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ABSTRACT

The potential of laser speckle pattern as a versatile tool in numerous
application regimes in science and engineering secure interest of researchers to
explore different application based scenarios where speckle effects can be
implemented. Advancements towards this direction of using the speckle pattern
leads to new application areas such as surface roughness estimation, speckle
interferometry, speckle photography, astronomy, laser speckle contrast imaging,
optical manipulation, correlation imaging etc. The randomness associated with
speckle pattern provides the potential to treat speckle pattern as a part of
statistical optics, and the theoretical and experimental progresses in the field of
statistical optics give new opportunities in the study of random fluctuations in
the speckle pattern. The main objectives of this thesis are shaping and analysis of
laser speckle pattern and the effective utilization of their randomness for optical
manipulation and imaging through scattering layers.

Active shaping approach for shaping the laser speckle size based on
correlation of the amplitude and intensity of the speckle pattern has been
developed and successfully demonstrated. The use of diffractive optical elements
such as holograms, phase gratings, Dammann gratings, apertures etc in active
shaping of the speckle pattern is discussed and demonstrated by developing field
and intensity based interferometers. A single-shot correlation analysis is
performed by relying on the spatial averaging (rather than temporal averaging)
and demonstrated applications of spatial stationarity feature of random fields in
different applications ranging from characterization to imaging. Initial part of the
thesis focus on the shaping of the speckle pattern with various diffractive optical
elements and its analysis using field and intensity based interferometers. Final
part of the thesis focuses on the applications of the active shaping approach in
imaging through the complex scattering layers.

A polarization sensitive interferometer capable of single-shot detection of
orthogonal polarization components is developed and experimentally
demonstrated. The efficient execution of diffractive optical element such as
Dammann phase type grating by exploiting the characteristic feature of phase
only SLM and polarization sensitive interferometer provides the potential to
control the orthogonal polarization components of the fluctuating field. This
potential is effectively implemented to generate uniform array of spatial
coherence points both in 1D and 2D with desired spacing. The technique offers a
new method for synthesis and analysis of laser speckle pattern and consequently
controls the coherence and polarization properties of the random field. The
speckle holographic approach combined with two point intensity correlation is
implemented to retrieve the complex information of the random field in scalar
and vectorial cases. A singular point array generation with desired densities is
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efficiently demonstrated in spatially fluctuating random field by utilizing the
concepts of two point intensity correlation and spatial average approach. An
experimental technique for the determination of generalized Stokes parameters
or coherence-polarization matrix elements is experimentally demonstrated by
making use of the speckle holographic approach in combination with the
intensity correlation. Applicability of this technique is demonstrated in the
controlled synthesis of coherence and polarization properties of random light
field.

The active shaping approach used for speckle (or correlation function) is
efficiently applied in the optical imaging through random scattering layers. The
complex valued object lying behind the scattering layer is recovered by making
use of speckle holographic approach in combination with two point intensity
correlation. By efficiently implementing this approach, a single-shot imaging
technique is demonstrated for the recovery of an off-axis hologram hidden by a
scattering layer. The technique has unique ability to retrieve the 3D complex
field behind a scattering medium resulting into the reconstruction of actual
position of the object. The potential of the technique is validated to more real
time situation where the holographic diffraction is dominant by the recovery of
in-line hologram through scattering layer. The depth resolved imaging of
reflecting type and transmitting type object hidden by the scattering layer are
efficiently demonstrated and analyzed quantitatively by presenting the
reconstruction parameters.  These imaging technique has a remarkable
achievement in true non-invasive single-shot and depth resolved 3D imaging
through complex scattering layers, and have robust practical applications in
biomedical imaging, imaging through turbid media, astronomy etc

Xii
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CHAPTER 1
INTRODUCTION

Light scattering from optically complex media generates speckles, a high-contrast,
and fine-scale granular pattern with well defined statistical properties (Dainty,
1984; Goodman, 2007). This phenomenon got attention since the invention of
laser in the early 1960s as a nuisance that to be minimized for coherent optical
imaging applications. = These speckle patterns arises from the coherent
superposition of the wavelets emanating from the scattering spots in the rough
surface that are on the scale of wavelength. The speckle pattern also plays a
decisive role in other fields such as images in synthetic aperture radar in
microwave region and also ultrasound medical imagery of organs in the human
body where it destroys the contrast of the images obtained (Goodman, 2007). In
this respect speckle reduction technologies have increasing interest in areas where
laser is used as a light source such as in interferometry, holography, microscopy,
optical coherence tomography and projection displays. A number of methods have
been developed for speckle elimination or reduction starting from the classical
way of putting a moving diffuser in laser beam(Lowenthal and Joyeux, 1971).
Some of the recently introduced techniques are based on multimode optical
fibers(Manni and Goodman, 2012; Mehta et al., 2012), by tailoring the structure of
a random laser beam(Redding et al., 2011, 2012), using phase only spatial light
modulator(Y. Wang et al., 2013), by using dynamic deformable mirror(Tran et al.,
2014) etc

In recent years interest has turned in the direction of using speckle pattern
as a versatile tool for a wide variety of applications such as surface roughness
estimation, speckle interferometry, speckle photography, astronomy, laser speckle
contrast imaging, optical manipulation, correlation imaging etc. The statistical
analysis of speckle pattern generating from a random diffuser is developed by
Goodman and Dainty by considering a monochromatic light source illumination
on the diffuser. These statistical properties associated with the speckle field play a
central role in determining the coherence and polarization properties of the

randomly fluctuating field. The pioneering works in unified theory of coherence
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and polarization of randomly fluctuating field opens up new opportunities in
treating coherence and polarization together in terms of cross spectral density
matrix in space-frequency domain or beam coherence-polarization matrix in
space-time domain (Gori, 1998; Mandel and Wolf, 1995; Wolf, 2007). The
statistical features of optical field fluctuations are too rapid to be directly
measurable and the randomness of the optical field is characterized by the concept
of ensemble average. Usually in experimental implementation the ensemble
average is replaced with the time average by assuming that statistical field is
stationary and ergodic in time (Goodman, 2000). However, recently practical
interests are in the direction of replacing ensemble average with space average
under the assumption of spatial stationarity and spatial ergodicity, and thereby
introduced the concept of spatial statistical optics (Takeda et al., 2014; Takeda,
2013). This progress in the correlation holography based on spatial statistical
optics provides new opportunities to control and synthesize the optical fields with
desired statistical properties in space, thereby have applications in the field of
optical coherence tomography, lithography, profilometry, correlation imaging,
physical optics etc.

The shaping and analysis of laser speckle pattern by giving emphasis on
spatial statistical optics and its applications in imaging is the main theme of the
thesis. The research work focuses on the development of theoretical basis and
experimental techniques for shaping and analysis of laser speckle pattern thereby
tailoring the spatial coherence function of the random field in a desired fashion to
explore its strength in imaging based applications. Statistical properties of the laser
speckle field is studied by considering the second order and fourth order
correlation functions for two space points at an instant of time and influence of
diffractive optical elements in shaping these statistical properties are explored.
Synthesis and analysis of statistical properties of random fluctuating field is
implemented by developing field and intensity based interferometers. The use of
fourth order correlation or two point intensity correlation for the measurement of
coherence and polarization properties of random field is investigated. An
experimental determination of generalized Stokes parameters using fourth order
correlation based on spatial averaging is described and its potential in
characterizing the inhomogeneous polarization states is demonstrated. Finally in

the applied domain, imaging techniques were developed for the non-invasive
2



imaging through complex scattering layers by utilizing the controlled synthesis
and analysis of spatial coherence function. In the remainder of this introduction we
describe the propagation of light beam through scattering layers and the physical
origin of laser speckle pattern. Later a brief literature review exploiting the

randomness of speckle pattern for various applications is described.

1.1. Origin of Speckle

The invention of laser-the generation of coherent light by Maimann in 1960
opens up the wide door of optics applications in scientific and engineering world
(Maiman, 1960). Along with the development of the generation of coherent
light, researchers noticed the presence of granular appearance later named
as ‘speckle’ when the light illuminates rough objects (Ridgen and Gordon,
1962).When the coherent beam either reflects from a rough surface or
propagates through an inhomogeneous medium with refractive index
variation, the wave emerges from the surface contains contributions from
many independent scattering spots. Propagation of this light to an
observation plane forms the random interference pattern that contains
superposition of scattered components with relative phase delays. This
addition of the scattered components at an observation plane can be
considered as a random walk and the resultant sum will produce
constructive or destructive interference depending up on the relative phases
of the various components of the sum. A schematic representation of the
origin of speckle pattern from a scattering medium when a coherent light

transmits through the medium is shown in Fig.1.1.



Incident
plane wave

Scattering medium Speckle pattern

Figure 1.1: Schematic representation of the origin of speckle pattern from a
scattering medium

This random speckle pattern is considered as a nuisance in coherent imaging
applications and there after techniques where developed to eliminate or
reduce the speckle pattern in the images to improve the quality of the
images like in synthetic aperture radar (SAR) imaging, ultrasound imaging
and optical coherence tomography (OCT) (Porcello et al., 1976; Schmitt et
al., 1999). Later the investigations on the fundamental statistical properties
of the speckle pattern (Angel et al., 2001; Dainty, 1970; Goodman, 1976;
Ohtsubo and Asakura, 1975) and possibilities in synthesizing the speckle
pattern turned interest from undesirable aspects of the speckle pattern to
utilize the speckle pattern as a flexible tool in different applications.
Propagation of coherent light through multiple scattering medium
got increasing attention in recent years due its practical importance in
biomedical optics (Davis et al., 2014; Li et al., 2002; Schmidt et al., 2015;
Tchvialeva et al., 2013). This multiple scattering from random media
generates in homogeneously polarized light and it plays a significant role in
controlling the depolarization of light. The speckle pattern arising from such
a random media has a spatially fluctuating state of polarization and is
referred as the polarization speckles (R. K. Singh et al., 2014; Takeda et al.,
2010; W. Wang et al., 2009). The polarization speckles results from the
vectorial addition of a number of randomly phased complex distributions
with different polarization states. The random vectorial field at each

position has well defined polarization state with its degree of polarization
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equal to one and the polarization state fluctuate in space. A schematic
representation of the origin of polarization speckle pattern from a multiple
scattering when a coherent light transmits through the random medium is

shown in Fig.1.2.

