my relatives for their love, support and encouragement.
And last, but not the least, to my wife, Prasanna Kumari, who shares my dreams and passion.
I feel blessed to have such a life partner who understands me always in a better way. She
entered officially into my life when I was in crisis and I was able to solve all the problems
with her support in both personal and professional life that I have faced. This Thesis would
not have been possible without her. I dedicate this work to my parents.

I gratefully acknowledge the financial support provided by PRL in the form of junior/senior

research fellowships during the period of research.

Salla Gangi Reddy






ABSTRACT

Optical vortices, whirlpools of light, are phase singularities in the light field. These vortex
beams have helical wave front and their Poynting vector rotates around the propagation axis.
They carry an orbital angular momentum of mh, m being the topological charge or order
defined as the number of helices in one wave length. Such beams have an azimuthal phase
dependence of exp(im¢), where ¢ = tan~"' (y/z) is the azimuthal angle. Vortex beams can be
generated by a number of methods. Few of them are an astigmatic mode converter, computer
generated holography and spiral phase plates. However, vortices of first order naturally exist
in the speckles that can be formed by the scattering of a coherent light beam through a
rough surface. Speckles are due to the mutual interference of a number of scattered wave
fronts from inhomogeneities of the random medium. It would be very interesting to study
the speckles generated by the optical vortices as they themselves contain vortices. This thesis
concerns with the study of optical vortices and their scattering through random media.

The spatial intensity profile of optical vortices has been studied using two novel and
measurable parameters, inner and outer radii along with their propagation through free space.
We show that the propagation characteristics depend only on width of the host Gaussian
beam and its intensity profile at the source plane. We have also studied the divergence
of vortex beams, considering it as the rate of change of inner and outer radii with the
propagation distance (z), and found that it varies with the order in the same way as that of
the inner and outer radii at z = 0. The corresponding experimental and theoretical results
have been presented.

We have embedded a pair of vortices with different topological charges in a Gaussian
beam and studied their evolution through an astigmatic optical system, a tilted lens. The
propagation dynamics is explained by a closed-form analytical expression. Furthermore, we
show that a careful examination of the intensity distribution at a predicted position, past
the lens, can determine the charge present in the beam. To the best of our knowledge, our
method is the first non-interferometric technique to measure the charge of an arbitrary vortex
pair. Our theoretical results are well supported by experimental observations.

We have experimentally generated higher order optical vortices and scattered them through
a ground glass plate resulting in speckle formation. Intensity autocorrelation measurements
of speckles show that their size decreases with increase in the order of the vortex. It implies
increase in angular diameter of the vortices with their order. The characterization of vor-

tices in terms of the annular bright ring also helps us to understand these observations. We
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have generated the ring shaped beams from the speckles generated by the scattering of LG
and BG beams. We also show that these ring-shaped beams have the same vorticity as the
incident beam falling on the rough scattering surface. The vorticity is measured through a
novel method that uses a non separable state of polarization and orbital angular momentum
of light. The observed vorticity is found to be independent of the amount of scattered light
collected. Therefore, vortices can be used as information carriers even in the presence of
scattering media. The experimental results are well supported by the theoretical results.
We have generated perfect optical vortices (POV), whose intensity distribution are in-
dependent of the order, using Fourier transform of Bessel-Gauss (BG) beams and scatter
them through a rough surface. We show that the size of produced speckles is independent of
the order and their Fourier transform gives the random non-diffracting fields. The invariant
size of speckles over the free space propagation verifies their non-diffracting or non-diverging
nature. The size of speckles can be easily controlled by changing the axicon parameter, used

to generate the BG beams.

Keywords : Optical vortices, Scattering, Random media, Speckles, Astigmatic system,

Perfect optical vortices.
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Chapter 1

Introduction

Vortices are fascinating topological features which are ubiquitous throughout the physical
systems [1-13]. In optics, these vortices have quantized orbital angular momentum (OAM)
that leads to the use of vortices in a number of scientific and technical applications such as
particle manipulation, quantum information, free space optical communication, and wireless
communications [14-27]. This thesis addresses the propagation of optical vortices through
a linear optical system, and its effect on the variation of size and divergence of the beam
along with the consequences of an astigmatic optical system and scattering through random
media like a ground glass plate. In this chapter, I will be giving a brief introduction to
optical vortices and vortices with constant intensity distribution, their scattering, formation

of speckles and their characteristics.

1.1 Optical vortices

Vortices have been observed in a variety of natural phenomena such as hurricanes, tornadoes,
and even while pouring the water from one container to another |1, 28]. However, vortices
have gained an extra importance after their mathematical representation and theory by Berry
and Nye. It has been shown that the mathematical equation representing these vortices is the
solution for Maxwell’s electromagnetic wave equation which implies the possibility of vortices
in light beams [29]. Nowadays, optical vortices have become more than a mathematical
curiosity and have proved their practical value in numerous fields [30-34].

An optical vortex beam is characterized by a doughnut—shaped intensity distribution with
a phase singularity and hence zero field amplitude at the center [35-37]. Optical vortices have

a screw—shaped wavefront dislocation, which can be visualized as a helical phase structure
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around the center where as a Gaussian beam has a uniform phase and planar wavefront
[38, 39]. The phase varies linearly with the azimuthal angle ¢ as described by the phase
term exp (im¢) provided the vortex is circular and symmetric; where m is called the order or
topological charge that defines the number of helices per wavelength or the number of times
phase should change by 27 in one complete rotation around the center of the vortex and its
direction of rotation decides the sign of topological charge.

The electric field distribution of an optical vortex of order m embedded in a host Gaussian

beam of width w can be written as

w :L'2 2
e (i) -
2

22
exp (zk 2R—Ezy) ) exp (tkz —i(m + 1)((z))

Em(xaya Z) = EO(:I; +e€ zy)m

where Ejy is the field amplitude, & is the wave vector and w(z), R(z) and ((z) are the beam
parameters. “e” denotes the sign of topological charge or the order which is +1 for positive

and -1 for negative.
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Figure 1.1: The intensity distribution (a), wavefront (b) and the phase (c) of a Gaussian

beam (top) and the optical vortices of orders +1 (middle) and -1 (bottom).

The intensity distribution at a given plane, the wavefront and the phase of optical vor-

tices of orders +1 and -1 have been shown in Figure 1.1 along with a Gaussian beam for a
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comparison. The Poynting vector of these beams rotates around the center due to the pres-
ence of spiral phase distribution that causes an orbital angular momentum (OAM) of mh per
photon [17]. This OAM can be used to impart torque to the particles in an optical tweezer
set up [40] and, more recently, has served as a better quantity for encoding information in
classical and quantum protocols [30-33].

Three of the most common methods for producing optical vortices in the lab are astig-
matic mode converter, spiral phase plate and computer—generated holography. Astigmatic
mode converter modifies the Hermite Gaussian (HG) modes with a rectangular symmetry
to Laguerre Gaussian (LG) modes having circular symmetry [41, 42]. Spiral phase plates
directly impose the vortex structure on an incident beam by linearly varying the optical
path length around the circumference of the device [43-45]. Computer generated holograms
(CGHs) are created by mathematically interfering an oblique plane wave with an optical
vortex. The vortices can be obtained by diffracting a plane wave through the CGH [46]. The

detailed description of these three techniques is given below.

1.1.1 Astigmatic mode converter

An astigmatic mode converter is formed by a pair of cylindrical lenses which have the same
focal length (f) and mounted parallel to each other [41]. This set up is analogous to the
birefringent wave plate with zero fast axis orientation that modulates the polarization compo-
nents according to the optic axis. The separation between the two lenses decides the induced
phase difference between two orthogonal Hermite-Gaussian modes. If the separation is v/2f

™

(2f) then the phase difference is 5 (7) analogous to quarter (half) wave plate. Therefore it

2
T
— — Converter
z
>
H-E —— BE

HGy, HG,, HGy;  HG,,

is also called as § (m) converter.

Figure 1.2: The schematic of the input and output spatial modes of an astigmatic

mode converter consisting of two cylindrical lenses with a given separation.

In order to transform HG mode to LG mode and vice versa, one should use 5 con-
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verter. The schematic of astigmatic mode converter is shown in Figure 1.2 in which an input
HG}|aas0 mode, superposition of HG} and HG} modes which are parallel and perpendicular
to the cylindrical lens respectively, converts into LG(l] mode. Later on the same mode con-
verter was realized using a cylindrical lens and a mirror [47]. This is the folded version of
a basic astigmatic mode converter and by controlling the distance between the lens and the
mirror, one can change the induced phase difference between orthogonal HG modes. The
astigmatic mode converter changes the rectangular symmetry to circular and vice versa. The
polarization controlled OAM CNOT gate and the spatial mode sorter were also implemented

using a single lens 5 converter [47, 48].

1.1.2 Spiral phase plate or vortex lens

Spiral phase plate (SPP) or vortex lens (VL) is a kind of mode converter that imparts a spiral
phase directly to a coherent light beam. SPP has a thickness which varies circumferentially
around the center of plate, but is uniform radially [44]. The plate is made of a dielectric

material which is transparent. Hence a beam with fundamental Gaussian mode passing

Helical wave

v
<&

Figure 1.3: Changing the planar wavefronts to helical wavefronts using a spiral phase

Plane wave

plate.

though the SPP experiences a spiral element to its phase front. This can be achieved either
by changing the thickness around the center or by changing the optical path which is possible
with the spatial variation of refractive index.

The schematic and the process of conversion have been shown in Figure 1.3. In order to
be effective, SPP must be smooth and accurately shaped to a fraction of wavelength. The
conversion efficiency of a SPP to convert a Gaussian beam to a vortex beam is very high

and it can be used even with high power lasers. The SPP is generally designed for single
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wavelength of light and one topological charge. However, adjustable spiral phase plates work
for multi-wavelength and multi-order purpose [49]. The SPP can be realized easily at higher
wavelengths which has a significant contribution in wireless communication using radio wave

(mm-wave) vortices [21, 50].

1.1.3 Computer generated holography

An object can be generated by illuminating a coherent light beam on a digitally generated
hologram. In general, hologram is an interference pattern of an object with a reference |51

54]. To generate the vortex beams, one needs to interfere the spiral function e’

, m being
the order, with planar wavefront e***, k being the spatial period. This interference pattern
can be obtained through a computer program and looks like a fork. By printing these fork
patterns on a transparent sheet using a high quality printer and illuminating the branch
point with a laser beam, the required vortex beam of both positive and negative orders can
be generated in the first diffraction orders with central order as the host Gaussian beam.

The electric field distribution of an optical vortex (object) of order m embedded in a host

Gaussian beam of width w is given by
E, = (CE + Zy)m e—(m2+y2)/w2e—ik(ac2+y2)/2R6—i(kz+9) (12)

where R is the radius of curvature and 6 is the Guoy phase shift. For the sake of simplicity,
all the field amplitudes have been considered as unity. In cylindrical coordinate system, the

above equation reduces to

B = Tme:timee—TQ/wQe—ikr2/2Re—i(kz+¢) (1 3)
L, = ) )
The electric field distribution for a plane reference beam is

E, = e”ikaathz2) (1.4)

The intensity for the interference pattern of m™ order optical vortex E, (say at beam waist,

R — o0) with the reference beam E,. at z = 0 is given by
I — |67ikzm + e:timeefﬂ/wﬂ?‘ (1.5)

By setting w as unity and ignoring all amplitude variations in the above equation, we get

the spatially varying transmission function as

T =211+ cos (kzx + m#)] . (1.6)
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Figure 1.4: The computer generated holograms with sinusoidal (a), binary (b) and

blazed (c) transmission functions for making an optical vortex of order +1.

This amplitude transmission function is a fork like grating with sinusoidal [46] optical
density as shown in Figure 1.4(a). This is an amplitude hologram which modulates the
amplitude of the incident beam. One can make other types of holograms such as binary [55]

and blazed |56] holograms whose transmission functions are given by

Toinary = sign[2(1+ cos (kzxz 4+ mb))] (1.7)

1
Thiazed = %Mod (kyx +mb,2m) . (1.8)

where sign|x] = x/|z| and Mod(c, ) is the remainder on division of « by /3. The binary and
blazed holograms for generating an optical vortex of order +1 are shown in Figures 1.4 (b) and
(c) respectively. One can also use phase only holograms for the better diffraction efficiency
which changes the phase according to the given interference pattern without affecting the
amplitude.

By printing these fork patterns on a transparent sheet using a high quality printer and

illuminating the branch point with a laser or reference beam, one can obtain the vortex beams.

Figure 1.5: The schematic for the generation of optical vortices by passing a Gaussian

beam through a branch point of the hologram.
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However, one can also transfer these patterns to the liquid crystal based device, spatial light
modulator [57, 58], using a computer interface. The schematic for the generation of optical
vortices with the use of printed holograms is shown in Figure 1.5. The higher order (order
of 100 or above) optical vortices can be generated using special kind of holograms called
kinoforms [59].

The interference patterns are used not only for the generation of optical vortices but also
for their detection. The interference patterns of a Gaussian beam and optical vortices of
orders +1 or -1 with planar (linear fringes) and spherical (spiral fringes) wavefronts have

been shown in Figure 1.6. The difference in number of fringes below and above the singu-

Figure 1.6: The interference patterns of a Gaussian beam (left) and the vortex beams of

order +1 (middle) and —1 (right) with planar (top) and spherical (bottom) wavefront.

larity of the fork or the number of spirals indicates the order of vortex beam. There are
many other techniques to measure the charge of an optical vortex [60-67] such as applying
Fourier transform to its intensity distribution [63], passing it through a tilted lens [60], and
a triangular aperture [67].

Optical vortices also exist naturally in speckles [68-71] formed by the scattering of co-
herent light beams through a rough surface or a ground glass plate (GGP). The number of
dark spots present in the speckles are actually first order optical vortices. The probability of
getting positive and negative charge optical vortices of order one is same that makes the sum
of all the vortex charges is zero when a Gaussian beam scatters through a rough surface [68].
These optical vortices are anisotropic in nature i.e. the azimuthal phase varies non-linearly

around the position of singularity. It is also interesting to study the properties of speckles
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generated by the scattering of phase singular beams as the scattered beam itself contains the

phase singularity.