Polarization 005 A
structured wave ﬂoa/
154

Inhomogeneous medium Polarization Speckle pattern

Figure 1.2: Schematic representation of the generation of polarization speckle
pattern from an inhomogeneous scattering medium

1.2. Exploiting the Laser Speckle Pattern

The potential of speckle pattern as a versatile tool in different application
regimes in science and engineering attains interest of researchers to explore
different application based scenarios where speckle effects can be implemented.
Investigations on the development of techniques to use the speckle pattern for
imaging were started after the pioneering work of Leith and Upatneik in
holography (Leith and Upatnieks, 1963). Later techniques were developed to
image through random or diffusing media by utilizing the random feature of the
speckle pattern (Goodman et al., 1966; Leith and Upatnieks, 1964). The field of
speckle photography and speckle interferometry became an intense research area
in 1970s due to its potential applications in engineering metrology and stellar
astrophysics (Dainty, 1984; L. EK, 1971; Labeyrie, 1975; Schneiderman et al.,
1975). The reconstruction of high resolution images were achieved by combining
speckle interferometry with speckle holography techniques (Liu and Lohmann,
1973; Weigelt, 1978). Information processing ability of the speckle pattern is
made use in speckle photography and innovative techniques were developed

recently to detect the surface tampering effects (Angel et al., 2000; Shih et al.,
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2012; Tebaldi et al., 2000). Phase object detection by using double exposure fringe
modulated speckle patterns and with a speckle interferometer is demonstrated
(Angel et al., 2002; Tebaldi et al., 2003). A detailed exploration of the statistical
properties of the laser speckle pattern received interests in surface inspection of
the materials and experimental demonstrations showed that an inspection of laser
speckle contrast can give the roughness and correlation length of the rough surface
object (Curry et al., 2011; Kodono et al., 1987). The statistical properties of
speckle pattern generated through multiple apertures were studied and the
possibility of synthesizing the speckle distribution is investigated (Angel et al.,
2001). Recently laser speckle contrast imaging emerged as a powerful tool in
biomedical optics especially in full-field imaging of blood flow (Boas and Dunn,
2010; Briers et al., 2013; Richards et al., 2013). Very recently the role of speckle
fields in efficient manipulation tasks such as trapping, guiding and sorting is
demonstrated by introducing the speckle optical tweezers (Volpe et al., 2014).
Speckle imaging and speckle correlation techniques were effectively implemented
in developing laser speckle strain gauge which find applications in non-destructive
surface deformation measurements and vascular applications (Kirkpatrick and
Cipolla, 2000; Takai and Asakura, 1983; Yamaguchi, 1987).

Polarization properties associated with the laser speckle pattern arising
from a multiple scattering medium has increasing interest in researches as it has
potential applications in the field of biomedical imaging and diagnostics (Davis et
al., 2014; Li et al., 2002; Tchvialeva et al., 2013), dynamic spectroscopy (Pecora,
1985), remote sensing (Carswell and Pal, 1980) etc. An investigation on the
statistical properties of polarization-related speckle phenomena by introducing
polarization speckles and their spatial degree polarization is described recently
(Takeda et al., 2010; W. Wang et al., 2009). Spatial dynamics of polarization
fluctuation is investigated very recently by extending the concept of Poincare
vector correlation for characterization of fluctuating scattered field and by
designing polarization interferometer to detect the instantaneous polarization state
(R. K. Singh et al., 2014). The spatial non-stationarities in random electromagnetic
field is identified from single realization of speckle pattern by appropriate
statistical analysis (Broky et al., 2008). Investigations on the statistical signature of
random media and loss of polarization of light scattered from rough surfaces were

reported recently (Soriano et al., 2014; Sorrentini et al., 2009; Zerrad et al., 2010).
6



An experimental description to measure the polarization degree within each grain
of the speckle pattern is proposed very recently (Ghabbach et al., 2014).

Imaging and focusing in turbid media by exploiting the randomness of
the speckle field is a celebrated area in optics due to its importance in biomedical
imaging, astronomy etc. A significant number of techniques for imaging through
random media based on holographic principles were introduced by using the
random nature of the speckle pattern (Chen et al., 1993; Goodman et al., 1966;
Kogelnik and Pennington, 1968; A. K. Singh et al., 2014). The advances in the use
of scattering medium to focus, shape and compress waves by controlling the many
degrees of freedom of incident waves gives a new potential in imaging and
focusing in turbid media (Mosk et al., 2012; Yu et al., 2015). The turbidity of the
scattering layer is exploited to improve the focusing and spatial resolution beyond
the diffraction limit (Choi et al., 2011; Vellekoop and Aegerter, 2010). Very
recently techniques with speckle correlation approach are employed for the non-
invasive imaging through scattering layers. A fluorescent object inside an opaque
layer is reconstructed by angular speckle correlation by exploiting the speckle
memory effect (Bertolotti et al., 2012). The angular scanning of speckle pattern
results in a long acquisition time of images and limits the object to be stationary
for the complete acquisition period. An innovative non-invasive single shot
imaging technique is demonstrated that is capable to overcome the limitation of
long acquisition period by capturing the single shot speckle pattern (Katz et al.,
2014). The technique is limited by actual depth information behind the scattering
medium and iterative approach supported by complicated image processing.

The relationship between speckle theory and coherence theory attains a
significant attention to many of the researchers in the later part of the 1970 itself
(Carter and Wolf, 1977; Leader, 1980). The equivalency exist in the
autocorrelation function of the speckle field to the van Cittert-Zernike theorem of
classical coherence theory give way to engineer the speckle pattern for
applications in coherence theory (Goodman, 2007). Correlation of light field
plays a fundamental role in characterization of the optical field from statistical
point of view. Significant developments on coherence theory lead foundation to
various new areas of research activities in the statistical optics. The quantitative
treatment of the concepts of correlation lies in the measurement of statistical

similarity between the interfering beams or vibration at two points in terms of
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degree of coherence of light (Angelsky et al., 2009; Tervo et al., 2003). Field
based measurements for second order correlation is the widely used technique to
analyze the coherence phenomena associated with fluctuations in the field.
However the interests in Hanbury Brown-Twiss intensity interferometer draw
attention to higher order correlations at two space-time points or two frequency-
time (Brown and Twiss, 1956). This measures the two point intensity correlation
or fourth order correlation, which is directly related to the coherence and
polarization properties of the field (Hassinen et al., 2011). Statistical properties of
light field and their efficient control to obtain desired coherence-polarization
properties have potential role in applications related to correlation induced spectral
changes (Wolf, 2003a, 2007). The unified theory of coherence and polarization
provides the basis to examine the coherence and polarization of random
electromagnetic beam together and to investigate the controlled synthesize using
polarization dependent devices. Techniques were developed in recent years to
modulate the coherence and polarization properties of the random electromagnetic
field by random phase screens and by using phase sensitive liquid crystal spatial
light modulator. (Ostrovsky et al., 2009; Shirai and Wolf, 2004).

Recent experimental interests are in the direction of replacing ensemble
average with space average under the assumption of spatial stationarity and spatial
ergodicity and thereby provide opportunity for single shot measurement technique
(Broky et al., 2008; Georges et al., n.d.; Réfrégier et al., 2012; R. K. Singh et al.,
2013; Sorrentini et al.,; Takeda et al., 2014; Takeda, 2013; Zerrad et al., 2014,
2015). The coherence and polarization studies of light scattered from rough
surfaces using spatial or angular average process attains a significant amount of
practical interest in recent years (Georges et al.,; Réfrégier et al., 2012; Sorrentini
et al.,; Zerrad et al., 2014, 2015).The formal analogy between correlation function
and optical field has been exploited from speckle field to develop correlation
holography based techniques. An unconventional holography technique called
coherence holography is developed to shape the spatial coherence of light in a
desired fashion and to reconstruct the object information (Takeda et al., 2005). A
three dimensional (3D) object reconstruction is made possible in photon
correlation holography from intensity correlation or fourth order correlation by
illumination through a random phase screen (Naik et al., 2011). Recently,

extension of the coherence holography to the vectorial domain is carried out and
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techniques such as vectorial coherence holography and Stokes holography are
developed (R. K. Singh et al., 2011, 2012). These practical interests in correlation
based holographic techniques by exploiting the randomness of the speckle pattern
by replacing ensemble average with space average under the assumption of spatial
stationarity and spatial ergodicity, provides potential developments in the concept
of spatial statistical optics (Takeda et al., 2014; Takeda, 2013). This progress in
spatial averaging based techniques provides new opportunities to control and
synthesize the optical fields with desired statistical properties in space and thereby
providing new realms to the field of spatial statistical optics. In the present
research work our main interest is to investigate shaping and analysis of laser
speckle pattern by developing experimental techniques based on spatial averaging.
We have carried out this work by considering uniformly and non-uniformly
polarized random fields. New techniques have been developed to shape and
analyze such random fields. Also single-shot imaging techniques for non-invasive
imaging through a scattering medium by employing the spatial average approach
and shaped spatial correlation function is investigated and experimentally

demonstrated.

1.3. Outline of the Thesis

The whole thesis is split into 6 chapters. The significance of shaping the
laser speckle pattern and its importance in various applications is described in
chapter2. In chapter 3 and 4 we describe the different experimental techniques
developed for shaping and analysis of laser speckle pattern based on
amplitude/field and intensity interferometers. Chapter 5 focuses on the application
of shaped correlation function in non-invasive imaging through complex scattering
layers and in chapter 6, we conclude by pointing out the major outcomes of the
research work.

Chapter 2 describes the need for shaping the laser speckle pattern by
discussing the applications in various fields. The significance of correlation of
light field in optical characterization and its importance in shaping the laser
speckle pattern are discussed by giving emphasis on van Cittert Zernike theorem.
Also discuss the concept of ensemble average in characterization of the

randomness of optical field and its experimental implementation by considering



temporal average and spatial average as replacement of ensemble average. The
shaping of laser speckle pattern with different apertures as source structure is
demonstrated.

In chapter 3 we discuss the diffractive optics element such as Dammann
phase grating and its role to shape the laser speckle pattern. Detection and analysis
of complex field of laser speckle patterns were experimentally demonstrated by
designing amplitude sensitive interferometer. Generation of one dimensional and
two dimensional uniform spatial coherence points were experimentally
demonstrated by shaping the laser speckle pattern with Dammann phase type
grating. This chapter also discusses random polarization fluctuations and its
characterization by using the 2X2 coherence polarization matrix with help of field
based polarization interferometer.

The role of intensity based interferometers in the analysis of laser speckle
pattern is discussed in chapter 4. The use of two point intensity correlation for the
generation of singular point array is investigated and experimentally demonstrated.
A new experimental approach to retrieve the complex coherence function from
two point intensity correlation by making use of speckle holography technique is
developed and experimentally demonstrated. Also the extension of the idea to
vectorial domain is developed by describing a new experimental technique for the
determination of generalized Stokes parameters (GSP) or coherence-polarization
(CP) matrix elements and demonstrates its application in the synthesis of statistical
properties of light field.

Imaging through scattering media by using two point intensity correlation
measurement techniques were investigated and experimentally demonstrated in
chapter 5. Recovery of complex valued object behind the scattering layer using
two point intensity correlation and speckle holographic technique is described and
experimentally demonstrated. Extension of this technique for the depth resolved
3D non-invasive single shot imaging through scattering layers is proposed and
experimentally demonstrated. Also a digital holographic imaging through
scattering layers is investigated and experimentally demonstrated.

In concluding chapter 6, we summarize the research work by pointing out
key research outcomes and take a look on to the future scope of the work.
Followed by this chapter bibliography, appendices and the list of publications are

provided.
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CHAPTER 2

SHAPING OF LASER SPECKLE
PATTERN

Speckle pattern is a part of statistical optics; the theoretical and experimental
progresses in the field of statistical optics give new potentials in the study of
random fluctuations in a speckle pattern (Dainty, 1970; Goodman, 1976; Vry and
Fercher, 1986). These developments provide new ways to use speckle pattern as a
versatile tool in various applications in science and technology. The prediction of
memory effect in coherent wave propagation through disordered media (Feng et
al.,, 1988) and its experimental validation (Freund et al., 1988) in later years
provides fundamental basis to use the randomness of speckle pattern. A number
of techniques have been introduced on the laser speckle contrast which has
significant applications in biomedical optics (Boas and Dunn, 2010; Briers et al.,
2013; Richards et al., 2013). Advances in the correlation based studies on speckle
field and speckle intensity turned the attention to use the speckle pattern to
investigate the statistical properties of the scattered optical field (Dainty, 1984;
Goodman, 2007). Recently the possibility of synthesizing the image speckle
distribution by multiple apertures is demonstrated and the first and second order
statistical properties of the speckle pattern are investigated using mutual intensity
and autocorrelation of intensity (Angel et al., 2001). The similarity in correlation
function of speckle field to the van Cittert-Zernike theorem in classical coherence
theory provide the potential to shape the speckle pattern in a desired fashion to
control and synthesize the statistical properties of the light and in correlation
based imaging (Takeda et al., 2005, 2008, 2009).

In the present chapter we focus on the preliminary mathematical basis
required for the thesis by giving emphasis on the first order and second order
statistical properties of speckle pattern. In the following section the importance of
f — f geometry in shaping the speckle pattern is discussed by focusing on spatial
averaging as replacement of ensemble averaging. Also an extension of the
concepts to vectorial domain is presented for investigating the coherence and

polarization properties of the scattered optical field.
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2.1. First order statistics of speckle pattern

The first order statistical properties of the laser speckle pattern deals with
the properties of the scattered field at a single point in space and time. Consider
the case of a coherent beam illuminating a rough surface and generates random
speckle pattern with well defined statistical properties. The statistical properties of
speckle patterns were investigated by considering an ensemble of scattering point
contribution from the rough surfaces. A schematic representation of the formation
of speckle pattern at an observation plane and the corresponding spatial coordinate

representation are shown in Fig. 2.1.

Coherent
Light

Rough scattering surface Observation plane

Figure 2.1: Schematic representation of the formation of speckle pattern at an
observation plane

The speckle pattern at any plane after the rough surface is the superposition of the
field contribution from different scattering points in the rough surface. At a point
in the observation plane, the resultant field consists of a multitude of de-phased
contributions from different scattering points of the rough surface. The resultant

field at this plane is given by

U, =Y |ul™ 2.1)
k=1

where u, and ¢, are the amplitude and phase contribution from the k" scattering

point in the rough surface and N is the total number of scattering points in the

rough surface. This resultant field at each point in the speckle pattern can be
12



considered as a random walk phenomena similar to the well known classical
problem of the random walk (Goodman, 1976).
The statistical properties of the complex speckle field is investigated by

Goodman by assuming that (a) amplitude u, and phase ¢, of the resultant field

from each scattering point are statistically independent of each other and are
independent of amplitude and phase of the field of all other components (b) the

phase ¢, are uniformly distributed on the interval —z to 7, such that the surface

is considered to be rough in comparison with wavelength of the illuminating light.
Using these assumptions and by considering large number of scattering points (i.e
large N value) in a rough surface Goodman showed that the real and imaginary
part of the complex field are identically distributed Gaussian random variables
and the intensity at any point in the speckle pattern obeys negative exponential
statistics. These predicted results were experimentally verified in later years
(Dainty, 1970). In most of the practical applications the intensity of the speckle
pattern is of main interest. The probability density function of the intensity of the

speckle pattern is given by

1 -1
— — 1,120
p)= <1>eXp£<l>] (2.2)

0, otherwise

where <I > represents the average value of intensity over the N scattering points

in the rough surface. To quantify the intensity variations in the speckle pattern a
quantity, speckle contrast which is defined as the standard deviation to mean

intensity is introduced and is given by

where o, represents the standard deviation of the speckle intensity. For a fully

(2.3)

developed speckle pattern the theoretical limits of the speckle contrast is between
0 and 1. A speckle contrast of 1 show that there is no blurring in the speckle
pattern and gives a clear random pattern while a speckle contrast of 0 indicates
complete blurriness in the random speckle pattern (Boas and Dunn, 2010). Recent

progress in laser speckle contrast imaging provides new potential applications of
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speckle contrast in biomedical optics especially in full field imaging of blood flow

(Richards et al., 2013).

2.2. Second order statistics of speckle pattern

Second order statistical properties of the speckle pattern deals with the
properties of the speckle at two points, rather than the one point. These second
order statistics of the speckle pattern are investigated in terms of the
autocorrelation of the speckle field and speckle intensity at two points in space or

time.
2.2.1 Autocorrelation of speckle field

Consider the case that a coherent light of wavelength 'A'illuminating a
rough surface and generating a speckle pattern at distance zfrom the rough
surface as shown in Fig. 2.1. On considering the paraxial propagation, the complex
amplitude of the speckle field at a position in the detector plane is estimated by

Fresnel diffraction integral (Goodman, 2007) and is given as

u(x, y3t) = —ex]‘;’,gjz & exp[;—i(f + yz)} x
ffu(x 5.0 exp[ﬁ(f 4 5)2)}exp{_j 27 i+ y&)}dfcdjz
27 Az

—00 —0

2.4)

where u(x, y,r)is the complex amplitude of light at the rough surface with (x, y)

. . . . . 2
represents the spatial coordinate at this plane at an instant of time ¢, k = Tthe
propagation factor and j =+/-1.