1.2 Speckle phenomena

The speckles are fine-scale granular structures formed when a coherent light beam reflects
or passes through a rough surface |72, 73]. This random intensity distribution is due to the
interference of many scattered or reflected wavefronts from randomly distributed microscopic
inhomogeneities of the rough surface at the detection plane. We know that the fringe width
in an interference pattern is directly proportional to the wavelength and the distance from
the source to detection plane. In the same vein, since the speckles are due to the interference,

their size is directly proportional to the wavelength and the propagation distance i.e. the

(@) (b)

Figure 1.7: The speckle patterns generated by the scattering of a Gaussian (a), optical
vortex (b) and perfect optical vortex of order +1 (c) through the ground glass plate

().

distance between the rough surface and the detection plane. The speckle size is inversely

proportional to the square root of the area of illumination. The size of speckles is also
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inversely proportional to the size of the inhomogeneities which plays an equivalent role of slit
width. The contrast of speckles depends on temporal and spatial coherence of the incident
beam which is equal to one for a perfectly coherent beam and zero for a perfectly incoherent
beam. The speckles generated by the scattering of a Gaussian beam, an optical vortex and a
perfect vortex of order +1 have been shown in Figures 1.7(a), 1.7(b), and 1.7(c) respectively.
For generating these speckles, we use a ground glass plate as scatterer whose microscopic
image has been shown in Figure 1.7(d).

The speckles play an important role in many technological and scientific applications
ranging from the rough surface characterization to stellar speckle interferometry [73-82]. The
scattering of light through a disordered media can be used to focus it below the Rayleigh
diffraction limit which has been verified experimentally [76]. However, the characterization
of speckles generated by the scattering of different spatial modes such as optical vortices
has not been studied in detail. In this thesis, we characterize the size and divergence of the
speckles generated by optical vortices and their variation with the order. We also study the

scattering of perfect optical vortices, whose core size is independent of the order.

1.3 Scattering of optical vortices

The scattering of optical vortices is important in many applications starting from astrophysics
to communication. The angular velocity of a rotating object cannot be determined using the
linear Doppler shift, however, the rotation of a spinning object induces a frequency shift to
the light beam that is proportional to the OAM of a light beam. By measuring this frequency
shift (of the order of kHz) due to the scattering of higher order optical vortices with large
OAM a small change in the rotation can be measured [83, 84]. Recently, Tamburini et
al. showed through a numerical calculations that a rotating black hole emits the radiation
containing a spectrum of OAM. It was suggested that a black hole can be observed by
detecting this structured light using proper telescopes. However, it is not easy to determine
the OAM spectrum because of their scattering effects over a long distance [22, 85]. It has been
shown that the intensity correlations of scattered optical vortices can be used to measure the
spectrum of OAM [86] which may have implications in detecting the OAM of light coming
from the black hole. The scattering of two optical vortices with different orders can also be
used to generate coherence vortices, singularities in a cross-correlation function. The order
of this singularity is equal to the difference between the two individual topological charges

11, 87].
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Recently, the decay of temporal intensity correlation of scattered optical vortices with
increase in the order was studied and verified experimentally [8%, 89]. Although, the vortices
are observed to be robust against the diffraction through a circular aperture, their robustness
has not been tested against scattering through random media which finds many applications
in the optical transfer of information [90]. This thesis addresses the issue of recovering
vorticity of an optical vortex after scattering. We verify the vorticity of a scattered optical

vortex using a non-separable state of polarization and OAM.

1.4 Perfect optical vortices

It is well known that optical vortex beams have helical wavefronts due to which they transfer
the OAM to dielectric particles in the trapping process. This OAM can also be used for
many classical and quantum information protocols. Several techniques for generating the
optical vortex beams have been reported during last decade, but all of them exhibit a strong
dependence of the vortex radius on the topological charge, making it difficult to obtain a
high spatial accuracy and a high orbital angular momentum simultaneously. Recently, a
new type of optical vortex, called perfect optical vortex [91], whose radius is independent of
topological charge and whose intensity gradient takes an extremely large value was introduced
to overcome this limitation. The field distribution of a perfect optical vortex of order m is

written as
E(p,0) = 6(p — po)e™ (1.9)

where p is a transverse coordinate and 6 is the azimuthal phase.

The presence of a delta function makes the field to be present along the perimeter of a
circle i.e. a circular ring. However, the ideal POV beams cannot be realized in the lab. For
their realization, we need to introduce a small and finite width of the ring (say Ap) which
makes the delta function as an exponential function. Therefore the field distribution of a

POV of order m, ring radius pg, and ring width Ap becomes [92]

=g
E(p,0) =e &0 ™ (1.10)
where Ap << pp.

The POV beams can be generated using a number of techniques [93-95]. However, one
can simply realize them using the Fourier transform of the Bessel-Gauss beams [94]. The BG
beams can be produced using a computer generated hologram obtained by the superposition
im@)

of axicon (e'*) and a spiral (e functions. The sinusoidal and the blazed axicon holograms



L5, Objective of the thesis 1
(a) \ (b) \ (c)

| |

A A

Figure 1.8: The axicon holograms with a (a) sinusoidal, (b) binary and (c) blazed

transmission functions. This hologram is used to generate the Bessel-Gauss beams.

to generate the BG beams have been shown in Figure 1.8. By embedding the vortex phase
structure into the hologram, one can generate the higher order BG beams. The ring width
of a POV beam is inversely proportional to the width of the Gaussian beam falling on the
hologram and the ring radius is directly proportional to the axicon parameter. The theoretical
intensity distributions of the POV beams of orders 0, 10, 20, 30 at different axicon parameters

have been shown in Figure 1.9.

In this thesis, we use the order independent intensity distribution to verify a physical
process if the speckle distribution depends on the field mode or the intensity distribution.
We also generate the random non-diffracting structured patterns using the speckles produced

by the scattering of a POV beam.

1.5 Objective of the thesis

Optical vortices have been used for communication both in classical and quantum domains.
Therefore, to study the robustness of optical vortices after scattering through a scattering me-
dia and their propagtaion characteristics through different optical systems is very important.
In this thesis, we study the intensity distribution of optical vortices and their propagation
through free space as well as an astigmatic optical system. We also study the properties of
speckles generated by the scattering of optical vortices and confirm the vorticity of scattered
optical vortices. Finally, we study the scattering of perfect optical vortices, whose core size
is independent of the order, through a ground glass plate. The results are compared with

the one obtained for regular optical vortices.
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Figure 1.9: Theoretically obtained intensity distributions of the POV beams of orders

0, 10, 20, 30 (from left to right) and at axicon parameters of 10, 13, 16 /mm (from top
to bottom).

1.6 Overview of the thesis

Chapter 1 gives the basic introduction towards optical vortices, scattering of light beams and
perfect optical vortices. In chapter 2, the spatial intensity profile of optical vortices has been
studied using two novel and measurable parameters, inner and outer radii along with their
propagation through free space. We show that the propagation characteristics depend only
on width of the host Gaussian beam and its intensity profile at the source plane. We also
study the variation of divergence of vortex beams with their order. Chapter 3, contains the
propagation characteristics of a pair of optical vortices embedded in a host Gaussian beam
through an astigmatic optical system - a tilted lens. The propagation dynamics is explained
by a closed-form analytical expression and used the intensity distribution at a predicted

position past the lens to determine the charges present in the beam.

In chapter 4, We study the scattering of higher order optical vortices through a ground
glass plate that results in the formation of speckles. Intensity autocorrelation measurements

of speckles show that their size decreases with increase in the order of vortex. We relate
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these results with the area of annular bright ring present in the vortex beams. In chapter
5, We experimentally generate the ring-shaped beams by collecting the scattered light of
LG and BG beams. We also study the dependence of ring-shaped beams on the speed of
rotating ground glass (RGG) plate and the width of incident light beam. We theoretically
verify the results using the propagation of partially coherent standard or elegant LG beams.
In chapter 6, we show that the scattered light passing through a lens has the same vorticity
when probed at the Fourier plane. The vorticity is measured using a non-separable state of
polarization and orbital angular momentum of light. The observed vorticity is found to be
independent of the amount /direction of scattered light collected which will enhance the use
of optical vortices in public communication systems.

In chapter 7, we generate perfect optical vortices (POV), whose intensity distribution is
independent of the order, using Fourier transform of Bessel-Gauss (BG) beams and scatter
them through a rough surface. We show that the size of produced speckles is independent
of the order and their Fourier transform provides the random non-diffracting fields. The size
of speckles can be easily controlled by changing the axicon parameter, used to generate the

BG beams. Finally, we conclude in chapter 8.






Chapter 2

Propagation Dynamics of Optical Vor-

tex Beams

Optical vortices or phase singular beams are well known due to their orbital angular mo-
mentum (OAM) [14-17]. This OAM can be used as an information carrier which enhances
the bandwidth as its modes have an infinite dimensional orthonormal basis [19]. It has been
shown that communication is possible with radio wave vortices [20] and demonstrated ex-
perimentally for wireless communication [21]. To use different OAM states for information
processing, one should have both multiplexing and de-multiplexing setups for these modes
and the same has been made with the use of fibers specially designed for OAM modes [23-26].
For implementing these protocols with vortices, one should design fibers that support OAM
modes in which case one should know the intensity distribution of these OAM modes as well
as their divergence. The structure and divergence of Laguerre-Gauss beams were theoreti-
cally studied [96, 97]. However, the parameters used for description cannot be measured in

lab.

In this chapter, we discuss about the spatial intensity profile of vortices using two novel
and measurable parameters (the inner and outer radii) in section 2.1. We study the propa-
gation of vortices in terms of inner and outer radii experimentally as well as theoretically in
section 2.2. The divergence of vortices and its variation with the order have been discussed

in section 2.3. Finally, we conclude in section 2.4.

15
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2.1 Inner and Outer radii of an optical vortex beam

The field distribution of an optical vortex beam of order m, embedded in a Gaussian host

beam of width wy, is

2 2
. <+
Bu(eg) = (o i) exp (5L (1)
Wo
and its intensity
2m 2r? 2 2 2
Ly(r)=r""exp | —= |, ro =z +y°. (2.2)
Wy

This intensity distribution is shown in Figure 2.1. Here, we are defining two parameters

for a vortex beam: inner and outer radii (ry,72).
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Figure 2.1: The transverse intensity profile of an optical vortex of order 1 and its line

profile.

These are the radial distances at which the intensity falls to 1/¢2(13.6%) of the maximum
intensity at r = ro (say). Here, r1 is the point closer to the origin or the center and r is the
point farther from the center. The distances r; (i = 0, 1,2) can be obtained as follows. For
the sake of convenience, we set wy = 1, that is, wg is the unit of measuring radial distances.
We also define y = r2 and x; = 72 (i = 0,1,2) so that I,(r) = Jn(x) = X™exp(—2x).
Differentiating J,,(x) with respect to y, one easily obtains xo = m/2 so that the maximum

intensity has the value J,,(x0) = x{" exp(—2x0). The equations for x; and y2 can then be

written as

X1 exp(—2x1) = xg exp(—2x0 —2), (2.3a)

X5 exp(—2x2) = Xo exp(—2xo — 2). (2.3b)
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These equations cannot be solved analytically as they are transcendental. We solve these
equations numerically for m > 0. The numerical values are tabulated in Table 2.1 and plotted
in Fig. 2.2.

Remarkably, it is found that to a very good approximation (verified up to the order 200),

X2 +x1=m+ 1.3. (2.4)
mo | X1 X2 X2 + X1
1 0.0262 | 2.2526 2.2789
2 0.1586 | 3.1462 3.3048
3 0.3602 | 3.9538 4.3140
4 0.6034 | 4.7154 5.3188
5 0.8748 | 5.4469 6.3216
6 1.1667 | 6.1569 7.3236
7 1.4746 | 6.8504 8.3250
8 1.7951 | 7.5309 9.3260
9 2.1262 | 8.2006 10.3268
10 | 2.4662 | 8.8613 11.3274
11 | 2.8138 | 9.5142 12.3280
12 ] 3.1680 | 10.1605 | 13.3284
20 | 6.1682 | 15.1622 | 21.3304
50 | 18.5793 | 32.7529 | 51.3321
100 | 40.6553 | 60.6775 | 101.3330
200 | 86.5165 | 114.8165 | 201.3330

Table 2.1: Numerical solutions for Eqgs. 2.3a and 2.3b

This empirical relationship can now be used to obtain simple expressions for y; and yo.

Multiplying the left sides of Eqgs. 2.3a and 2.3b, using Eq. 2.4 and the formula (x2 + x1)? —

(x2 — x1)% = 4x1x2, we get

X2 — X1 = v/4m,

Gm = (m 4+ 1.3)2 — m?exp(—1.4/m).

(2.5)
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Figure 2.2: Numerically obtained values of x5 + x; (filled squares) and the line y =

m -+ 1.3 as functions of m.

Solving Eqs. 2.4 and 2.5, we get x1, x2 and hence, rq, ro:

ri(0) = (m+13—gn)"?/V2, (2.6a)
ra(0) = (m+1.3+ Vam)/?/V2. (2.6b)

‘0’ represents the source plane at which vortices being generated i.e. zero propagation

distance z. Now, the area of the bright region in an optical vortex is given by

Ay = 7T(X2 - X1) = T\/dm (2-7)

which clearly depends on the order (m) of the vortex (see Eq. 2.5). These results can also
be used for the geometrical characterization of coherent optical vortices.

We verify experimentally the dependence of the area of the annular bright ring of optical
vortices on their orders. For this, we use an intensity stabilised He-Ne laser to generate optical
vortex beams using computer generated holography technique. We introduce holograms
corresponding to the vortices of different orders to the spatial light modulator (SLM) (Holoeye
LCR-2500). We then allow the Gaussian laser beam to be incident normally on the SLM
at the branch points of the hologram which gives the vortex beam in the first diffraction
order [98, 99]. The vortices of different orders from 1 to 5 have been recorded at closest
point at which first diffraction order is separated from the central order and also at different

propagation distances starting from 52 cm to 107 cm in steps of 5 cm using an Evolution VF
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Figure 2.3: Line profiles along the vortex centres of optical vortices for orders 0 to 5

that are produced in the laboratory.
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Figure 2.4: Experimental and theoretical results showing the variation of (a) inner and

outer radii and (b) area of bright annular region with the order of a vortex.
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color cooled CCD camera of pixel size 4.65 um. We have recorded 20 images for a given order
and at a given propagation distance. These images have been further processed to determine
the inner and outer radii.

Figure 2.3 shows the line profiles of optical vortices for orders m = 0 to 5 produced in
the laboratory using computer generated holography technique. We have determined inner
and outer radii of the vortex beams from the corresponding line profiles (Fig. 2.3). The
variation of inner and outer radii for vortex beams and the area of the annular bright ring
with the order are shown in Fig. 2.4. The experimental findings are in good agreement with
the theoretical values (obtained from Eqs. 2.6 and 2.7) and prove that area of the annular
bright ring increases in proportion to the order.

The small misalignment of the experimental set up being used to generate the optical
vortices leads to systematic error that increases with the order. This is because of the small
shift in the center of the vortex beam. To avoid this error, we have considered eight different
line profiles and determined the corresponding inner and outer radii. The average over eight
different line profiles has been considered as actual value and their standard deviation as

error.

2.2 Free space propagation of vortex beams

The variation of inner and outer radii with propagation can be studied by propagating the
vortex beam through free space. The field distribution of a vortex beam after propagating

through a linear ABCD optical system is [88&, 89]

ikw? m , u? + v?

where
1 1 kA
= - 2.9
w? w% + 2B’ (2.92)
1 wik\? kD
— = — —_—. 2.9b
w3 (23) 38 (2.90)

The corresponding intensity distribution is

_ o9m —2r2
I (u,v) = ™ exp 52 (2.10)
where
krwiw;? 9 o o 2 1 1
Oy = ——5—, rr=u"+v,—==—+ —. 2.11
m 4B2 B wi wi? ( )

Here, o, is a constant multiplicative factor and will not change the intensity pattern.
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Figure 2.5: The inner radius for vortices of orders m = 1 to 4 at different distances.

1))

Outer Radius (m

1
500

1 1 1 1 1
600 700 800 900 1000
Propagation distance (z)

1
1100

=3)

Outer Radius (m

1.0

1.2F

500

600 700 800 900 1000
Propagation distance (z)

1100

Outer Radius (m=2)

Outer Radius (m=4)

1.6

1.4

1.2

1.0

22

1
500

1 1 1 1 1
600 700 800 900 1000
Propagation distance (z)

1
1100

2.0

1.8

1.6

1.2

500

600 700 800 900 1000
Propagation distance (z)

1100

Figure 2.6: The outer radius for vortices of orders m = 1 to 4 at different distances.



22 Chapter 2. Propagation Dynamics of Optical Vortex Beams

Defining p = r/f3, the above equation can be written as

I

—_m
am52m

Fn, = " exp(—2p?). (2.12)

This equation is similar to Eq. 2.2 and have the solutions p; and po which are the same as
that of 71(0) and 72(0) of Eq. 2.6. Now the inner and outer radii of the vortex beam at a
particular propagation distance are given by p; = r1(2) = fri(0) and py = ra(z) = Brz(0)
where r1(0) and r2(0) are the inner and outer radii at z = 0 as expressed in Eq. 2.6.
The expression for 3 is
2\ 1/2

%:wi%+%§2—>ﬁ:wofl<l+#€wg> . (2.13)

For free space propagation (A = 1 and B = z), the above equation becomes
4.2 \ /2 L2\ 172
B = wy <1 + W) = wy (1 + z_2> = w(z) (2.14)
0 R

where zgr = mw/\ is the Rayleigh range and w(2) is the width of host Gaussian beam at

distance z. Now, the inner and outer radii as a function of z can be written as
r1(z) = w(z)r1(0), ro(z) = w(2)r2(0). (2.15)

This relation shows that the defined parameters can describe the vortex beams in a simpler
manner as their propagation is similar to the host Gaussian beam.

Figures 2.5 and 2.6 show the variation of inner and outer radii with propagation distance
for the optical vortex beams of orders m = 1 to 4. Red dots represent the experimental data
points and the blue solid lines represent the fitting with Eq. 2.15. From these figures, it is
clear that the experimental results are in excellent agreement with the theoretical predictions.
The slope of these curves at z >> zr has been considered as the divergence i.e. the rate of
change of inner and outer radii. The experimental results are obtained by taking the average
over 20 images and the error bars are too small to be visible in the plot. The width of host

Gaussian beam used to fit the experimental data is same for all the curves.

2.3 Divergence of the vortex beam

Now, the divergence of optical vortices has been defined as the rate of change of inner and

outer radii r;, ¢« = 1,2 with respect to the propagation distance z and is given by

; C0ri(z)  weri(0) z
dm(z) - 82 - (22_’_212%))1/2 ZR,

i=1,2. (2.16)
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The divergence depends mainly on the corresponding radii at z = 0. At large z (2 >> zR),

the divergence is constant and is given by

di =

wor;(0) .

(2.17)
2R

These results are same for vortex beams generated either by using mode converter or diffrac-
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Figure 2.7: The divergence i.e. the rate of change of inner (top) and outer (bottom)

radii with the order of vortex beams obtained experimentally (blue diamonds) as well

as theoretically (red dots).

tive optical elements since we consider only the intensity distribution and its propagation

which is similar to the host Gaussian beam [97].

Figure 2.7 shows the variation of divergence with order of the vortex. The rates of change

of inner and outer radii are directly proportional to their value at z = 0. The blue diamonds
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represent experimentally obtained divergence and the red dots represent the corresponding
results obtained from Eq. 2.17. The variation of divergence with order for the inner and
outer radii are same as the variation of corresponding radius with order at z = 0 as is clear

from Eq. 2.17.

2.4 Conclusion

We have described the intensity distribution of optical vortices by using two novel and mea-
surable parameters, the inner and outer radii. The propagation dynamics of vortices can be
easily described by its intensity distribution at the source plane and the width of the host
Gaussian beam at the plane of observation. We have also studied the rate of change of inner
and outer radii, divergence, and their variation with the order. The experimental results are

well supported by the analytical results.



Chapter 3

Pair of Vortices through an Astig-
matic Optical System

It is known that the two optical vortices interact with each other if they are embedded in
a single host Gaussian beam. The relative separation between the two vortices is invariant
with the free space propagation if the two vortices are of same sign. If both the vortices
are having opposite signs, they will annihilate with each other provided they are of same
magnitude otherwise form a single vortex of a charge equal to the difference between the two
individual charges [100-106]. The optical beams with a pair of vortices can be generated
using a computer generated holography technique [100]. The background phase function at a
point where two dipoles annihilate, has a continuous potential which causes the annihilation
[103]. The same background phase function is also used to accelerate the annihilation process

[104].

In this chapter, we consider a pair of vortices with arbitrary topological charges embedded
in a Gaussian beam and study its evolution through an astigmatic optical system, a tilted
lens. Section 3.1 starts with the theory for propagation of a pair of vortices through an
astigmatic optical system. Section 3.2 describes the experimental set up used to generate
a pair of vortices as well as its propagation through a tilted lens. Section 3.3 contains the
experimental results for various conditions of the input beam as well as theoretical predictions.

Finally we will conclude the chapter with section 3.4.

25
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3.1 Theory

Consider a pair of optical vortices embedded in a Gaussian beam, one with topological charge
egm (ep = £1) located at 1 = —xg, y1 = 0 and another with topological charge ean (€5 = +1)
at x1 = xg, y1 = 0. The complex field distribution of the vortex pair at the waist plane of

the host Gaussian beam, with waist size wy, is given by

o o i + i
Bri(r1,y1) = (w1 + 20 + de1y1)" (v1 — 2o + i€2y1)"” X exp | — " - (3.1)
0

The tilted lens is placed at a distance zg from the waist plane. The vortex passes through
the lens and travels a further distance z. The overall ray transfer matrix Mot is given by

139, 60]

A B
Mot = (3.2)
-C/f D

where A, B, C and D are 2 x 2 diagonal matrices with diagonal elements given by a;, b;, ¢;

and d; respectively. Explicitly,
c1 = secl, cg=cosb, aj =1-zc;/f,
di = 1—2z0¢/f, bj =20+ 2dj, j =1,2. (3.3)

Next, we define two column vectors ry, re so that their transposes are given by row vectors

ril = (2;,1), i=1,2. The field Es(x2,y2) at a distance z past the lens is given by the

generalized Huygens-Fresnel integral [39]:
Ey(z9,y2) = ‘ BP ETYE) / / dwy dyy By (w1, )e” T/Aornr) (3.4)
where |B| = |b1bs| is the determinant of B and

(b(I‘l, I‘z) = I‘1TB71AI‘1 + I‘ZTDBilI‘z — 21‘1TB711'2

xlal/bl + ylag/bg + 1‘2d1/b1 + y%dg/bg — 2(1‘11‘2/[)1 + ylyg/bg). (3.5)

The integration over z; and y; are carried out by writing E(z1,y1) as

m n
El (xla yl) = }/;O atm o™ eXp {f (t’ t/)} 9 (36&)
=0
2 2
. . +
f(t, t/) = t(wl + 20 + zelyl) + t/(.%'l — Xg + ZEle) — xleyl . (3.6b)
0
Using the definition of Hermite polynomial and a recurrence relation
a" 9
H,(z) = S exp(2zt — %) =0 (3.7a)
@ 27n!
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we finally get

kwwo (/2 m+n+1.m+n
Eo(w2,y2) = — 2((2122)1/2 ! x exp [— (8125 + Boy3) ] Frnn(22,92); (3.8a)
tn(m.n) m\ [n ,
Fon(x2,y2) = (]) (j.)Ajj!Hmj f1(22, y2) [ Hp—j [ f2(z2, y2)] (3.8b)
=0
where, k = 27 /),
1 1 .kaj
= bt} 3.9
w]2- w% T 2b;’ (3.92)
v o= (wi—w)'?, (3.9b)
A = 2wl —wiee)/y?, (3.9¢)
kwjz 3.9d
a; = Tbj’ (3.9d)
kwi\*  kd,
5] = <%> —|-’L2Tbj, (396)
and
fi(z2,92) 1| aet i(e1aoys — o)
fa(x2,2) T oqma +i(e2anys + o)

1 P1(x2,y2)
v | P2(x2,92)

Egs. 3.8-3.10 form one of our main results. It generalizes previous work [106] on the

(3.10)

propagation dynamics of a vortex pair through an astigmatic system. In that the topological
charges m and n need not be the same and can have arbitrary integer values.

Before proceeding further, we note that the above general result includes the following
special cases:
(1) For m = n, we get the propagation dynamics of (a) an isopolar vortex pair if ejeg = 1
and (b) a vortex dipole if €1ea = —1;
(2) For n = 0, the j-sum reduces to the j = 0 term only, and we get the propagation dynamics

for an off-center single vortex given by

/{?wlwg(i/Q)erl

exp [— (B123 + Bay3) | x V" Hm[(a1 w2 + i€ragys — izo) /7];
(3.11)
(3) Setting zp = 0 in the above result, one immediately recovers our previous result [60] for
a single vortex at the origin.
The sum F,, , can be evaluated formally as follows. We introduce the 2-variable Hermite-
Kampé de Fériet polynomials H,(z,y) as [107]

[n/2] n—2r,r

H,(z,y) = n! z% ﬁ (3.12)



28 Chapter 3. Pair of Vortices through an Astigmatic Optical System

in terms of which the classical Hermite polynomials H,(x) are given by
H,(z) = H,(2z,-1). (3.13)

Next, we consider the 4-variable 2-index 1-parameter Hermite polynomials H,, ,,(z, z; y, w|7)

defined as [107-109]

min(m,n)
Hnlozipain) = 3 2 () (1) % oo D). (310)
S

S
It is then easy to show that
Fm,n :Hm,n(2f17_1;2f2=_1‘A) (3'15)
which has the following generating function

L umy™
exp[—(u® + %) + 2(f1u + fov) + Auwv] = » T Hnn(2f1, =122, -1]A) - (3.16)
m,n=0

3.1.1 Determination of net topological charge

As noted earlier [60], the modulations due to the Hermite polynomial become most prominent
when we = w}. This happens at a certain value z = z., say critical plane. To determine

z. and also the distance zy between the waist plane and the lens, we impose the following

conditions:
k‘al k‘ag 1
2y = — 3.17
2b1 |Z—Zc 2b2 |Z—Zc 'LU(Q] ( )
Solving Eq. 3.17 and introducing the Rayleigh range zp = kw%/Z, we get
2f cos 6\ /2
Z0 — ZR <1 + f72>
zZR sin” 6
. zr(1 4 cos? ) + 2 sin? 0 (3.18)

2(zg/f)cosf —sin?
The first equality in Eq. 3.18 ensures that wy = w} at z = 2. (see Eq. 3.9a) whereas the last
equality makes many expressions appearing in Eqgs. 3.8-3.10 considerably simpler at z = z..

Thus, at z = z,

A _ —2 if €1€9 = 1,
—2i if €169 = —1;
w? B w_g exp(—im/4)
w3 V2 exp(im/4)
v = wpexp(—imn/4);
fi = 0172 — €162y2 + (w0 /wo) exp(—in/4)

f2 = 51.%'2 — 62522]2 — (1‘0/?1}0) exp(—iw/él) (3.19)
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where
5; = 2]3%‘; (3.20)
3.1.1.1 Vortices with topological charges of the same sign
Suppose € = €5 = 1. Then, f; =60_ 4+ 0y and fo = 0_ — 0y where,
- = Od1x9 — d2y2
0o = (wo/wo)exp(—im/4). (3:21)

Note that the dependence on x5 and ys is in the form 6_ only.
For a small separation between the vortices, one can expand the Hermite polynomials

appearing in Eq. 3.8 as functions of x¢/wp by using the formula
Hy,(z+vy) = Hy(x) + 2nyH,_1(z) + O(y?). (3.22)

Substituting in Eq. 3.8 and using the summation rule [109]

min(m,n)
S (") (1) Hor @) 0) = Hosol), (3.23)
r=0
we get
Frun = Hyn(0-) +200(m — n)Hypon—1(0-) + O(62). (3.24)
For ¢ = e = —1, 6_ will change to 01 = 1z + d2y2 in the above expressions.