The autocorrelation function of the speckle field at two points in space is given by

W (X, 3,5, y50) = (1, 30U (3, 3530)) (2.5)

where <> represents the ensemble average. On substituting the value of u(x, y;z),

Eq. (2.5) modifies to
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—00 —00 —00 —00

—j27, . R . R A an gn gn
XeXp|: iz ('xlxl+ylyl_x2x2_y2y2):ldxldyldx2dy2
(2.6)

where W (X,,y,3X,, ,5t) = <u(5cl, jil;t)u*(fcz, 92;I)> is the correlation function of the

field at the rough scattering surface. On considering the assumption that the
correlation extent of the field at the scattering surface is sufficiently small so that it
can be represented by a delta function (Goodman, 2007), the correlation function

Wi (X, 9,3 X,, ¥,;t) is given by
Ws(ila)ﬂ’l;fcz’ 5’2) = Kl(il’i)l)a()%l _)Acza 5)1 _5’2) (2.7)

where 'k is the proportionality constant, /(X,,y,) is the intensity at the scattering

surface and O(X, —X,,y, —,) is the two dimensional delta function. Substituting

Eq. (2.7), the Eq. (2.6) modifies to

) . K Jk
W(x,y,:%,y,:t) = _/12Z2 exp {Z_Z(XIZ + y12 _x22 _ y22 )}
(2.8)

+00 400 o _]272_ . A o
X:[O__[ol(x’ y)exp|: 1z (x(x1 —X,)+ y(y, — yz))jldxaly
The quadratic phase factor term preceding the integral can be ignored in most of
the practical applications where the modulus of the correlation function is
important (Goodman, 2007). On ignoring this quadratic phase factor term, Eq.
(2.8) modifies to

. 3 k +00 +00 R _‘]-272_ . . o
W (Ax,Ay;t) = /12—Z2J;J;I(x’ y)exp{ - (xAx+ yAy)}dxdy (2.9)
where Ax=x,—x, andAy=y,—y,. Eq. (2.9) states that the autocorrelation

function of the speckle field is equal to the two dimensional Fourier transform of

the intensity distribution of the light at the scattering surface and this result is
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equivalent to the van Cittert-Zernike theorem of classical coherence theory

(Goodman, 2000).

The complex degree of correlation is determined from the autocorrelation function

(Goodman, 2007) and is given by

W(Ax, Ay:1)

Ax, Ay;
7( )= W©0.0)

(2.10)

On substituting the value of autocorrelation function from Eq. (2.9), the complex

degree of correlation is given by

TTI(X y)exp[

T (Av+ jsz)}dfcd&
Y(Ax, Ays1) = 22

A @.11)

[ [ 155

—00 —0

2.2.2 Autocorrelation of speckle intensity
The autocorrelation function of the intensity distribution of a speckle

pattern is related to the complex degree of correlation by (Goodman, 2007)
T(Ax Ay = (1)’ [ 1+]ax, Ay | (2.12)

On substituting the value of y(Ax, Ay;t), Eq. (2.12) modifies to

2

T (iac+ &Ay)} dids

TTI(x y)exp[

T(Ax, Ay;t) = (1) | 14|72 e

(2.13)

+00 +00

j j 1(%, $)did5

—00 —00

The Fourier transform of autocorrelation function of speckle intensity distribution

represents the power spectral density function and is given by

v, )—TTF(M Ay,t)exp[ f (VxAx+vyAy):ldAdiy (2.14)
Z

—00 —00

On using Eq. (2.13) in Eq. (2.14), the power spectral density relation modifies to
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+00 +00

[ [1(53)(5+A2v,, 5+ Azv, ) didy
é’(vx,vy):<l>2 5(‘/)6,1/),)+(2,z)2 - — 3
{ [ 1(3,9)&@}

—00 —00

(2.15)

where the zero-frequency power contributed by the average intensity corresponds

to the delta function.

2.2.3 Speckle size

The average speckle grain size in a speckle pattern is given by the
equivalent area of the normalized covariance function of speckle intensity. The
normalized covariance function is related to the autocorrelation of the speckle

intensity (Goodman, 2007) and is given by

T(Ax,Ay) (1)’

(1)

Therefore the speckle grain size is given by

C(Ax,Ay) = = |y(Ax, Ap)[* (2.16)

A = j jC(Ax, Ay)dAxd Ay = j j |7 (Ax, Ay)[ dAxd Ay (2.17)
Note that if we are considering a rectangular or circular scattering spot, the

speckle grain size is given by

_A2) A
A = -2 (2.18)

where A is the area of the scattering spot and € is the solid angle subtended by

the scattering spot. These results are valid for a uniformly illuminating scattering
spot. If the scattering spot is not uniformly illuminating, by making use of

y(Ax,Ay) from Eq. (2.11), the speckle size is more generally represented as
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Ay =(A2) == ; (2.19)
{ ] I@,M@}

—00 —00

2.3. Shaping the speckle pattern using f - f
geometry

Recent progress in correlation holography techniques based on the
concepts of spatial statistical optics attains new focus on spatial statistics of optical
field rather than its temporal statistics (Takeda et al., 2014; Takeda, 2013). The
developed techniques have potential applications in synthesizing the optical field
with desired statistical properties, correlation imaging and also in coherence and
polarization shaping. These techniques utilize the concept of spatial stationarity of
the scattered optical field for replacing ensemble average with spatial average
under the condition of spatial stationarity and spatial ergodicity of the scattered
field. The choice of spatial average permits the analysis of the statistical properties
of the instantaneous speckle field or the time frozen speckle field. A conceptual

representation of the time frozen speckle field is shown in Fig. 2.2.

Speckle pattern at
X1 fro%? tune
U

Space

=t Time r

Figure 2.2: A conceptual representation of the space-time distribution of the
speckle pattern at a frozen time

In a recent work it is demonstrated that the need of an f — f geometry to realize
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the perfect spatial stationarity in the scattered field by removing the nonstationary
phase factor (Takeda, 2013). The results shows that the Fraunhofer diffraction can
make the light from incoherent nonstationary source to have spatial stationarity in
the far field. In this section we explain the theoretical basis of shaping the speckle

pattern using f — f geometry by maintaining perfect spatial stationarity in the

scattered speckle field.

2.3.1 Autocorrelation of speckle field using spatial averaging
Consider a rough scattering surface illuminated with a coherent light of
wavelength ‘4’ and generates speckle pattern. The f — f geometry is implemented

and the speckle pattern is recorded at the Fourier transform plane. A schematic

representation of the geometry is shown in Fig. 2.3.

Coherent
Light

N W(Ar.D) =
: (E“(r‘l,r)E(r1 +Ar,t)}5

Rough scattering surface Fourier transform plane

Figure 2.3: Schematic representation of f — f geometry and the formation of

speckle pattern at the Fourier transform plane

The scattered optical field reaching the Fourier transform plane is given by
A A L2 n
E(r,t)= IE(r, t)exp(jo(r))exp[—j ﬁr.r]dr (2.20)

where rand r are spatial co-ordinates at the scattering plane and Fourier transform
plane respectively for a fixed time ¢, ¢(F)is the random phase introduced by the

rough scattering surface and f is the focal length of the Fourier transforming lens.

The autocorrelation function of the speckle field at the Fourier transform plane is
19



given by
W, 1) =(E"(5,,)E(ry, 1)) 2.21)

where <> represents the ensemble average. Usually in experimental

implementation the ensemble average is replaced with the time average by
assuming that statistical field is stationary and ergodic in time (Goodman, 2000).
However, recently significant practical interests are shown in the direction of
replacing ensemble average with space average under the assumption of spatial
stationarity and spatial ergodicity (Naik et al., 2011; R. K. Singh et al., 2013;
Takeda et al., 2005; Takeda, 2013). Therefore the ensemble average can be
replaced with space average on the assumption of spatial stationarity and
ergodicity. So the autocorrelation function of the speckle field at the Fourier

transform plane modifies to

Wr.r,) = (E (r)E®,)),

) (2.22)
= (E"(r)E(r; +Ar)) =W (Ar)

where <>  represents the space average andAr=r,—r for a fixed timer . On

substituting the value of E(r)at two spatial points, Eq. (2.22) modifies to
W (Ar) = [ EG)E, + Ar)dF,

A (A A 2, P P
= J'{J.J. E(r, )E(rz)exp[—](go(rl) —(0(r2))] X exp[—]ﬁ(rz.r2 —rl.rl)}drldr2 }dr1

A\ on o . .2 A PN A
= I{J-J.E(Q)E(rz)exp[—]((o(n) —go(rz))] X exp[—]ﬁ((rl +Ar).r, —rl.rl)}lrldr2 }dr1

(2.23)

Taking into account of the delta function resulting from the spatial averaging in the
2r . . A .

observation plane given by [exp {—i ﬁ (r, —rl).rl}alr1 =0(r,—r,)and taking

r, =1, =r, Eq. (2.23) modifies to

e 27 ) 27
W(Ar) = [ E'(F)EG)expl— ]ﬁAr.r]dr = [ 17 expl- ]ﬁAr.r]dr (2.24)
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Eq. (2.24) transforms to the van Cittert-Zernike theorem. Eq. (2.24) states that the
autocorrelation of the speckle field based on spatial averaging is related to the
Fourier transform of the intensity at the rough scattering surface, which is
equivalent to the speckle field autocorrelation in the free space geometry besides
the non-stationary phase factor term in the free space geometry. This non-
stationary phase factor term limits the perfect spatial stationarity condition of the
scattered optical field. The use of an optical system with an ideal Fourier transform

lens with focal length f and by considering that the lens has sufficiently large

aperture, the perfect spatial stationarity in the scattered field can be realized by
removing the non-stationary phase factor term (Takeda, 2013). Thus Eq. (2.24)
provides the potential to shape the speckle pattern by a proper choice of the source
structure term. The intensity of the source structure term controls the
autocorrelation function and thereby a suitable selection of the source structure
gives the potential to shape the statistical properties of the optical field in a desired

fashion.