3.1.1.2 Vortices with topological charges of opposite signs

Suppose € = 1, e = —1. In this case,

i = 0-+6
f2 = 0. — 0, (3.25)

Note that in this case, the dependence on x5 and ys is in the form 04+ = d1x9 + days.
For a small separation between the vortices, we can proceed as in the previous section,

to get

Fom = Hpn(20-,—1;20,, —1| — 2i) + 2mbgHp 1., (20, —1;20,, —1| — 2i)

)

—2n00Hpmn—1(20—, —1;20,, —1| — 2i) + O(63). (3.26)

This equation can be used describe the propagation of a pair of vortices with opposite signs

and embedded in a Gaussian beam.
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3.1.2 Propagation dynamics away from the critical plane (z >
Zc)

As |z — z.| increases, the absolute value of || falls off rapidly and the modulations due to the
Hermite polynomials fade away quickly. Using the limiting form lim,_,o Hp,(x/v) = (22/7)™,
we can write Ea(xg, y2) in terms of incomplete two-variable Hermite polynomials Ay, , (x, y|T),
which are defined as [107, 110]

min(m,n)

hmn(2,yl7) = minl Y 3

2 lm = Dln—J)!

m!me"*ngf—m) —xy/T), n > m,
- (~=p/7) (3.27)
n!T"ym_"L,(lmfn)(—xy/T), m > n.
Thus Es(x2,y2) reduces to
kwlwﬂm-i-n-i—l ) )
E2(1E2’y2) W exp [— (ﬁ1$2 + 522/2)]
mlrmgn—m 7), n > m,
y ¢ (—192/7) (3.28)
n!T"ng”*”Lgm*n)(—qblgbg/T), m > n.

where ¢; are defined in Eq. 3.10 and 7 = —(w? — w3e1€2)/2. To the best of our knowledge,

this is the first time one encounters with these polynomials in experimental optics.

3.1.3 Propagation dynamics when the lens is not tilted

For 6 = 0, the j-dependence of the parameters in Eq. 3.3 and Eq. 3.9a disappear. Thus,

¢g = l,aj=a=1-2z/f,
dj = d=1—20/f,bj:b=ZQ+Zd,
1L _ 1 _ 1 ka
w? o ow? o wd "o
kw? kw\®  kd
aj = a—Q—b,ﬁj—ﬁ—<2—b> +12_b’
A = —20°(1—e€e)/y?and v — 0. (3.29)

First, we take the limit v — 0 as in the previous section and use the definitions in Eq. 3.29

to get

. min(m,n)

ikw? M (M v oy x—i A e

Ealos) = g el-aad o)< Y () ()raariay s
=0
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where
ikw? )
Ay = x0+ W(% +ie1y2)
ikw? )
Ay = —x9+ ——(x2+ 262y2)
2b
2
r = %(1 — 162). (3.31)

For isopolar vortices (e1e2 = 1), only the j = 0 term survives in Eq. 3.30, and we get

ikw?
2b

Es(22,y2) = exp[—B(23 + y3)| AT A (3.32)

For dipolar vortices (e;e3 = —1), we use Eq. 3.27 to get

ikw?

Ea(wa,y2) = % exp[—B(x3 + 43)]
m!meAnme,(g*m) —A1 Ay w?), n > m,
X 1 (=8182/w%) (3.33)
n!wQ"Ag”‘"LﬁLm’")(—A1A2/w2), m > n.

We present the experimental observations that validate our theoretical predictions in the

following sections.

3.2 Experimental set-up

The experimental set up is shown in Figure 3.1. Suitable phase masks for creating vortex pairs
are produced by using computer generated holography (CGH) technique [46] and sent to a
spatial light modulator (SLM) (Holoeye LCR 2500) via a computer. The SLM is illuminated
by an intensity stabilized He-Ne laser (Spectra-Physics, Model 117A) of power 1 mW and
wavelength 632.8 nm to produce the desired vortex pair. The vortex pair is selected with an
aperture (A) and passed through a spherical bi-convex lens of focal length 50 cm which is
tilted by an angle 6°.

The tilting of the lens has been done with a rotational stage with least count of 0.1°. The
aperture is at a distance z; = 90 cm in front of the SLM. We use the method described in
[111], to find that the Gaussian laser beam hosting the selected vortex pair has a beam waist
0.186 mm at a virtual point which is at a distance of zo = 60.8 cm behind the SLM. The
distance between the lens and the aperture is z3 = 245 cm. Thus the total distance traveled
by the vortex pair from the waist plane to the lens is zg = 21 + 29 + 23 = 395.8 cm. The
resultant intensity patterns are recorded by a CCD camera (MediaCybernetics, Evolution

VF cooled Color Camera) placed at a distance z past the lens.
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SLM BS A Lens
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He-Ne Laser M A - Ap erture
M - Mirror
A=632.8 nm BS - Beam Splitter
Power = 1 mW SLM - Spatial Light Modulator

Figure 3.1: Experimental set-up for the determination of the net charge of an arbitrary

vortex pair embedded in a Gaussian beam.

We start the experiment by taking the intensity distributions of a pair of isopolar vortices
and the corresponding interference patterns at two planes as shown in Figure 3.2. One of
the planes is at 96 cm from the SLM, the nearest plane where the diffraction orders can
be separated with an aperture and another after freely propagating a distance 147 cm from
the SLM. In our experiments where intensity distributions have been recorded after the
tilted lens, the aberrations due to the SLM have been neglected as they will be insignificant

compared to the astigmatism introduced by the lens.

Figure 3.2: The intensity distributions of a vortex pair embedded in a Gaussian beam
and the corresponding interferograms at 96 cm (left) and 147 cm (right) from the SLM
with the orders (top) m=n=1; (bottom) m=n=2.
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3.3 Experimental results

In this section, we determine the net topological charge of the vortex pair from its intensity
distribution at z = z.. The predicted value of z. from Eq. ?7 is 57.2 cm which is close to the
experimentally observed value of 56.3 cm. In the intensity patterns, with reference to Eq.
3.1, the vortex on the left (x; = —xq) has a charge e;m and the vortex on the right (x; = xg)

has a charge ean. The corresponding Figure is labelled as (eym, ean).

3.3.1 Intensity distribution at the critical plane (z = z.)

Figure 3.3 shows the theoretical (first two rows) and experimental (last two rows) images for
the intensity patterns of a pair of vortices with the same sign (e; = e2 = 1) but different
magnitudes m and n with the separation parameter set at xg = 0.1wg.

For small separation xg, these patterns can be explained by Eq. 3.24. Since the first term
in Eq. 3.24 is the leading term, one can obtain the net charge m + n by noting that there
are m + n + 1 bright stripes in the intensity distribution. These stripes are parallel to one
another and lie along a line that is neither horizontal nor vertical, but tilted in a clockwise
direction almost along a diagonal as the dependence on x and y is through a single variable
0_ = 61xo — d2y2 and &1 ~ do. However, interference with the second term will lead to a
slightly asymmetric distribution of brightness among the stripes. As is clear from the second
term in Eq. 3.24, this asymmetry depends on the difference between the magnitude of charges
and the separation between them. Additionally, when the vortices swap their positions as
in (4,1) and (1,4), the lower half of the pattern becomes the mirror image of the upper half
and vice-versa. For m = n as in (2,2), (3,3) and (4,4), the two halves have identical intensity
patterns. In this special case, the net charge is even and the charge of each vortex is half of
the net charge. If the charge of each vortex were negative (¢; = e = —1), then 6_ would
be replaced by 0, = 122 + doy2 and the bright stripes would be tilted in an anti-clockwise
fashion (not shown).

Figure 3.4 shows theoretical results corresponding to asymmetry of the intensity distri-
butions (at z = z.) with the separation between two vortices and the difference between
their topological charges. This asymmetry increases with the separation provided there is a
difference in their topological charges as shown in Figure (3.4) (top). These results are for
m=4, n=1 at separations from 0.1wg to 0.5wq. If there is no difference in the charges of the
two vortices (m=n=2) then there is no asymmetry in lobes as shown in Figure 3.4 (bottom).

The corresponding experimental results are given in Figure 3.5. A line profile of the intensity
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Figure 3.3: The theoretical (first two rows) and experimental (last two rows) results
for the intensity patterns of a vortex pair with topological charges of the same sign, at

z = z, for ¢y = 0.1wy.

along the center of the lobes as shown in Figure 3.6 makes it more clear.

To investigate the effect of the separation parameter xy, we have also studied the propa-
gation of an off-axis vortex of charge 2 through the tilted lens. The corresponding theoretical
(first two rows) and experimental (last two rows) results for the intensity patterns at z = z.
are shown in Figure 3.7. From the images, it is clear that the intensity of one of the outer
lobes increases as the vortex moves farther away from the center and the remaining lobes lose
their intensity. In the notation of this section, this off-axis vortex can be labelled as (2,0) for
xg = |xg|. Consequently, when xy becomes negative, the vortex is identically described as
(0,2) with xy = |zo| and the pattern flips diagonally. The situation is analogous to the case

of (4,1) and (1,4) as described in the previous paragraph.
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Figure 3.4: The theoretical results for the intensity patterns of a vortex pair with
topological charges of the same sign with varying separation at z = z., (top) m=4,

=1; (bottom) m=n=2.
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Figure 3.6: The line profiles of intensity distributions along the center of the lobes
corresponding to Figure 3.5 at xg = 0.4wy, (left) m=4, n=1; (right) m=n=2.
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Figure 3.7: The theoretical (first two rows) and experimental (last two rows) results
for the intensity patterns of an off-axis vortex of charge 2, at z = 2z, for different values

of zy as labelled in the insets.

Figure 3.8 shows the theoretical (first two rows) and experimental (last two rows) images
corresponding to opposite singularities (e;eo = —1) for separation parameter o = 0.1wg and

topological charges as shown in the images.

For small values of m and n, these patterns can be explained by expanding the Hermite
polynomials in power series. The calculation would be long and tedious. Instead, we make
the following empirical observation. If m # n and m > 2, n > 2 the pattern has a rectangular
‘razor-blade’ structure which is tilted clockwise (anti-clockwise) if the net charge is positive
(negative). On closer observation, we note that there are m bright spots on two parallel sides
and n bright spots on the remaining two parallel sides. Thus, for vortex dipoles (m = n)
the pattern is square with its corners in the east, west, north and south directions, each side

having m = n bright spots. Clearly, for vortices of opposite signs with m > 2 and n > 2, we
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Figure 3.8: The theoretical (first two rows) and experimental (last two rows) results
for the intensity patterns of a vortex pair with topological charges of opposite signs,

at z = z, for g = 0.1wy.

Figure 3.9: The theoretical (top row) and experimental (bottom row) results for the
intensity patterns of a dipole vortex of charge (2,-2), at z = z. for different values of

xo as labelled in the figures.
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can determine the individual charges as well (see, for example, Figures for (2,-4) and (4,-2)).
As far as we know, Figure 3.8 represents the first optical realization of the 4-variable 2-
index 1-parameter Hermite polynomials H,, ,(z, z; y, w|T) modulated by an elliptical Gaus-

sian beam (see Egs. 3.8, 3.15 and 3.26).

Figure 3.10: Theoretical results for the intensity patterns of a vortex pair with topo-
logical charges (top) m= n=2; (bottom) m=2, n=3, at z = z. corresponding to the
tilt angle = 6°. As the tilt angle moves away from 6°, the sharpness of the patterns

decreases, as expected.

40 60 80

|

Figure 3.11: The experimental images corresponding to Figure 3.10 at z = z.

In Figure 3.9, we show the evolution of a dipole vortex of charge (2,—2) as a function
of separation between the two vortices. For small separation, the intensity distribution is
symmetric in both the transverse directions. As the separation is increased, the pattern
becomes asymmetric. When the separation parameter xy becomes negative, the vortex is
identically described as (—2,2) with z¢p = |x¢| and the pattern flips vertically.

We have also studied the variation in the intensity distribution at a particular plane
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Figure 3.12: Theoretical intensity patterns of a vortex pair of different charges (as

given on the top) at various values of the propagation distance z (as given on the left).
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Figure 3.13: The experimental images corresponding to Figure 3.12.
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(z = 56.3 cm corresponding to the experimentally observed value of z. for a tilt angle § = 6°)
by changing the tilt angle of the lens. As zy and z. depend on 6, the bright or dark lobes
with highest contrast are obtained only at 8 = 6° in this case. The theoretical as well as
experimental results have been shown in Figures 3.10 and 3.11 respectively. Using Eq. 3.32,
we have also obtained the intensity patterns when the lens is not tilted to highlight the

dramatic impact a tilted lens makes.

3.3.2 Evolution of vortices beyond the critical plane

As we move away from the point z = z., the modulations due to the Hermite polynomials
disappear quickly. The propagation dynamics is now governed by Eq. 3.28. The theoretical
and corresponding experimental intensity patterns for various values of z are shown in Figures
3.12 and 3.13 respectively. The intensity patterns are, in general, elliptical. Far away from

z¢, all patterns become circularly symmetric as a; — ag and 7 — So [60].

3.4 Conclusion

We have studied, both analytically and experimentally, the propagation of a Gaussian beam
carrying a vortex pair of arbitrary topological charges through a tilted lens. We have also
demonstrated a method to find the net topological charge of the vortex pair. Moreover, for
vortices with topological charges of opposite signs and magnitudes m > 2, n > 2, we can
determine the individual charges as well. Our method is easy to implement in the laboratory
as it needs just a single tilted lens except the tilt has to be small for paraxial approximation
to be valid. Vortices being generic to all the waves, this study can be extended for other

systems like acoustic and matter waves.