2.3.2 Autocorrelation of speckle intensity using spatial
averaging

Correlation of intensity fluctuations were made use in a number of
techniques and applications starting from the well known Hanbury Brown and
Twiss intensity interferometer (Brown and Twiss, 1956, 1957). Autocorrelation of
the speckle intensity based on spatial averaging is utilized in photon correlation
holography technique to reconstruct three dimensional (3D) object information

(Naik et al., 2011). The autocorrelation function of speckle intensity of the

scattered field at the Fourier transform plane is given by
D(Ar) =(1(r)I(ry)), (2.25)

where <> , 18 spatial averaging under the assumption of spatial stationarity and

spatial ergodicity. The covariance function of the speckle intensity can be defined

as

C(Ar) =(AI(r)AL(r,)) (2.26)

where Al(r)=1 (r)—<1 (r)> represents the variation of intensity fluctuations from
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. 2 . . . . .
its mean value and I(r) = |E (r)| . The covariance function of intensity fluctuations

is directly related to the modulus square of the complex correlation function of the

scattered field and is given by
C(ar) =W ar)| 2.27)

The measurement of C(Ar) can be utilized to recover the amplitude information as

it is proportional to the modulus square of the complex coherence function which

is used in the photon correlation holographic techniques.

2.4 Vectorial extension of the statistical properties

The vectorial representation of statistical properties of optical field attains
significant interest after the unified theory of coherence and polarization of the
optical field (Wolf, 2007). Coherence and polarization arise from the same
statistical properties of a randomly fluctuating field. Coherence is the correlation
of the electric field fluctuations at two points and polarization is the correlation of
the vector component of the field at the same point. Recently a significant amount
of attention has drawn in the direction of the controlled synthesis of coherence and
polarization properties of the randomly fluctuating field and the potential of
random speckle pattern as a versatile tool in controlled synthesis. The modulation
of coherence and polarization by random phase screens and by using liquid crystal
spatial light modulators were demonstrated in recent years (Ostrovsky et al., 2009;
Shirai and Wolf, 2004). Vectorial extensions of coherence holography technique
were introduced recently which have the potential to control and synthesize the
vectorial random fields. (R. K. Singh et al., 2011, 2012). These techniques also
provide new ways to apply the polarization fringes in recording and reconstruction
of the information. In this section we focus on the extension of the concepts
introduced in the previous section to its vectorial regime so that the coherence and

polarization properties can be treated simultaneously.

Let us consider the case that the scattered field from a rough surface and the field

is Fourier transformed using a lens of focal length f as shown in Fig. 2.3. The

statistical properties of the random field at the Fourier transform plane is given by

a 2x?2 coherence-polarization (CP) matrix (Gori, 1998) given by
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(E.(r 1)E (r,.1,))  (EL(r,1)E, (1,,1,))
(E;(rut)E (r,1,))  (E,(1.1)E, (ry,1,))

(Wa it t) W (n.rt.t)
W, (r,rst.t) W (r,r;t,t,)

W(r,r,;t,,t,) =
(2.28)

where <> represents the ensemble average , r,andr, are the spatial points at the
Fourier transform plane, E (r,t) and E (r,t)are the orthogonal polarization
components for xand  ypolarization directions respectively and
W, (11,0 1.1,) = (E (1, 1)E,(ry,1,)) withi=j=xory. This CP  matrix

describes the spatial coherence and polarization properties as the 2x2matrix

contains the correlation of orthogonal polarization components £ (r,f) and
E (r,t). By using the assumption of spatial stationarity and spatial ergodicity

we can replace the ensemble average with spatial average at a fixed timer.

The scattered speckle field at the Fourier transform plane is given by
A o 27T s
E,(r) = [ E,(F)exp( jop, (7)) expl - ]ﬁr.r]dr (2.29)

where rand F are the spatial co-ordinates at the respective planes and E,(F)is the
vector component of the field incident on the ground glass, @,(F)is the random

phase introduced by the ground glass and A is the wavelength of light incident on

the ground glass.

The elements of CP matrix is given by

W, (1) = (E (r)E,(r,)) =[ E (1) E, (1, + Ar)dr, (2.30)

Here r,=r,+Ar and <>S represents the spatial average as a replacement of

ensemble average. On substituting the value of E; () , Eq. (2.30) modifies to
A 2T n
W, (Ar) = j 1,(F)expl—j ﬁAr.r]dr (2.31)

Here Il.j(f)zEf(f)Ej(f) and the rough surface is assumed to be free from
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birefringence so that ¢,(F) = ¢,(7) . Also considered 7, =7, =7 and made use of the

2r . . A oa
delta function relation [exp {— J ﬁ (r,—r)r } dr,=6(r,—r,).

Eq. 2.31 is regarded as the vectorial van Cittert-Zernike theorem based on spatial

averaging (R. K. Singh et al., 2013).

The covariance function of the intensity correlation of the scattered field can be
directly related to the elements of coherence-polarization (CP) matrix (Hassinen et

al., 2011). Thus the covariance function of intensity fluctuations is given by

Cror) =(M()AL(r)) = Z|W, ror)| (2.32)

where i = j=x ory. The estimation of CP matrix elements gives a direct access to

the generalized Stokes parameters (GSPs) (Korotkova and Wolf, 2005b) and is
given by

So(rlarz) ZWM(I'I,I’Z)-FVVW(FI,Q)
S,(r,ry) =W, (r,r,)-W (r,r,)
S,(r,r) =W, (r,r,)+W (r,r,)

S3(rl’r2) :i[Wyx(rl’rZ)_ny(rl’rZ):'

(2.33)

The knowledge of the CP matrix elements gives a direct access to coherence
polarization properties of the randomly fluctuating field. The degree of coherence

of the spatially fluctuating random field is given (R. K. Singh et al., 2013) by

Tr| W (Ar)W (Ar "
7(Ar)[ r[ (AW )]} (2.34)
Tr W(0)Tr W(0)

The spatial degree of polarization is given by

1/2
) 4detW(0)} 235)

PO)=|1 :
[TrW (0)]

Thus the extension of the concepts to vectorial regime has potential applications in

the controlled synthesis of coherence and polarization properties of randomly
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fluctuating field.

Shaping the laser speckle pattern by controlling the intensity source
structure term have a direct impact on the correlation function thereby on the
coherence and polarization properties of the scattered field. Thus the use of
diffractive optical elements as source structures can synthesize the statistical
properties of the scattered field in a desired fashion. Investigations on the
developments of experimental techniques to shape and detect the speckle patterns
using amplitude and intensity based interferometers are discussed in the following

chapters
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CHAPTER 3

SYNTHESIS OF LASER SPECKLE
AND ITS ANALYSIS BY USING
FIELD INTERFEROMETERS

The principles of optical interference have been studied for several years
and a number of interferometry techniques were build on this basis. Due to high
precision, the measurement techniques based on interferometry attains a great deal
of attention in imaging, holography, astronomy etc. Developments in the areas of
amplitude and intensity based interferometers opens up new ways to measure the
correlation of the radiation fields. Advances in speckle interferometry and speckle
holography techniques turn the attention to utilize the speckle pattern for various
applications (Labeyrie, 1975; Tebaldi, 2004; Weigelt, 1978). Unified theory of
coherence and polarization of randomly fluctuating field opens up new
opportunities in treating coherence and polarization together in terms of cross
spectral density matrix in space-frequency domain or beam coherence-polarization
matrix in space-time domain (Gori, 1998; Wolf, 2007, 2003b). Coherence and
polarization arise from the same statistical properties of randomly fluctuating field
and are correlations among electric field fluctuations at two points and correlation
of the vector component of the field at same point respectively. The potential of
polarization sensitive interferometer and laser speckle pattern is pointed out in the
vectorial coherence holography and Stokes holography (R. K. Singh et al., 2011,
2012; Takeda et al., 2005). In this chapter we focus on the synthesis of speckle
pattern using diffractive optics element such as Dammann phase type grating and
analysis of speckle pattern by developing field based/polarization sensitive
interferometers thereby demonstrating experimental techniques to study the
coherence and polarization properties of the statistically fluctuating random field.
Initial part of the chapter discusses the design and development of field
interferometer capable of single shot detection of complex field and the design of
Dammann phase gratings. Later part discusses the use of Dammann grating and
implementation of the field interferometer to generate one dimensional (1D) and

two dimensional (2D) spatial coherence arrays.
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3.1 Field based interferometers

Field based measurement techniques are widely used to detect the
interference of complex fields and has the potential to measure the complex
coherence function and fringe visibility. The significance of field interferometers
is unavoidable in the cases of polarization sensitive measurement techniques and a
significant number of works are devoted to develop the polarization sensitive
interferometers (de Boer et al., 1999; D. Kim et al., 2014; R. K. Singh et al., 2014;

Takeda et al., 2010). In order to obtain a single shot detection of complex field

(E(r)) we designed a field interferometer, which can work in scalar and vectorial

domain by inserting angular multiplexing. Since the scalar case i.e. the field with
uniform polarization (homogeneous) is a special case of more general vectorial
situation. Therefore we initiate the work by developing experimental technique to
detect single shot vectorial fields.