Chapter 4

Scattering of Optical Vortices and

Formation of Speckles

Speckle pattern is a random intensity distribution observed when a coherent light beam
passes through a rough surface. The formation of speckles is due to the interference of
many scattered waves having random phases which are induced by inhomogeneities of the
rough surface. The study of speckles have contributed significantly both in science and the
technology [73-82].

In this chapter, we discuss about the scattering of vortex beams through a rough surface
(ground glass plate in the present case). Section 4.1 discusses about the experimental set up
used to generate the speckles and quantification of their size using autocorrelation is discussed
in section 4.2. We describe the GGP using a J-correlated Gaussian function in section 4.3 and
verify the experimentally obtained results. We also study the spatial intensity correlations
of scattered optical vortices and compare them with the temporal intensity correlations in
section 4.4. We discuss about the shift in focal point with the change in distance between
the GGP and the imaging lens as well as incident beam width in section 4.5. Finally we

conclude in section 4.6.

4.1 Experimental set up

The experimental set up for generating the optical vortices and the corresponding speckles is
shown in Figure 4.1. An intensity stabilized He-Ne laser (Spectra Physics 117A) of wavelength
632.8 nm, power 1 mW and beam waist 0.3 mm is used to generate the optical vortices. The

optical vortex beams are produced using computer generated holograms displayed on a spatial

41
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Figure 4.1: The experimental set-up for generating the speckles by scattering the
optical vortex beams. Here, A—Aperture, M—Mirror, BS—Beam splitter, SLM—-Spatial
light modulator, and GGP-Ground glass plate.

light modulator (SLM) (Holoeye LCR 2500). Different computer generated holograms are
introduced to the SLM through a computer for generating vortices of different order in the
first diffraction order. The required beam is selected with an aperture A, and passed through
the GGP. The scattered light from the GGP forms a granular pattern of intensity maxima and
minima or speckles, as shown in Figure 4.2. These speckles are recorded with an Evolution
VF colour cooled CCD camera with pixel size 4.65 um. The SLM is placed at a distance of
60 cm from the laser and the GGP is at a distance of 66 cm from the SLM. The CCD camera
is placed at a distance of 18 cm from the GGP.

4.2 Speckle patterns of vortex beams

Figure 4.2 shows the recorded speckle patterns produced by the scattering of optical vortices
of orders m = 0 to 5 through the same GGP; where m = 0 corresponds to the host Gaussian
beam. The speckles are recorded at a distance of 18 cm from the GGP. It is clear from the
figure that the speckle size (S,,) decreases with the increase in order (m). We quantify this

decrease in speckle size using the intensity auto-correlation method.

4.2.1 Auto-correlation for finding the speckle size

The size of recorded speckles can be determined by using auto-correlation method [72, 73]
which calculates the correlation of speckle pattern with itself. In this method, we fix one
image of the speckles and observe its correlation numerically with a number of images shifted

in position. These shifts can be made pixel by pixel in both the transverse directions. We
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Figure 4.2: The speckle patterns formed by the scattering of optical vortices with

.
orders m = 0 — 5 at a given plane.

plot the obtained results as a function of the shift. The correlation factor is maximum if
two speckle distributions are completely overlapped and it decreases with the decrease in
overlap. The correlation factor becomes zero if their overlap is less than the speckle size as
any two speckles are independent of each other due to the random nature of speckles. The
correlation curve has a Gaussian distribution whose full width at half maximum (FWHM)
gives the speckle size in any of the transverse directions.

Here, we have considered the normalized speckle patterns to determine the speckle size
as they are overfilling the CCD camera. Figure 4.3(a) shows the speckle pattern formed by
the scattering of a first order vortex through the GGP. The dimensions of autocorrelation
function is always twice the considered dimensions of speckle pattern as we are observing
correlation along both the positive and negative directions. The speckle patterns recorded for
finding the speckle size and its autocorrelation function are shown in Figures 4.3(a) and 4.3(b)
respectively. The distributions of the autocorrelation function in two transverse directions
have been shown in Figures 4.3(c) and 4.3(d). The FWHM of these two distributions provide

the speckle size in corresponding transverse directions.

4.2.2 Speckle size vs order

We show the dependence of speckle size (Sy,) on the area of the bright annular vortex ring
(A;,) (as discussed in chapter 2). In Figure 4.4, we plot in(.S,,) with In(A,,). From this graph
also, it is clear that the speckle size decreases as the order of vortex increases. The curve is

a straight line with slope equal to the exponent of A,, on which S,, depends. With the best



44 Chapter 4. Scattering of Optical Vortices and Formation of Speckles

3x10'}
5 g (d)
& €2x10
5 8
g g,
2 2 1x10°}
o o
@) @]
. OFf :
0 400 800 0 400 300

Distance (pm) Distance (pm)

Figure 4.3: (a) The obtained speckle pattern of first order optical vortex, (b) the
distribution of auto correlation function, (c¢) and (d) are the variation of autocorrelation

function in transverse directions X and Y respectively.

fit to our experimental data, we have found that the speckle size is directly proportional to
A;0:61250.021 Ty Figure 4.4, we present the experimental data along with the best fit curve,
which is different from the corresponding result for a Gaussian beam. For a Gaussian beam
scattered through the ground glass plate, one expects a Brownian distribution, and in fact
one gets speckle size as proportional to A=%-59 |72, 73]. We have verified this experimentally
by using different beam sizes of a Gaussian beam and shown in inset of Figure 4.4. This
suggests the non-Gaussian statistics of the speckles generated by the scattering of optical
vortex beams. We know that the size of speckles, the lowest length scale at which light is
correlated, plays a crucial role in astronomy. By finding the size of speckles (S), one can
determine the angular diameter (W) of the stars from the relation W = LA/S where L is
the distance of star from the observation plane and ) is the wavelength. Taking an analogy,
our experimental results show a decrease in speckle size with order implying an increase in
the angular diameter of source generating these speckles i.e. optical vortices. Therefore, we

attribute the decrease in speckle size to the increase in area of illumination with the order

as shown in Figure 2.4(b).
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Figure 4.5: The plot of speckle divergence vs order of the vortex.
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We also study the rate of change of speckle size with propagation distance, namely diver-
gence of speckles. For this, we have recorded speckles at seven different planes separated by
a distance of 2 cm from each starting at 11 cm from the GGP and found their size. The slope
of line obtained for speckle size vs propagation distance gives the divergence of speckles. We

found that the divergence decreases with increase in the order as shown in Figure 4.5.

4.3 Theoretical modelling

Rough surface of a ground glass plate serves as a good source for generating the speckles.
The goal is to study the variation of size and intensity correlation properties of speckles
generated by the scattering of vortex beams. Here, we work in the strong scattering zone for
which the wavelength A is comparable to the average size of inhomogeneities or the separation
between two nearest neighbour inhomogeneities. At this condition, the localization effects
are stronger and speckles can be observed easily.

For modelling the GGP, we need to consider the absence of correlations between any two
inhomogeneities i.e. the phase introduced to the beam at that spatial point. This can be well
described using a é—correlation function; however, the finite size of the inhomogeneities makes
it a d—correlated Gaussian function. The mathematical form of this correlation function can

be written as

¢(z,y) = 0 (z1 — w2,y1 — Y2) X e~ (@1=22)*+ (11 -42)*/0?) (4.1)

where o is the correlation length. In numerical calculations, it can be realized by replacing

the § function with a 2-D spatial random function Rand(x,y) and above equation becomes
$(a,y) = e~ (@722 +01=2)*/7%) 4 Rand(x, y) (4.2)

where * represents a 2-D convolution between the two functions.
Now, the electric field of an optical vortex after scattering through a GGP plate is given
by [112]
E'(,y) = E(z, y)e =) (4.3)

where E(z,y) is electric field of an optical vortex and ¢(z,y) is random phase introduced by
GGP to the vortex.

To verify the experimentally obtained results (Figure 4.2), we numerically simulate the
speckles corresponding to the scattering of optical vortices of order m=0-5 as shown in Figure
4.6. The results show that the size of speckles decreases with increase in the order of vortex

which is same as of our experiment.
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Figure 4.6: The numerically obtained speckle patterns for optical vortices with orders

m=0-5.

4.4 Intensity correlation vs order of the vortex

In the 1950s, Robert Hanbury Brown and Richard Q. Twiss performed a series of inten-
sity correlation experiments to measure the correlation between intensity fluctuations in the
light beams from different sources of light [113]. The objective of these experiments was to
calculate the size of radio stars through the coherence of the observed radiation measured
with an intensity correlation experiment. Later, the concept of intensity correlation heralded
the birth of modern quantum optics [114, 115]. Although the original HBT experiments
were conducted half a century ago, these experiments still carry their importance in many
branches of science [116-127]. The observation of bunching (anti-bunching) effect in HBT
experiments with bosons (fermions) reveals the direct existence of symmetric (antisymmet-
ric) wave function for bosons (fermions) [124]. The anti-correlation between the arrival times
of the free electrons [121], anticipated due to Pauli’s exclusion principle, is also observed in
HBT experiment with free electrons. Recently, Bromberg et al. [127] performed HBT-type
experiments with interacting bosons. The photons in their experiments are made to interact
through a non-linear medium [123, 125]. It has been shown that the interaction among the
propagating photons strongly affects the intensity correlation measurements. A large num-

ber of HBT type experiments have also been performed with Bose—Einstein condensates and
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ultra-cold quantum gases. The results from these experiments show the analogy between the
behaviour of photons and atoms.

We have performed HBT type experiments for optical vortices and those scattered through
arotating ground glass (RGG) plate. It has been found that the intensity correlation function
for optical vortices behaves similar to that of the Gaussian laser beams. However, on scat-
tering, intensity correlation curves for vortices show features which are very much different
from that of the scattered Gaussian beam of the laser. Along with faster decay of intensity
correlation for vortices, we observe partial revival of their correlations at longer time delays
or larger separations, a feature that is absent for the Gaussian beam.

For measuring the temporal intensity correlations, we have collected the scattered optical
vortices using a photomultiplier tube (PMT). This signal is given to the digital correlator
in which the HBT-type of experiments are performed and obtained the correlation curves.
These curves have been shown in Figure 4.7. It is clear that the decay of correlation is
sharper for higher order vortices.

We have also determined the spatial intensity correlations of the recorded speckles. The
results have been shown in Figure 4.8. It is clear from the figure that spatial correlation
properties are similar in behaviour as of temporal correlation as the decay of correlation
becomes sharper with the increase in order.

It is known in the context of imaging that the spatial noise due to the speckles decreases if
more number of speckles are present |72, 73]. We have shown that the speckle size decreases
with the order of vortex which effectively increases the number of speckles present in a given
area. Therefore, one can use higher order vortices to reduce the spatial noise in speckle
imaging. The results may find use in ghost imaging with vortices [128-130] and in stellar

intensity interferometry.

4.5 Scattering and the focal plane

In the course of our study on the scattering of optical vortices, we observed a shift in the
focal plane of the lens when it was moved away or towards the GGP. A plot between the
position of focal plane (focal shift) and the distance of lens from the GGP has been shown
in Figure 4.9. It is clear, when the lens moves towards the GGP, the focal plane shifts away
from the lens and vice versa. Similar results have been obtained by changing the aperture
size placed in front of the lens for the Gaussian Schell model (GSM) beams|131, 132]. In both

the cases, the focal plane moves towards the lens when we collect less amount of partially
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Figure 4.9: Plot showing the shift in focal plane with the position of lens from the
GGP for different beam widths.

coherent light or effectively decrease the aperture size. The effect of incident beam width on
the focal shift has also been studied. We have observed that at a given distance of the lens
from the GGP, the focal point shifts towards the lens with decrease in the beam width, which
effectively decreases the amount of light collected. The controlled focal shift obtained here
may be useful in changing the trapping planes. In inverted optical tweezer set up, the focal
plane shifts due to the refractive index mismatch between the immersion oil and cover slip;

such shifts may be compensated with controlled focal shifts in the path of trapping beams.

4.6 Conclusion

We have studied the variation of size and divergence of the speckles with the order of an
optical vortex. We have also quantified their size using the intensity auto-correlation method.
The GGP has been simulated with a d-correlated Gaussian function for the verification of
experimental results. We have shown that the spatial intensity correlation properties are
similar to the temporal properties for scattered optical vortices. It is obtained that the
geometrical focus of lens changes with the amount of light collection that depends on the

distance between the GGP and the lens as well as spot size of the incident beam.
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Speckles and Formation of Ring Shaped

Beams

Ring shaped or dark hollow beams have found applications in guiding cold atoms [133] and
trapping of low refractive index particles [134]. Such beams can be generated through multi-
mode light wave guides, multi-mode fibers [135], spiral phase plates [43-45], and computer
generated holograms (CGH) [46]. The Laguerre-Gaussian (LG) beams with zero radial index
have attracted a great deal of attention due to their applications in optical manipulation,
optical communication and quantum information [16, 19]. We have considered LG beams
with zero radial index throughout the chapter. Along with the LG beams, Bessel beams
owing to their interesting properties of propagation without an apparent spreading due to
diffraction have also been a subject of study since more than two decades [136]. Usually
in a laboratory the Bessel beams are generated using a Gaussian laser beam and termed as

Bessel-Gauss (BG) beams.