The designed experimental set up for the single shot detection of complex
field using field interferometer is shown in Fig.3.1. A linearly polarized He-Ne
laser beam of wavelength 632.8nm is collimated using a lens (L1) after passing
through a spatial filter (SF) arrangement. The beam is made linearly 45° polarized
by passing through a half wave plate (HWP) and this beam is introduced into a
specially designed polarization interferometer, which can simultaneously measure
the orthogonal polarization components of the beam. Non polarizing beam splitter
(BST1) splits the beam and the transmitted beam acts as the object arm and

reflecting beam acts as the reference arm for the polarization interferometer.
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Figure 3.1: Experimental set up for single shot detection of complex field

The beam which is transmitting through BS2 gets reflected from PLUTO type
phase SLM from the Holoeye (details of SLM is included in Appendix 3). The
SLM is used to introduce the diffractive optical elements in experimental
geometry that will discuss in detail in next section. The reflected beam from BS1
is allowed to pass through a telescopic setup, made of two lenses L2 and L3, and a
triangular Sagnac geometry. This triangular geometry is used to achieve the
angular multiplexing and uses a polarization beam splitter (PBS), which splits the
beam into orthogonal polarization components. The tilts in the mirrors M1 and M2
are adjusted to provide different spatial carrier frequencies to the orthogonal
polarization components in order to make two different interference fringes for
orthogonal polarization components of the light coming from the SLM/object arm.
The lenses L4 and LS5 constitute a 4f geometry that allows a direct imaging of
object in the SLM to the CCD camera. A schematic representation of angular
multiplexing by triangular Sagnac geometry is shown in Fig. 3.2. The fringe

pattern obtained from the polarization interferometer is captured using a CCD
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monochrome camera (Prosilica GX2750). The CCD camera is 14-bit having

resolution of 27502200 and a pixel pitch of 4.54um.

125mm

l 125mm

Total

length=250min

Figure 3.2: Triangular Sagnac geometry representing angular multiplexing

The captured fringe pattern consists of mesh of interference fringes with different
spatial carrier frequency for each one of the orthogonal polarization components
and is shown in Fig. 3.3(a). Fourier transform of the interference fringes results in
the separation of the spectrum of orthogonal polarization components from the dc
and its complex conjugate part. Fig. 3.3(b) shows the Fourier transform of the
mesh like fringe pattern. The spectrum and its complex conjugate are separated
from dc part (blocked in the Fig. 3.3(b) by making a rectangular window) for each
of the orthogonal polarization component. The spectrum and its complex
conjugate are separated in the Fourier domain diagonally as shown in Fig. 3.3(b)
for each of the orthogonal polarization components according to the tilts provided

in the mirrors M1 and M2.
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Figure 3.3: (a) Fringe pattern captured by the CCD camera (b) Fourier
transform of the fringe pattern (values on X-axis and Y-axis represents the
respective pixels).

3.2 Diffractive optical elements

The area of diffractive optics attains a wide attention to researchers due to
its broad range of applications. The use of diffractive optical elements gives the
flexibility to control and shape the laser beam according to the desired
applications. The progresses in high performance dynamically addressable spatial
light modulators provide the potential of real time implementation of the
diffractive optical elements with computer controlled data. In this section we focus
on the design of diffractive optical element such as Dammann phase type grating

and its examination using polarization interferometer.

3.2.1 Design of Dammann phase type grating

The diffractive optical elements (DOEs) plays a major role in the tailoring
of the beam for desired applications. Various approaches are developed for
generation of the array or multiple diffraction spots and significant among which
1s Dammann grating (Dammann and Gortler, 1971). The Dammann grating is a
binary phase grating whose phase transition points are optimized to create
diffraction spots with equal intensities and several optimization techniques have
been developed to design the Dammann grating with high diffraction efficiency
(Krackhardt and Streibl, 1989; Zhou and Liu, 1995; Zou et al., 2010). Recently, a

simple procedure to encode the Dammann grating onto a liquid crystal device is
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presented (Moreno et al., 2010). We used this procedure to design one
dimensional (1D) and two dimensional (2D) Dammann grating to encode in
spatial light modulator. The grating period is divided into different segments
having precise widths with phase shifts of either O or 7 rad. The desired number
of diffracted orders of the grating depends on the selection of precise transition
points (Zhou and Liu, 1995).

Let us consider a blazed grating with same period as that of the desired Dammann

grating which is given as

g(x) =exp[iyx] (3.1
where y = 27 U with d as grating period. The Dammann grating function for

this period can be represented as a Fourier series as

g'(x)= i C, exp[inyx] (3.2)

n=—0

Here the values of

Cn

is selected in such a way that these are equal for a set of

diffraction orders that will results in equal intensity spots. Using these concepts
and by choosing precise transition points (Zhou and Liu, 1995), we designed 1D
Dammann gratings with order three (period 80 pixels and total size 600 pixels
with pixels size 8um), order five (period 70 pixels and total size 600 pixels with
pixels size 8um) and order seven (period 95 pixels and total size 600 pixels with
pixels size 8um) and 2D Dammann grating of order three (period 80 pixels and
total size 600 pixels with pixels size 8um). Fig. 3.4 shows the designed 1D and

2D Dammann grating with different orders.
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Figure 3.4: Designed Dammann gratings (a) 1D with order three (b) 1D with
order five (¢) 1D with order seven and (d) 2D with order three (values on X-axis
and Y-axis shows the X-pixels and Y-pixels).

3.2.2 Evaluation of Dammann grating using polarization

interferometer

The phase structure of the Damman gratings is examined using the
polarization interferometer as shown in Fig. 3.1 and by using Fourier fringe
analysis approach (Takeda et al., 1982). Role of the polarization interferometer in
the analysis of the phase structure and diffraction pattern of the Dammann grating
is discussed by utilizing the characteristic feature of Pluto-Holoeye phase only
reflective type SLM. The SLM gives modulation to only one of the orthogonal
component of the light beam illuminating the liquid crystal display. Physical
dimension of the SLM is 1920x1080 with pixel size of 8um. The designed
Dammann grating is introduced in the experimental setup shown in Fig. 3.1 using
PLUTO-Holoeye SLM. Fringe pattern obtained from the polarization
interferometer is shown in Fig. 3.5(a). The mesh like fringe pattern shows
interference of the orthogonal polarization components from the reference arm
and the object arm without displaying grating structure in the SLM, i.e the SLM is
acting as a mirror. Fig. 3.5(b) shows the effect of the introduction of third order
Dammann grating, using SLM, in the interference mesh. Result of the Fourier

transform of the interference pattern of Fig. 3.5(b) is shown in Fig. 3.5(c). Result
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shows that the Dammann grating is encoded only in the one of the orthogonal
polarization of the light, and presence of three spots of equal intensity, as
highlighted in the circle of Fig. 3.5(c) for the demonstration purpose, in the
frequency plane confirms presence of the grating in the light reflected from the
SLM. On the other hand, light from other polarization component does not carry
any feature of the grating. Inverse Fourier transform of the filtered spectra gives
the phase of the field. This phase of the retrieved field in the grating encoded
component gives the Dammann grating structure and is shown in Fig. 3.5(d).

Phase variation in Fig. 3.5(d) is between 0 and m which confirms generation of a

binary phase type grating.
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Figure 3.5: (a) Fringe pattern captured by the CCD camera without grating (b)
fringe pattern captured by the CCD camera with Dammann grating of order three
c¢) Fourier transform of the fringe pattern showing the diffraction spots and (d)
Phase structure of the retrieved grating (values on X-axis and Y-axis shows the X-
pixels and Y-pixels).
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3.3 Generation of spatial coherence array using

Dammann grating

Coherence is one of the fundamental properties of the light and plays
important role in interference (Mandel, L. Wolf, 1995). Efforts to control and
synthesize the coherence has drawn significant attention due to its applications in
the field of optical coherence tomography, lithography, profilometry and
correlated imaging etc. Light with various kinds of coherence structure are
proposed and analyzed in recent years and significant among which are the
Gaussian—Schell model beam and spatially varying correlated beams (Chen et al.,
2014; Cui et al., 2013; Lajunen and Saastamoinen, 2011; Liang et al., 2014; Tong
and Korotkova, 2012b; F. Wang et al., 2013). Experimental generation of
spatially varying correlated beams such as elliptical Gaussian Schell model beam
and Lagurre Gaussian Schell model beam (F. Wang et al., 2013), rectangular
cosine — Gaussian Schell model beam (Liang et al., 2014) and a special
correlated partially coherent vector beam (Chen et al., 2014) were reported very
recently. The formal analogy between coherence function and optical field has
been used to develop an unconventional holography technique, called coherence
holography, to shape the spatial coherence of light in a desired fashion (Takeda et
al., 2005). In addition to coherence, polarization is another important parameter
for the characterization of the light source. Conventionally, coherence and
polarization are dealt separately. But recently, importance of the joint effect of
polarization and coherence has been recognized and efforts have been made to
unify the theory of coherence — polarization. This has played significant role in
characterization of many features of the fluctuating electromagnetic field (Gori,
1998; Tervo et al., 2003; Wolf, 2007). Controlled synthesis of coherence of light
in the vector fields has also drawn attention and leads to the demonstration of
various sources (Santarsiero et al., 2009; Tong and Korotkova, 2012a). Recently,
extension of the coherence holography to the vectorial domain is carried out and
techniques such as vectorial coherence holography (VCH) (R. K. Singh et al.,
2011) and Stokes holography (R. K. Singh et al., 2012) are developed. The VCH
generates maximum correlation at the center, i.e. correlation of the fields at the
same point, whereas the Stokes holography generates off-axis correlation maxima
by making use of the polarization modulation. With emerging interests in the
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spatially varying correlation field, developments of experimental methods to
generate such beams are important. We propose a new technique for the
generation of spatially varying correlation field with multiple high coherence
points by using Dammann phase type grating. Though the generation of multiple
diffraction spots using Dammann phase type grating is well known, no such
attempts have been made to use the Dammann grating for the controlled synthesis
of the statistical property of the light. This generates spatial coherence function

with equal intensities in transverse correlation.