The scattered light of a Gaussian laser beam through a rotating ground glass (RGG) plate
can be modeled as a Gaussian Schell-model (GSM) beam [137]. This GSM beam is partially
coherent light which has Gaussian intensity distribution and Gaussian spectral degree of
coherence. Recently, a lot of applications of partially coherent beams have been suggested
in diverse areas [138]. Wang et al. [139] have introduced the partially coherent LG beams of
all orders. The temporal coherence properties of partially coherent beams generated by the
scattering of optical vortices through a RGG plate have also been studied [88, 89]. It has
been shown that the decay of coherence becomes sharper with increase in the order of LG
beam. A similar type of behavior has been observed theoretically in the Fourier transform

of the spatial correlation function of the LGSM and the BGSM beams [140]. It has been
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stated that the beams having a rotational symmetry in the Fourier transform of their spatial
correlation function and zero value on the beam axis can generate a dark core in the far
field intensity distribution. Mie and Korotkova [140] generated ring shaped beams with an
arbitrary beam (including Gaussian beam) by introducing LG correlation function through
a phase screen. We have experimentally generated ring shaped beams with LG beams by
introducing Gaussian correlation function through a RGG plate. The obtained experimental
results are simulated by using the expression of cross spectral density of the partially coherent

beams generated by a Schell model source, and at z = 0 it is given by [139]

W(xhylaanyan) = \/Il(m17y170)12(x27y270) X g(.%'l —T2,Y1 — y270)' (51)

where I;(x1,y1,0) and Iy(z2,y2,0) are the intensity distributions at the positions (z1,y1,0)
and (x2,y2,0) respectively; g(z1 — x2,y1 — y2,0) is the spectral degree of coherence.

In this chapter, we generate ring shaped beams using the speckles obtained by scattering
Laguerre Gaussian (LG) and Bessel-Gaussian (BG) beams of non-zero topological charge.
Although, the phase of a LG beam completely randomized by the rough surface, we are able
to recover the dark core by probing the field at Fourier plane of a plano convex lens. We
discuss the experimental set up in section 5.1 and the corresponding results in section 5.2.
We simulate the same far field intensity distributions using partially coherent standard LG

beams in section 5.3. Finally, we conclude in section 5.4.

5.1 Experimental set up

Our experimental set up for the generation of ring-shaped beams is shown in Figure 7.1.
An intensity and frequency stabilized He-Ne laser (Spectra Physics 113A) beam of maximum
power 1 mW and beam waist 0.3 mm is used to generate LG and BG beams. These beams are
produced with the computer generated holography technique using a spatial light modulator
(SLM). Different computer generated holograms for generating different LG and BG beams
are introduced to the SLM through a computer. The required beam is selected with an
aperture A, and passed through the lens (L1) of focal length 25 cm and the RGG plate. The
RGG plate is translated along the direction of incident beam to change the width of the
beam falling on the plate. We have done experiment for four positions of the RGG plate by
translating in steps of 2.5 cm starting from 15 cm. The scattered light from the RGG can be
approximated as the corresponding Schell-model beam which is focused with a plano convex
lens (L2) of focal length 10 cm. The images corresponding to the different input beams are

recorded with an Evolution VF color cooled CCD camera of pixel size 4.65 ym. The SLM
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Figure 5.1: Experimental set up for the generation of ring shaped beams.

is placed at a distance of 63 cm from the laser and the lens L1 is placed at 56 from the
SLM. The lens L2 is kept at a distance of 24 cm from the RGG plate and the CCD camera is
placed 37 cm from the lens. Position of the lens L2 is adjusted to get a clear far field intensity
distribution for an optimum diameter of the ring shaped beams that could be captured with

the CCD camera being used by us.

5.2 Results and discussion

We start our experiment with the recording of the images of scattered second order LG and
BG beams (azimuthal index 2) from the static ground glass plate. The images are captured

at the distance of 5 cm from the plate and also at the 18 cm from the focusing lens (L2);

(a) (b) (©)

Figure 5.2: Images showing the intensity distributions of scattered second order LG
(a-d) and BG (e-h) beams; (a, e) are recorded after the ground glass and (b, f) after
the lens, while (¢, g) and (d, h) are recorded at same places when the ground glass is

rotating (linear speed 72.1 cm/sec).
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both for a incident beam of width 1.1 mm. The same are also recorded with the rotating
ground glass plate. These images are shown in Figure 5.2. One can notice that the recorded
images do not show any intensity distribution like original LG and BG beams i.e. there is
no trace of dark core. The random intensity distributions obtained for static ground glass
(Figures 5.2(a,b,e,f) gets averaged out in case of the RGG plate (Figures 5.2(c,d,g,h)).
Although the phase of vortices gets completely randomized by the GGP, the dark core
of vortices can be revived using a single plano-convex lens. We have seen that the far field
intensity distributions form ring shaped beams with dark core for incident beams with non-

zero azimuthal index. To study the effect of width of incident beam falling on the GGP

Figure 5.3: Far field intensity distribution of the scattered LG beams of different
azimuthal indices (I = 2,4, 6) through a RGG plate for different widths of the incident
beam, 0.496 mm (top), 0.412 mm (middle) and 0.321 mm (bottom).

on far-field intensity distributions, we record at four different widths obtained using the lens
(L1). The far field intensity distributions of the scattered LG and BG beams have respectively
been shown in Figures 5.3 and 5.4. We have shown the far field intensity distributions of
scattered LG and BG beams with azimuthal indices 2, 4 and 6 (radial index is zero for all
images) for a speed 34.3 cm/s of the RGG plate. The presented results correspond to the

different widths of the (taken as width of host Gaussian beam) incident beam falling on the
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GGP. It is clear from the Figures 5.3 and 5.4 that the diameter of dark core increases with
increase in the azimuthal index for both the LG and the BG beams and decreases with the
decrease in incident beam width. The darkness of core decreases gradually with the decrease
in width and finally gets disappears if the beam width is less than 0.140 mm for first order

scattered vortex.

Figure 5.4: Far field intensity distribution of the scattered BG beams for same condi-

tions as in Figure 5.3

We have studied the effect of speed of the GGP and observed that the diameter and
darkness (measured by the dip in its line profile) of dark core is independent of the speed
of the RGG plate i.e. temporal coherence of the scattered light. This has been shown by
drawing the line profiles along the dark core of the far field intensity distributions of scattered
second order LG (left) and BG (right) beams at different speeds of the RGG plate for incident
beam width of 1.1 mm and shown in Figure 5.5 (top). We also verify the disappear of dark
core using the line profiles as shown in Figure 5.5 (bottom). It is clear that the darkness (dip
of the curve) of the core decreases gradually with the decrease in width.

We have also studied the effect of azimuthal index on the size of dark core of ring shaped

beams at a given temporal and spatial coherence. We have plotted the line profiles through
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Figure 5.5: The line profiles along the core of ring shaped beams generated from

scattered second order LG (left) and BG (right) beams at different speeds of the RGG

plate (top) and for different incident beam widths. (bottom)
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tensity distributions of scattered LG (a) and BG (b) beams for [ = 1-6
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the centers of ring shaped beams formed by scattered LG and BG beams with different
azimuthal indices (I = 1-6) for the incident beam size of 1.1 mm and the RGG speed of 34.3
cm/sec; shown in Figure 5.6. The dark cores of the ring shaped beams are quite prominent

and as the azimuthal index increases it becomes broader.

5.3 Theoretical analysis

For the theoretical analysis, we start with the electric field of a standard LG beam at the

source plane (z = 0) which can be written as

Eu(ri0) = (L) 1, (qw% )exo (w—o) exp (il9) (52)

where r and ¢ are the radial and azimuthal coordinates, Lfo denotes the Laguerre polynomial
with radial mode p and azimuthal index [ and g = v/2. wyq is the host Gaussian beam width.
The corresponding cross-spectral density can be obtained by substituting the Eq. 5.2 in the

Eq. 5.1, and is given by

l l
W (x1,91,22,92,;0) = 24p+21 22222 p p

1m=01—0 h—0 s—0 m n h s

qry qr?2 qy1 qYy2
X Homy1-n (wo > Hopy—s <w—0> Hop 9min (w_0> Hop opys (w_0>

2.2 2 2 2 2
X exp <_951 +yi +2952 + y2> exp <_ (x1 —®2)" + (41 — ¥2) ) (5.3)

2
wg 20

where o is coherence length. when ¢ — oo, the above equation represents the electric field
of a coherent LG beam. The cross-spectral density of any partially coherent beam after

passing through a linear and aligned optical system is given by

W (uy,v1,u2,v2) = <A|B|> /// W(x1,y1,%2,Y2)

2Bk { (Aa:l —2x1uq + Dul)

—_ <Ay% — 2y1v1 + Dv%) + (Ax% — 2x9ug + Du%)

X exp

_ <Ay§ — 2yov9 + Dv%) } dxydxody dyo (5.4)

where x;,y; and u;,v; are the position co-ordinates in the input and output planes. A, B,
C, D are the transfer matrix elements of the optical system and k = 27/X where A is the

wavelength. By substituting the cross-spectral density (Eq. 5.3) in the above equation, we
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where

My = 1/wj+1/(20%) —ikA/(2B)

My = 1/wj+1/(20%) —ikA*/(2B*) — 1/ (4M0*) . (5.6)

We plot the far field intensity distributions of partially coherent LG beams by propagating
it through through free space of distance z1, lens of focal length f and free space of distance
zo using Eq. 5.5. We have used the following ABCD matrices for the propagation of partially

coherent LG beams beam

A=1-2 B=xn1-2), ¢=—, D=—1 (5.7)
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Figure 5.7: Theoretical results for far field intensity distribution of the scattered LG

beams of different azimuthal indices (I = 2,4, 6) through a RGG plate for different wy
values 0.496 mm (top), 0.412 mm (middle) and 0.321 mm (bottom).
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Figure 5.8: (a) The experimental (top) and theoretical (bottom) far field intensity
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distributions of the scattered LG beam of azimuthal index (I = 1) through a RGG plate
for different wy values, 0.496 mm (left), 0.412 mm (middle) and 0.140 mm (right). (b)
The line profiles of theoretical far field intensity distributions of scattered first order

vortex for different incident beam widths.
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The simulated intensity distributions for LG beams of azimuthal indices m = 2, 4, 6 and
at different widths of the incident beam are shown in Figure 5.7. The results are in good
agreement with the experimental results shown in Figure 5.3.

To quantify the disappearance of the dark core with the decreasing width of incident
LG beam in our theoretical plots, we have given the intensity distributions for first order
scattered vortex for different incident beam widths in Figure 5.8 (a) and shown that the dark
core completely disappears if the beam width is less than 0.140 mm. The line profiles of far
field intensity distributions for first order scattered vortex shown in Figure 5.8 (b). From
these line profiles also, it is clear that the dark core disappears if incident beam width is less
than 0.130 mm. One can obtain the similar results for the scattered BG beams also, as BG

beams can be represented by shifted Hermite-Gaussian beams.

5.4 Conclusion

We have experimentally generated the ring-shaped beams by collecting the scattered light
of LG and BG beams. We have also studied the dependence of ring-shaped beams on the
speed of the GGP and the width of incident light beam. We theoretically verify the results
using the propagation of partially coherent standard or elegant LG beams. The generated
ring-shaped beams may be of importance in optical trapping experiments. The use of these
beams for optical trapping experiments were preferable at higher speeds of the RGG plate

as the beams get more and more smooth.



Chapter 6

Vorticity of the Scattered Optical Vor-

tices

Optical vortices are the twisted light beams recognized by their helical wave fronts due to
azimuthal phase variation around the point of darkness [14, 29]. They carry an orbital
angular momentum (OAM) of mh per photon where m is order of the vortex [16, 64, 141].
The spin angular momentum of light is related to polarization that has two dimensional basis
whereas the OAM is related to the spatial mode and forms an infinite dimensional basis. This
kind of multi-dimensionality offers a realization of d-dimensional qudits that increases the
channel capacity in quantum communication [1&, 142]. In the case of classical communication
once again, the number of spatial modes available have been utilized to enhance the data
capacity in fibers [23, 24, 26]. They have also been used for free space communication
[30, 143]. However for communication, it is desirable to encode the information in a variable
whose value remains unaffected by the scattering. Therefore, the effect of scattering on
coherence for single-photon communication using orbital angular momentum states has been
investigated theoretically [32] along with their propagation through a Kolmogorov type of

atmospheric turbulence [144].

In this chapter, we experimentally as well as theoretically show that the ring shaped
beams formed by the speckles of scattered optical vortices have the same vorticity as the
incident optical vortex [139]. To confirm their vorticity, we try the traditional interferometric
technique and the obtained results are discussed in section 6.1. However, we cannot assure
the vorticity just by seeing these fringes. As an alternative, we use the properties of a
classical non-separable state of polarization and OAM [145, 146] to confirm the vorticity. A

brief introduction to classical entanglement is given in section 6.2. Our experimental set up,
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the confirmation of vorticity and the theoretical analysis are discussed in sections 6.3, 6.4

and 6.5 respectively. Finally, we conclude in section 6.6

6.1 Interferometry of a scattered optical vortex

We start our experiments with the scattering of a vortex beam and vortex-vortex interfer-
ometry for both the coherent and the collimated scattered optical vortex beams in a Mach-
Zehnder interferometer. First, we scatter a vortex beam embedded in a host Gaussian beam
of width wg = 1.92 mm through a ground glass plate (GGP) and collimate the scattered

light using a lens combination as shown in Figure 6.1.

GGP L2 BS

M2 ‘g e e M3

7 CCD
C> VL L1 BS Camera
Laser M1 M4 m

A=532 nm

Figure 6.1: The experimental set up for scattering the vortex beam and to observe the
vortex-vortex interference fringes. M1, M2, M3, M4 - mirrors; VL - Vortex lens; BS -

Beam Splitter; L1, L.2 - Plano-convex lenses.

Figure 6.2 shows the intensity distributions of a scattered optical vortex of order 2 at
different positions from the scattering plane i.e. after the GGP, immediately after the lens
placed at a distance from the GGP, and at the Fourier plane respectively from left to right
for zero and non-zero speeds of the GGP. It can be seen that there is no trace of the vortex
beam after the GGP as well as immediately after the lens as the phase of the beam gets
completely randomized. The speckles got averaged out at the non-zero speed of GGP and
provide flat intensity distribution. However, when probed at the Fourier plane, we observe a
ring shaped beam.