3.3.1 Shaping the speckle pattern with Dammann grating

Principle of the proposed technique lies in the vectorial van Cittert Zernike
theorem which connects vectorial source structure with the spatial coherence —
polarization of light in the far field (Gori et al., 2000; R. K. Singh et al., 2013).
The Dammann grating is encoded into one of the orthogonal polarization
components of the light to control the vectorial source structure thereby shaping
the speckle pattern. The monochromatic laser beam encoded with phase grating
transmits through a static scattering layer/ground glass which generates a
scattered field. The scattered field is Fourier transformed using a lens of focal

length f and a conceptual representation of the principle of the technique is shown

in Fig 3.6.

Dammann
Grating

Scattering layer Fourier transform plane

Figure 3.6: Conceptual representation of the principle of the technique

The scattered field on the Fourier transform plane, for a fixed time t, is given by

. . a 2nrr | .
Ej(r)=jEj(r)eXp(z(pj(r))exp[—z Af }dr 3.3)
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Here E; (F)is the complex field incident on the static ground glass with j =xor y

and one of the polarization components on the ground glass is encoded with phase

grating g(r) =exp(ip(r)) where ¢(r) is the phase introduced by the Dammann

grating, Fand rare the position vectors in the ground glass plane and Fourier

transform plane respectively. ¢;(r)is the random phase introduced by the ground

glass and Ais the wavelength of the laser beam. Note that the fixed time t is
omitted for brevity. The statistical properties of the transverse vector field are

determined by 2 x 2 coherence — polarization (CP) matrix defined (Gori, 1998)as:

(E.(R)E(r,)) (E.(n)E,(r,))

W“"’”{(Ejm)a(rz)) <E;<r1>Ey<rz>>J G4

where (... stands for the ensemble average and E;(r)with j = xor yrepresents the

scattered field at the Fourier transform plane. Though both temporal and space
averages can be used as replacement of the ensemble average in the experimental
implementation. Here, we rely on the space averaging under the assumption that
the scattered field is stationary and ergodic in space. Even though the vectorial
source (i.e.Dammann grating) which we used in our experiment is a non
stationary source we can generate spatially stationary optical fields at observation
plane by choosing an appropriate propagation kernel and a perfect optical

system(Takeda, 2013). On consideringr, =r, + Ar, the elements of the CP matrix
are given by

W, (r,.1,) =(E;(r)E,(r,)) = (E; (1) E, (r, + Ar)) (3.5)

W,.(Ar) = [ E)(r)E, (r + Ar)a,
= j{” E(R)E, (F,)exp |:—i (o;(F) 9, (fz))] X exp {—i /21—7; (r,.F, -1, T, )} dr.dr, }dr]

JJE G Gyxexpl=i(g, -0, )]

2 dn,
X exp {—i ﬁ ((r,+Ar)r,—r.r1, )} dr,dr,

(3.6)

where W, (r,,r,)with j,k =xor yrepresents the elements of the CP matrix. The

ground glass is assumed to be free from birefringence and both polarization
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components experiences same random phase distribution due to the non-

birefringence property of the ground glass. i.e. ¢;(F) = ¢, (). By making use of
. 2. . PO .
the relation J.exp{—lﬁ(r2 —n)r }dr, =0(r, —r,) the elements of the CP matrix

given by Eq. (3.6) modifies to

W, (Ar) = IE} (FE,(F) exp[—ii—;ﬁm‘f} dF
(3.7)
:jl, (F)exp —iz—ﬂArf dr
Jk lf

where I, () = E; (F)E, (r) represents the intensity term at the static ground glass

plane. Eq. (3.7) transforms to vectorial van Cittert-Zernike theorem for

electromagnetic field based on spatial averaging. Note that 7, (F) = EJ (F)E, (F) is

a complex quantity which carries Dammann phase type grating imposed on the

ground glass plane. When j =k, the phase of the complex field cancels out.
Whereas, for j#k, the information is preserved and/ jk(f) becomes a complex

quantity which comes into play to control the spatial coherence function. This

feature of 7, () is exploited to encode the Dammann grating into the field and

generate desired array of the high spatial coherence points.
3.3.2 Experiment

An experimental setup designed for the generation and detection of the complex
scattered polarized field is shown in Fig. 3.7. A linearly polarized He-Ne laser
beam of wavelength 632.8nm is collimated using a lens L1 after passing through a
spatial filter arrangement (SF1). The collimated beam passes through a half wave
plate that converts the beam in to a linearly 45° polarized beam and the beam is
introduced into a specially designed polarization interferometer, which can
simultaneously measure the complex orthogonal polarization components of the
beam. The transmitted beam from the non polarizing beam splitter (BS1) act as
the grating arm and the reflected beam from the beam splitter act as the reference
arm of the polarization interferometer. This beam is allowed to pass through a
telescopic setup made of two lenses L2 and L3 and a triangular Sagnac

polarization interferometer used to achieve the angular multiplexing. The
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polarization beam splitter (PBS) splits the beam into two orthogonal polarization
components and the mirrors M1 and M2 are adjusted in such a way that it
provides different tilts to the orthogonal polarization components. The beam
which is transmitted from BS1 passes through the beam splitter BS2 and
illuminates the PLUTO spatial light modulator (SLM) from Holoeye (PLUTO-
VIS) with 19201080 resolution with a pixel pitch of 8.0 um. The size of the
beam which falls on SLM is of 4mm diameter and this SLM introduces a phase
variation to only one of the orthogonal polarization component of the incident
electric field. The SLM introduces the designed Dammann phase grating into the
beam and the complex field encoded with grating is imaged onto the ground glass
plane by 4f geometry with lenses L4 and LS. The scattered field from the static
ground glass is Fourier transformed using a lens L6 that creates a far field at its
focal plane. The scattered field from the ground glass and the orthogonal
polarization components of the field from the reference arm of the interferometer
are combined using a beam splitter BS3 and superimposed on the focal plane of
the lens L6. A set of interference fringes along with speckle field with different
spatial carrier frequency is generated for each orthogonal polarization component.
The speckle pattern obtained from the polarization interferometer is captured
using a CCD monochrome camera (Prosilica GX 2750). The CCD camera is 14-
bit, with 2750x2200 pixels and a pixel pitch of 4.54um (details of CCD camera is
included in Appendix 3).
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Figure 3.7: Experimental setup for the generation and detection of the complex
field of the polarization speckle
We designed Dammann phase type gratings of 1D with fifth order and seventh
order and 2D with third order that are shown in Fig. 3.4(a), 3.4(b) and 3.4(c). The
designed gratings were introduced in the experimental setup using PLUTO SLM
as shown in Fig. 3.7. In our proposed work, this grating shape the vectorial source
structure and consequently controls the spatial coherence function in the far field.
The complex scattered field of the orthogonal polarization components were
detected by the technique for spatial frequency multiplex polarization
interferometry and Fourier fringe analysis (Naik, Singh, et al., 2012). By using
Fourier fringe analysis technique the complex field for each polarization
component of the scattered field is obtained. Under the condition of spatial
ergodicity of the scattered field, elements of the CP matrix of the scattered field is

obtained by space averaging (R. K. Singh et al., 2011).
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3.3.3 Results and Discussion

The experimental results of the amplitudes of orthogonal polarization
components of the scattered field and elements of CP matrix of the field are
shown in Figs.3.8 ,3.9 and 3.10 for the Dammann phase grating of 1D with order
five and seven and 2D with order three respectively. The amplitude distribution of
the speckle field of each polarization component of the scattered field in which
Dammann phase type grating of order five is encoded in the beam using SLM is
shown in Fig. 3.8(a) and 3.8(b). The elements of CP matrix are controlled by the

vectorial source structure term I, () as expressed by Eq. (3.7). Let us consider
the case whenj=k=xory, ie [ (F)orl (fF). Due to the complex
characteristic of the 7, (F), the same components of the scattered field will give

I, r)= Ej (f)Ej r)= |E ; (r) ® This source distribution consequently results in

W, (Ar) and W (Ar) elements of CP matrix with central intensity point as

shown in Fig. 3.8(c) and 3.8(d) for the case of Dammann phase type grating of
order five. The central peak of Fig. 3.8(c) and 3.8(d) is explained by Eq. (3.7)

which is nothing but Fourier transform of uniform aperture. For the case when

Jj #k, the vectorial source structure term in Eq. (3.7) gives I, (F) =E_j(f)Ek (r)
i.e. Iw(r”) orI),x(f) which are complex terms. The correlation of orthogonal

components of the scattered field will retain a phase grating effect since one of the
components of the scattered field in our experimental arrangement is encoded
with a Dammann grating as a result of the characteristic feature of the PLUTO

phase only SLM. 1.e.
1,(r)= E: (FE, (r)= |E(r°)|2 exp(=i(@;(F) — ¢, (r))) exp(idp(F)) , where the

amplitudes |E,(F)| =|E, (F)|=|E(F)|. Sincep,(F)=¢,(F), the vectorial source

structure term modifies to 7, () =|EG)[" exp(ip(F)). This results into a spatial
coherence comb generation in W, (Ar) andW, (Ar) components of the CP

matrix as shown in Fig. 3.8(e) and 3.8(f) for the Dammann phase type grating of
order five. The spacing between the spatial coherence points can be controlled by

the period of phase grating used to shape the vectorial source structure.
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Figure 3.8: Experimental results: (a) & (b) Speckle field of orthogonal
polarization components. Amplitude distribution of elements of CP matrix for a
fifth order Dammann grating: (¢) W (Ar) (d) W (Ar) (e) W (Ar) () W  (Ar).

The values on X-axis and Y-axis represent the X-pixels and Y-pixels respectively
at the CCD plane and the color bar represent the intensity.