The collimated scattered beam interferes with itself and produce a fringe pattern when
phases are matched from speckle to speckle and then, the GGP is removed to observe the
fringes for a coherent vortex beam. The corresponding interference fringes for both, coherent

and scattered vortex beams of orders 0-3 have been shown in Figure 6.3. One needs to
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match every speckle with its copy present in another arm of the interferometer to get the
macroscopic fringes with scattered light. It is clear from the figure that there is a vast
similarity in interferograms of coherent and scattered light beams. In both the cases, the

number of fringes with discontinuity are equal to the order of the vortex. However, one cannot

Figure 6.2: The intensity distributions of a scattered optical vortex of order 2 after

the GGP (left), immediately after the lens (middle) and the Fourier plane (right)
correspond to different speeds of the GGP (top) 0 cm/s and (bottom) 194.7 cm/s.

Figure 6.3: Experimentally obtained interference fringes for coherent (top) and scat-

tered (bottom) optical vortex beams of order m = 0-3 (from left to right).

confirm the vorticity with these results as the fringe separation and shape change rapidly
with a small spatial shift between the two beams of the interferometer. In the case of coherent

beam, the fringe pattern changes to oppositely oriented fork fringes, a characteristic of vortex-
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vortex interferometry while for the collimated scattered light, it completely disappears due
to mismatch from speckle to speckle. Therefore, we look for an alternative method that uses
the properties of a non-separable state of polarization and OAM to find the azimuthal phase

structure in the scattered optical vortices.

6.2 Entanglement in classical optics

Before we go for the experimental results let us describe briefly about the classical non-
separable state of light. A combined system is said to be entangled when its state cannot
be expressed as a product of states corresponding to the individual sub systems [147]. One
generally uses the entanglement between two spatially separated particles in the same degree
of freedom such as spin or polarization. However, one can also have hybrid entanglement in
which two degrees of freedom of a single particle or two particles are entangled [148]. This
arises due to the non-separability of two degrees of freedom. However, it is not an exclusive
property of a quantum system. Similar kind of non-separability can be seen in classical optics,
for example radially polarized light beams [149]. This quantum like classical entanglement
has been receiving a lot of attention in recent years [145, 150-153]. These non-separable
states of light are shown to violate Bell like inequality [154, 155]. Furthermore, they find
applications in polarization metrology and ultra sensitive angular measurements [156, 157].
A classical light beam with a non-separable state of polarization and OAM [145] can be
represented as

E(z,y) = e LGg' (2, y) + &, LGy™ (2, y) (6.1)

where €, and é, are horizontal and vertical polarization states of the light. LG(Tm(x,y),
Laguerre-Gaussian modes with azimuthal index m and radial index 0 correspond to the
field distributions of two equal and oppositely charged optical vortices. This kind of non-
separability is also called non-quantum hybrid entanglement [145, 146]. These LG modes,
which are OAM states of light can be represented on an OAM Poincaré sphere [158, 159]. All
points on this Poincaré sphere can be realized by projecting the above non-separable beam
to corresponding polarizations. The projection to horizontal (vertical) polarization gives an
optical vortex of order m (—m) while to diagonal and anti-diagonal polarizations will give the
superposition of two vortices with the same order but opposite in sign, and can be written

as

Ep(z,y) = (& + &) (LGG' (x,y) + LG ™ (2, y)), (6.2)

Ea(z,y) = (6 — &)(LGg' (z,y) — LGy ™ (2, y))- (6.3)
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This superposition of states contains the characteristic of azimuthal phase in their inten-
sity distribution with 2m number of petals for the vortex of order m. We follow the same
logic in our experiment. We scatter a non-separable state through the GGP and collect part
of the light with a plano-convex lens. We get two speckle patterns corresponding to two
vortices having orthogonal polarizations which generate ring shaped beams in the Fourier
plane. If these partially coherent beams with dark core have azimuthal phase, their superpo-
sition must give the petals provided the polarization of both the beams is same. These petals

help us in measuring the order of scattered vortex that is half of the number of petals. The

O[03:
OO .

Figure 6.4: The theoretical intensity distributions of a non separable state of polar-

ization and OAM for the different projections — horizontal, vertical, anti-diagonal and

diagonal from left to right of m = 2 (top) and 3 (bottom).

theoretical intensity distributions corresponding to projections to the different polarizations
for a non-separable state have been given in Figure 6.4. The experimental set up and the

corresponding results have been explained below.

6.3 Experimental set up

Our experimental set up for the observation of vorticity in scattered optical vortices is shown
in Figure 6.5. We have used a diode pumped solid state laser (Verdi 10) of wavelength 532
nm. The light beam passes through a half wave plate whose fast axis is oriented at 22.5°
that converts the polarization from vertical to diagonal. Then it passes through a modified
polarizing Sagnac interferometer [10] containing a vortex lens of order m = 1, 2 & 3. The

beam coming out of the interferometer is a non-separable state of the polarization and the
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spatial mode. This beam is scattered through a ground glass plate rotating at a constant

speed of 194.7 cm/s. The constant rotation of GGP helps in averaging out the speckles and

M - \1\{2
DOw
{
A
1 PBS
< ilp state
M4 =P \/ >
HWP (-22.50) T
Laser T\/Il
A=532 nm

Figure 6.5: The experimental set up for observing the vorticity in scattered optical
vortex. M1, M2, M3, M4 - mirrors; HWP - half wave plate; PBS - polarizing beam
splitter; VL - vortex lens; i/p state - non—separable state; GGP - ground glass plate;

P - polarizer; L - plano convex lens.

reduces the noise while imaging them [72, 73]. The scattered light consists of two orthogonally
polarized speckle patterns corresponding to the two oppositely charged vortices. It is focused
with a plano-convex lens (L) of focal length 20 cm. Before recording the far field intensity
distributions with a CCD camera, we have used a polarizer P to project the output state
in different polarizations. The lens is placed at a distance of 22 ¢m from the GGP and the
position of camera has been adjusted to get the geometrical focus. One should note that the
geometrical focus of lens shifts towards the lens with decrease in the amount of light collected
[140, 160]. We have collected the scattered light with a lens of aperture 2.5 cm to observe

the intensity distribution at the Fourier plane.

6.4 Confirmation of vorticity

Figure 6.6 shows the experimentally observed far field intensity distributions of the projec-
tions in different polarizations for a light beam obtained by the scattering of a non-separable

beam with vortices of orders 2 (top) and 3 (bottom). Since the two orthogonally polarized
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speckle patterns never interfere, the far field intensity distribution of the scattered non-
separable beam is similar to an optical vortex beam. If we project on horizontal (vertical)

polarization, it looks like a vortex beam of order m(—m) (first and second columns). While

003l

Horizontal Vertical Diagonal Anti diagonal

Figure 6.6: Experimentally obtained far field intensity distributions for different pro-
jections in polarization after scattering through a ground glass plate. These results

correspond to the non-separable states with m = 2 (top), 3 (bottom) for wy=1.92 mm.

projection to any arbitrary polarization results into conversion of two orthogonal polarization
states to non-orthogonal and the two vortices start interfering with each other. This super-
position gives the petal structures in the far field intensity distributions (third and fourth
columns). The petal structures are very clear and look similar to the theoretical intensity
distribution for coherent beams as shown in Figure 6.4. These petals confirm the presence

of azimuthal phase in the scattered beam.

6.5 Theory

For theoretical analysis, we start with the electric field of an optical vortex of azimuthal
index m embedded in a host Gaussian beam of width w

_ 12+y2

E(z,y) = (x +iy)"e v . (6.4)

The random medium introduces d-correlated Gaussian random function to the beam passing

through it. This can be achieved numerically by taking the convolution between a 2-D spatial
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random function Rand(z,y) and a Gaussian correlation function C(x,y) [72, 73]:

o(x,y) = C(z,y) * Rand(x,y) (6.5)

where * represents the 2-D convolution between the two functions. The Gaussian correlation

function is defined as

C(z,y) = e~ (@1-22)°+(r1-12)*/%) (6.6)

where ¢ is the correlation width. Now, the electric field of an optical vortex after scattering

through a GGP plate is given by [112]
E'(x,y) = B(x,y)e™Y) (6.7)

where ¢(z,y) is random phase introduced by the GGP to the vortex. The results have been
simulated using this random phase distribution.

Figure 6.7 shows the far field intensity distributions for the superposition of two equal
and oppositely charged scattered vortices with m = 2 and 3 corresponding to the projections
on different polarization states. The constant rotation of the GGP has been taken into
account by the incoherent addition over 100 frames. The results are in good agreement
with the experimental results shown in Figure 6.6. We have used the non-separable beam
of polarization and OAM in order to make superposition of two scattered vortices in our

experiment. These results confirm the presence of vorticity in the scattered vortex beams.

Figure 6.7: The theoretical far field intensity distributions that correspond to the

images shown in Figure 6.6.

We also study the effect of speed of rotating GGP on the recovered vorticity. The cor-
responding results have been shown in Figure 6.8 along with the simulated intensity distri-

butions. The speckles get disappeared with the increase in speed of the GGP due to the
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averaging of speckles. For the averaging to occur, one should consider the exposure time of
CCD camera used for the imaging that should be much greater than the time required for
the GGP to complete one rotation (¢,,¢). The number of frames over which the incoherent
addition should be done for a given exposure time (tezpo) of the CCD camera is given by
N = tegpo/trot- It can be seen from the non-varying intensity distributions in a given plane

with the speed.

0 rad/s 57 rad/s 117 rad/s 177 rad/s

Figure 6.8: The experimental (top) and simulated (bottom) far field intensity distri-
butions for the projection on diagonal polarization of a scattered non-separable light

beam of m = 2 at different speeds of the GGP given at top of the figure.

We also observe that the topological charge of scattered light is independent of the
amount/direction of scattered light collected by the lens. Thus the topological charge or
vorticity can serve as a better information carrier due to its robust nature against the scat-
tering. One can also make a number of copies by collecting different parts of the scattered

light. This may increase the use of topological charge in public communication systems.

6.6 Conclusion

We have experimentally demonstrated the recovery of vorticity present in the scattered vor-
tices using the properties of a non-separable state of light. The experimental results have
been verified with the theoretical analysis by taking into account random phase introduced by
the GGP. These results may boost the application of the optical vortex beams as information

carriers.






Chapter 7

Perfect Optical Vortices and the Non-

Diffracting Speckles

An optical vortex beam is characterized by a doughnut-shaped intensity distribution with a
phase singularity, and hence zero field amplitude, at the center. These beams carry an orbital
angular momentum (OAM) of [/ per photon due to which they found variety of applications
in both the science and the technology such as particle manipulation and information theory
[18, 20, 23, 27, 30]. The size of vortex beams strongly depends on the topological charge. The
intensity distribution of vortex beams has been studied using two measurable parameters,
inner and outer radii as it looks like an annular ring and described in chapter 2. We have

also studied their variation theoretically as well as experimentally with the order [99].

In order to control the intensity distribution of vortices, perfect optical vortex (POV)
beams have been introduced [91]. These beams have a topological charge independent in-
tensity distribution and contain an annular ring of constant radius [92]. The POV beams
can be generated using a special kind of holographic phase masks [91]. However, one can
generate these beams easily with the use of spatial light modulator (SLM) [93]. Recently,
POV beams were generated using the Fourier transform of non-diffracting Bessel-Gauss (BG)
beams [94, 95]. POV beams have been used to study the dynamics of micro-sized particles
trapped in them [93]. These beams are also known as annular vortices and radius of the
annular ring can be controlled simply by changing the axicon parameter while the width
can be controlled by changing the host Gaussian beam size. Apart from this, the invariant
intensity distribution allows the researchers to verify that whether a physical process is due
to the field mode or because of the intensity distribution. Recent study on the scattering of

optical vortex beams shows that the speckle size decreases with the order which may be due

71
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to increase in the area of illumination on the rough surface [99, 161] as discussed in chapter 4.
Here, we show that the speckle distribution follows the intensity distribution rather than the
field mode by quantifying the size of speckles obtained after the scattering of POV beams.
The generation and the evolution of random non-diffracting fields are getting a lot of
attention in recent years [162-165]. Here, we generate these fields by the Fourier transform
of speckles obtained by the scattering of POV beams through a ground glass plate (GGP).
We also study their non-diverging nature i.e. diffraction free propagation by quantifying the
speckle size. In this chapter, we describe the generation of POV beams in section 7.1 and

their scattering in sections 7.2 and 7.3. Finally we conclude the chapter in section 7.4.

7.1 Generation of perfect optical vortices

We start with the electric field amplitude of a POV beam of topological charge m and ring
radius 7, (94, 95]

2 2
E(r,0) = Ag exp (imf) exp <—%>Im (%) (7.1)
0 0

where A is the field amplitude and I,, is the modified Bessel function of first kind of order
m. This field can be generated by taking the Fourier transform of a BG beam whose field

amplitude in the cylindrical coordinate system (p, ¢, z) is given by [166, 167]
E(p, ¢, 2) = Ji(kyp)emo+ikeze(=07/05) (7.2)

where wy = 2f/kw, and wy, is the width of a Gaussian beam used to generate the BG beam.
k, and k, are radial and longitudinal wave vectors. k, controls the ring radius of the POV
beam through r, = k. f/k, k being the total wave vector and f being the focal length of the
lens used to take the Fourier transform of BG beam. The BG beams can be generated in the
laboratory using a phase mask formed by the interference of axicon (e**") and spiral (™)
functions, where a = ktan=!(k, /k,) = ksin~!(k, /k) = kcos~!(k, /k) is the axicon parameter.
This axicon parameter controls the radius of the ring present in POV beams. The width
of annular ring corresponding to POV beams is inversely proportional to the size of host
Gaussian beam (wy) used to generate the BG beams.

Our experimental set up for the generation of POV beams is shown in Figure 7.1. We
have used an intensity and frequency stabilized He-Ne laser (Spectra Physics 117 A) of
wavelength 632.8 nm and power 1 mW. The laser beam has been propagated in free space

before reaching to the spatial light modulator (SLM) (Holoeye LCR-2500) to increase the

beam width to 1.5 mm which is required for better intensity modulation. Different computer
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Figure 7.1: The experimental set up for the generation of POV beams using the Fourier
transform of BG beam. Here, M-Mirror, SLM-Spatial light modulator, BS-Beam split-
ter, BD-Beam dumper used to block the unwanted beams, L1-plano convex lens of

focal length f; = 60 cm.

Figure 7.2: Experimentally obtained intensity distributions for POV beams of orders

m =0, 2, 4, 6 (from left to right) at different axicon parameters of 7.29 /mm (top),
10.93 /mm (middle) and 14.58 /mm (bottom).
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generated holograms corresponding to the BG beams of different orders are introduced to the
SLM through a computer. The generated BG beam in the first diffraction order is selected
with an aperture (A). Its Fourier transform using a lens (L1) of focal length 60 cm placed at
a distance of 60 cm from the SLM produces the POV beam of the same order. For generating
ideal BG beams, one needs to have a Gaussian beam of infinite width and very high axicon
parameter that gives POV beams of all orders. However, the ring radius of POV beams
increases with the increase in axicon parameter. Thus, we have to compromise between the
size of POV beams and the maximum order upto which they can be generated. We have
used axicon parameters a = 14.58, 17.01, 21.87 /mm for scattering the POV beams through
a GGP. The generated POV beams have been recorded using an Evolution VF color cooled
CCD camera.

Figure 7.2 shows the intensity distributions of POV beams of different orders m =0, 2, 4,
6 for various axicon parameters (a =7.29, 10.93, 14.58 /mm) obtained by taking the Fourier
transform of the BG beams, generated by a phase mask used with the SLM. For a better
comparison, we have considered the same scale for all the images. One can clearly see from
the figure that the intensity distribution is invariant with order and increases with increase
in axicon parameter. It can also be observed that the POV beams are almost covering the

entire CCD camera at ¢ =14.58 /mm, which didn’t allow us to record them at higher axicon

m=15
m=35

Figure 7.3: The experimentally observed lobes due to the superposition of two equal

parameters.

and oppositely charged POV beams of given orders.

The vorticity of POV beams has been verified using the interferometry of two equal
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and oppositely charged vortices. We have aligned the POV beams in a Mach-Zehnder in-
terferometer with a dove prism in one of the arms to invert the charge. The two outputs
of interferometer contain superposition of two equal and oppositely charged POV beams of
order m and give 2m number of lobes due to the presence of azimuthal phase [168]. These
lobes have been collected with a lens of focal length 50 cm after the interferometer in order
to record them within the CCD camera and shown in Figure 7.3. These images also show
that the size of the POV beam is invariant up to the order m =20 and increased slightly
when we increase m from 20 to 35. This implies that for a given axicon parameter, we can

generate the POV beams upto the order of 20.

7.2 Scattering of POV beams: a comparison with
ordinary vortices

After the generation of POV beams, a ground glass plate (GGP) is placed at the plane of

generation to study their scattering |72, 73] as shown in Figure 7.4. Figure 7.5 shows the

L1 L2
BG bean'l L <f—2>!\

V

CCD
GGP Camera

Figure 7.4: The experimental set-up for the scattering of POV beams through the
ground glass plate and to generate the non-diffracting speckles. Here, L1 and L2 are

plano-convex lenses of focal lengths f; = 60 cm and fo = 50 cm respectively.

speckle distributions obtained by the scattering of both ordinary Laguerre-Gauss beams and
perfect optical vortex beams. The CCD camera is placed at a distance of 18 cm from the
GGP for recording the speckles (without lens L2). It is clear from the figure that the size of
the speckles decreases with the order for ordinary vortices whereas it remains same for POV
beams. One should note that the intensity distribution of a POV beam is independent of the
order while for the ordinary vortices it depends on the order. Therefore, one can say that
the speckle distribution follows the intensity distribution falling on the random media rather

than the field mode. The speckles corresponding to the POV beams also show structured
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patterns which are same for all the orders at a given axicon parameter.

Figure 7.5: The speckle patterns correspond to scattering of the ordinary optical vor-

tices (top) and the POV beams (bottom) of orders m = 0-3 (from left to right).

7.3 Non-diffracting speckles

Now, we show that the Fourier transform of speckles generated by the scattering of POV
beams gives the non-diffracting speckle patterns. The Fourier transform has been taken
using a lens (L2) of focal length 50 cm placed at a distance of 50 cm from the GGP. We have
recorded these non-diffracting speckles at different distances from the lens starting from 12
cm to 57 cm at the intervals of 5 cm with a CCD camera of pixel size 4.65 pm. The recorded
speckle patterns generated by the scattering of POV beams of orders m =2, 5, 8 and axicon
parameter of 14.58 /mm are shown in Figure 7.6. It is clear from figure that the speckle
size is invariant with propagation distance at a given axicon parameter for all orders. This
confirms the non-diffracting or non-diverging nature of the generated speckles.

Figure 7.7 shows the intensity distributions of these speckles corresponding to the scat-
tering of POV beams of orders m = 0, 3, 6, 9 with different axicon parameters at a given
propagation distance of 37 ¢cm from the collecting lens (L2). The size and distribution of
speckle fields are independent of the order of POV beams. This confirms that the average
speckle size and their distribution are mainly controlled by intensity distribution falling on
the ground glass rather than its field distribution. With the increase in axicon parameter,
the radius of POV beams increases that effectively increases the area of illumination on the

GGP which controls the speckle size. The average size of speckles decreases with increase in
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Figure 7.6: The intensity distributions of non-diffracting speckles obtained by taking

the Fourier transform of speckles generated by the scattering of POV beams of orders
m =2, 5, 8 (from top to bottom) at an axicon parameter of a = 14.58 /mm corre-
sponding to different propagation distances of z = 0.12 m, 0.27 m, 0.42 m and 0.57 m
(from left to right).

Figure 7.7: The intensity distribution of non-diffracting speckles obtained by taking

the Fourier transform of speckles generated by the scattering of POV beams of orders
m =0, 3, 6, 9 (from left to right) and at axicon parameters a =14.58, 17.01, 21.87 /mm

(from top to bottom).
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the axicon parameter due to the increase in area of the annular ring. As the phase singular
density present in the speckle fields is inversely proportional to speckle size |72, 73], it can
be controlled easily by changing the axicon parameter in our study.

We have verified the diffraction-free nature of speckles by quantifying the speckle size
also using intensity auto-correlation method that calculates the correlation of speckles with

themselves [99]. In this method, we fix one image of the speckles and observe its correlation
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Figure 7.8: The variation of speckle size with the propagation distance (top) and the
order (bottom) at different axicon parameters showing no difference with respect to

either of them.

numerically with a number of images shifted in position. These shifts can be made pixel by

pixel in both the transverse directions. We plot the results as a function of the shift. The
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correlation factor is maximum if the two speckle distributions are completely overlapped and
it decreases with the decrease in overlap. The correlation factor becomes zero if their overlap
is less than the speckle size due to the random nature of speckles. The correlation curve has
a Gaussian distribution whose full width at half maximum (FWHM) gives the speckle size in
any of the transverse directions. Here, we have considered the normalized speckle patterns
to determine the speckle size as they are overfilling the CCD camera. We have considered
the average over ten images to measure the speckle size.

Figure 7.8 shows the variation of average speckle size with respect to both the propagation
distance and the topological charge or order of the POV beams. The results show that for a
given axicon parameter, the speckle size obtained by the scattering of a POV beam of order
m =2 remains constant for all the propagation distances. We also verify that the speckle size
is independent of the order for different axicon parameters at a given propagation distance,
in this case z =37 cm. Thus confirming that the physical process of scattering is intensity

dependent.

7.4 Conclusion

We experimentally generate the POV beams by taking the Fourier transform of the BG
beams. We show that the distribution of speckles is controlled by the intensity distribution of
the incident beam falling on the rough surface rather than the field distribution. The Fourier
transform of the speckles generated by scattering of the POV beams gives the non-diffracting

fields i.e. non-diverging speckles. These results may find applications in cryptography [169].






Chapter 8

Summary and Scope for Future Work

This thesis deals with the optical vortex beams and their scattering through random media.
The optical vortices are generated using computer generated holograms as well as using a
spiral phase plate. We also study the generation and scattering of a new type of vortices —
perfect optical vortices (POV). The POV beams are generated using the Fourier transform
of Bessel-Gauss beams. We use a ground glass plate for scattering the light beams. A novel
description has been given for the intensity distribution of vortex beams along with their free
space propagation. We use the effect of an astigmatic system on a pair of vortices embedded
in a single host Gaussian beam to determine the net charge as well as the individual charges.

Next, we scatter the vortex beams through a GGP and record the generated speckle
patterns. The intensity auto-correlation measurements show that the size of speckles as well
as their divergence decrease with the increase in order of the vortex. We model the GGP
using a d-correlated Gaussian function which can be realized by the convolution of a 2-D
spatial random function and the Gaussian correlation function. We also show how to recover
the vorticity of a light beam after scattering using a single plano-convex lens. The recovered
vorticity is confirmed using the properties of classical non-separable states of light.

At last, we generate the perfect optical vortices having order independent intensity dis-
tribution and scatter them through a GGP. The generated speckles are used to produce the

non-diffracting random fields.

8.1 Summary of the work-done

Chapter 1 provides a brief introduction for the optical vortices and their generation using

different techniques. We also describe briefly the speckles which are natural sources for

81
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vortices along with scattering of the optical vortices. We introduce the concept of perfect
optical vortices, whose core size is independent of the topological charge, and the methods

for generating them in the laboratory.

In chapter 2, we discuss the intensity distribution of vortex beams using two new and
novel parameters, inner and outer radii. We give the exact analytical expressions for these
two parameters in terms of the order and verified using the numerical and the experimental
results. Next, we have described the free space propagation of inner and outer radii that
provides the divergence of vortex beams. We also show that the divergence varies as the
corresponding radii at the source plane with the order. It helps in designing the fibres for

vortex modes.

Chapter 3 discusses the propagation of a pair of vortices with arbitrary charges and sepa-
ration through an astigmatic optical system, i.e a tilted lens. We provide an exact analytical
equation for the propagation that uses incomplete two variable Hermite polynomials, for
the first time in Optics. The intensity distribution of a beam past the tilted lens is used
to find the net and individual charges embedded in the beam. The special kind of rectan-
gular razor-blade structures are observed for the oppositely charged pair of vortices. The
number of lobes present along the length and breadth of the structure give the individual
magnitudes and their orientation gives the signs. In the case of vortices with same sign, the
asymmetry present in the lobes gives the information about individual charges. We present

the theoretical results along with the experimental verification.

The speckles generated by the scattering of higher order optical vortex beams through a
ground glass plate are shown in chapter 4. The auto-correlation measurements show that the
size of speckles decreases with the increase in order of the vortex. The propagation dynamics
of speckles shows that the divergence of speckles decreases with the order. The scattering
medium, i.e. a ground glass plate is modelled as d-correlated Gaussian function and the
results are verified. We have also discussed about the spatial intensity correlation properties

of the scattered optical vortices which are similar to the temporal intensity correlations.

In chapter 5, we generate the ring-shaped beams by collecting the scattered LG and BG
beams using a plano-convex lens. We show that the presence of dark core is independent of
speed of the GGP. The size and darkness of the core gradually decreases with the decrease
in incident beam width which is verified using the line profiles along the center of far field
intensity distributions. We also observe that the size of the dark core increases with increase in
the azimuthal index. We theoretically verify these experimental results using the propagation

characteristics of partially coherent standard LG beams through a linear optical system.
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In chapter 6, we recover the vorticity of a scattered vortex beam. After scattering through
a random medium, the light beam gets completely randomized (in the form of speckles) and
do not have any information regarding the vorticity. However, a plano-convex lens can recover
the vorticity when we probe at the focal plane. We confirm the vorticity using the properties
of a classical non-separable state of polarization and OAM. This state helps us to obtain the
superposition of two equal and oppositely charged vortices which leads to the petal structure,
number of petals being equal to twice the order. These petals are the characteristic of the
azimuthal phase present in the vortex beams and thus confirm the vorticity.

Chapter 7 is devoted to the generation and scattering of perfect optical vortex beams.
We generate these beams using an optical Fourier transform of the BG beams. These beams
have topological charge independent intensity distribution and look like a thin annular ring.
The radius of the ring is controlled by the axicon parameter and the width of the ring is
controlled by the width of the Gaussian beam incident on the spatial light modulator. We
confirm the presence of azimuthal phase using the superposition of two equal and oppositely
charged vortices. Next, we scatter the POV beams through a ground glass plate and observe
that the speckle size is independent of the order. We also show that the Fourier transform
of the generated speckles gives the non-diffracting random fields i.e. speckles. We verify the
non-diffracting nature by the invariant speckle size with propagation. These results may find

applications for authentication in cryptography.

8.2 Scope for future work

The intensity distribution of vortex beams has been used for the geometrical characteriza-
tion of coherence vortices, singularities present in the cross-correlation function of two fields
obtained by the scatetring of two optical vortices having different topological charges [170].
It can also be used to generate the perfect coherence vortices. Since, we have studied the
generation and scattering of POV beams, we would like to verify if the correlation singular-
ities between two scattered POV beams have the order independent distribution. If so, we
could extend our study to characterize their properties such as radius and width of the ring.
Preliminary experiments have already been performed for this study.

We have studied the spatial intensity correlation properties of scattered optical vortices
of different orders, however, to understand its properties, one needs a detailed study in-
corporating the effect of GGP. It would be worthwhile to see the dependence of intensity

correlations on the degree of polarization. To take up this study, one can make the light
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beams with varying degree of polarization using a classical non-maximal non-separable state
of polarization and OAM.

The optical characterization of any material can be done with the use of Mueller matrix.
We have proposed and verified a novel method for the determination of Mueller matrix using
Simon-Mukunda polarization gadget or SU (2) universal polarization gadget [171]. This
gadget can be used for quantum process tomography along with quantum state tomography
for polarization entangled photons.

We plan to study the spontaneous parametric down conversion of POV beams through
a second order non-linear BBO crystal [172]. It may be helpful in generating the higher
order OAM spectra with a controlled spatial distribution. It can also be used to verify the

dependence of down conversion on the spatial mode of pump light beam.
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