We use Dammann phase type grating of order seven to generate a spatial
coherence comb of 1-D array of seven equal amplitude points in a similar
procedure mentioned previously. The amplitude distribution of the speckle field
of each polarization component is shown in Fig. 3.9(a) and 3.9(b). The result of

spatial averaging of the same components of the scattered field give W _(Ar) and
W, (Ar)elements of the CP matrix as shown in Figs. 3.9(c) and 3.9(d)

respectively. Spatial averaging of orthogonal polarization components generate a

spatial coherence comb in W, (Ar) and W (Ar) elements of the CP matrix and

results are shown in Figs. 3.9(e) and 3.9(f) respectively. Here the phase grating of

order seven shapes the vectorial source structure and generates 1-D array of
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spatial coherence points with spacing corresponding to the period of phase

grating.

150

» 0000000 + + - ' 0000000 +

Figure 3.9: Experimental results: (a) & (b) Speckle field of orthogonal
polarization components. Amplitude distribution of elements of CP matrix for a
seventh order Dammann grating: (¢) W_(Ar) (d) W (Ar) (e) W (Ar) )

W, (Ar) . The values on X-axis and Y-axis represent t)he X-pixels and Y-pixels
respectively at the CCD plane and the color bar represent the intensity.

In order to generate a 2D array of spatial coherence points we designed 2D
Dammann grating of order three and is utilized to shape the vectorial source
structure. The CP matrix elements are described by the same procedure described
previously. The amplitude distribution of the speckle field of each polarization
component is shown in Fig. 3.10(a) and 3.10(b). The result of spatial averaging of

the same components of the scattered field give W _(Ar) andW, (Ar)elements of

the CP matrix as shown in Figs. 3.10(c) and 3.10(d) respectively. Spatial
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averaging of orthogonal polarization components generate a 3x3 spatial

coherence array in W, (Ar) and W, (Ar) elements of the CP matrix and results

are shown in Figs. 3.10(e) and 3.10(f) respectively. The use of 2D Dammann
phase gratings gives the potential to shape the vectorial source structure and
thereby generating a 2D spatial coherence array in the off diagonal elements of

the CP matrix.

Figure 3.10: Experimental results: (a) & (b) Speckle field of orthogonal
polarization components. Amplitude distribution of elements of CP matrix for a
third order 2D Dammann grating: (¢) W (Ar) (d) W (Ar) (e) W (Ar) ()

W, (Ar). The values on X-axis and Y-axis represent the X-pixels and Y-pixels

respectively at the CCD plane and the color bar represent the intensity.

3.4 Conclusion

We have experimentally demonstrated a new technique for the generation of

spatially varying coherence by demonstrating generation of 1D and 2D spatial
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coherence arrays with the use of Dammann phase type gratings. The development
of field based interferometer using triangular Sagnac geometry allows the single
shot detection of the complex scattered field and thereby allow to determine all
four elements of CP matrix elements from single detection. Our technique offers a
new method to synthesis and analysis of laser speckle pattern and consequently

controls the coherence and polarization properties of the fluctuating random field.
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CHAPTER 4

ANALYSIS OF LASER SPECKLE
USING INTENSITY
INTERFEROMETERS

Invention of intensity correlation interferometer by Hanbury Brown and
Twiss brought a major breakthrough in the correlation based techniques (Brown
and Twiss, 1957). Complex field interference methods are useful to measure the
two point complex coherence function but also sensitive to fluctuations. On the
other hand the intensity interferometer is less sensitive to the fluctuations and
measures the fourth order correlation or intensity correlation of the statistically
fluctuating random field. For the Gaussian random field, the cross-covariance of
the intensity distribution, i.e. fourth order correlation, is proportional to modulus
square of the second order correlation. Since the correlation is done electronically
after detection of photons as intensity, the intensity interferometers are simpler and
free from instability in phase. Usually this interferometer is applied to the
temporally fluctuating field; however recent interests are in the direction of using
it in spatially fluctuating field where the fluctuations in amplitude and phase for
two different spatial points is taken into account. In this section we propose and
demonstrate application of intensity based interferometer for analysis of the
spatially fluctuating random field. This is carried out by considering different
synthesis applications. Firstly we focus on the use of fourth order correlation in
combination with speckle holography technique to retrieve the complex coherence
function from spatially fluctuating random field. Later we demonstrate the
generation of singular point array in the coherence function of spatially fluctuating
random field. The random field is generated by three independent random sources
places in certain geometry. Finally we extended the idea to vectorial domain by
describing a new experimental technique for the determination of generalized
Stokes parameters (GSP) or CP matrix elements and demonstrate its application in
the synthesis of statistical properties of light field. Note that GSPs are two point
extensions of the Stokes parameters and are written as combination of different CP

matrix elements.
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4.1 Retrieval of complex coherence function using

speckle holography

Intensity based correlation approach of the light field gain significant attention in
recent years due to its potential applications in characterization of the optical field.
Correlation of the field at two different points, known as coherence function, is a
complex quantity. This complex coherence function can be measured using
interference of the complex fields and modulus of the coherence function is related
to the interference fringe visibility. Phase structure of the coherence function is
also important in the statistical optics, and in recent developments it is
demonstrated that incoherent illumination of a hologram reconstructs the 3-D
object as distribution of the spatial complex coherence function (Naik, Ezawa, et
al., 2012; Takeda et al., 2005). Complex field interference methods are useful to
measure the two point complex coherence function but also sensitive to
fluctuations. On the other hand intensity interferometer is less sensitive to the
fluctuations. For the Gaussian random field, the cross-covariance of the intensity
distribution, i.e. fourth order correlation, is proportional to modulus square of the
second order correlation (Mandel and Wolf, 1995). Invention of intensity
correlation interferometer by Hanbury Brown and Twiss brought a major
breakthrough in the correlation based techniques (Brown and Twiss, 1956).
Analysis of the two-detector intensity interferometer was first done by using a
classical description of the radiation field. A quantum mechanical interpretation

was later given by Glauber (Glauber, 1963).

Propagation of a coherent laser beam through scattering medium generates
spatially fluctuating Gaussian field. It is demonstrated that two point correlation of
the speckle field in the far field is related to the source structure by a Fourier
transform. Mathematically this is similar to the far field diffraction from an
incoherent source structure and that has the same spatial structure as the coherent
source (Naik et al., 2011; Takeda, 2013). Two point intensity correlation of the
speckle field measures modulus square of the complex coherence function but
phase information is lost (Naik et al., 2011). Phase structure of the complex

coherence function can be retrieved using higher order intensity correlations and
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phase retrieval techniques (Barakat, 2000; Bartelt et al., 1984; Ebstein, 1991;
Gamo, 1963; Gong and Han, 2010; Marathay et al., 1994). A method based on the
two point intensity correlation is also presented for recovery of the modulus and
phase of the spatial coherence function of a laser speckle (Ebstein, 1991). In this
approach, a random field is measured in at least two separated sub apertures. One
is to measure the intensity and relative phase of the light amplitude across a small
distance and second aperture is to measure intensity of the speckle. In this section
we describe an alternative method to retrieve the complex coherence of the laser
speckle by using the intensity correlation with help of off-axis holography
technique. Significance of this work lies with its ability to recover the complex
coherence of the laser speckle from a single shot intensity distribution. To apply
the holography principle, an independent reference speckle with known coherence
function is generated and coherently mixed with ‘object’ speckle field. Here
‘object’ speckle field corresponds to the random fluctuating field for which spatial
coherence needs to be measured. The reference speckle field with known
coherence function is synthesized by illuminating an independent scattering
surface with an off-axis coherent point source. The coherence function of the
reference speckle is a complex quantity with uniform amplitude and linear phase
term. The linear phase term of the reference coherence function is attributed to the
off-axis illumination and this can be explained by the van Cittert-Zernike theorem.
Two speckles, namely object and reference, are coherently superimposed and
cross-covariance of intensity distribution of the resultant speckle field is digitally
obtained. Here cross-covariance of the intensity is obtained by using spatial
averaging by taking advantage of the spatial ergodicity. Interference fringes exist
in the cross-covariance of the intensity of the resultant speckle. The complex
coherence of the object speckle field is retrieved using the Fourier fringe analysis.
Application of this method is demonstrated by experimentally measuring the
complex coherence of two different speckle fields at the Fourier plane and
accuracy of results is also examined by comparing experimental results with the

analytical one.

4.1.1 Complex coherence function from intensity correlation

[Mlumination of a scattering layer/ground glass by a monochromatic laser beam
generates a speckle field. A schematic representation of the generation of speckle
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field is shown in Fig. 4.1. The scattered field ( E,(r)) on the Fourier transform

plane for fixed time¢, is given by:

E,(r)= IEO(f)exp(igo(f))exp{—i 2;[7 }df 4.1

Here, E,(F) is the field incident on the ground glass and r is position vector on
the ground glass plane, ¢(F) a random phase introduced by the ground glass, 4 the
wavelength of the light, f the focal length of the Fourier transforming lens, and

fixed time is omitted for brevity. Suffix O stands for ‘object’ speckle and this is

used to distinguish from the reference speckle which will be defined later.

A
)
4

\ g
Scatterer plane Fourier transform plane

Figure 4.1: Schematic representation of the technique

Considering the situation of stationarity and ergodicity in space for the scattered

field at the Fourier transforming plane and noting thatr, =r, + Ar, a second order

correlation property of the speckle field is obtained by spatial averaging with

respect to variable r, over the observation plane, and given (Takeda, 2013) as:
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W, (Ar) = (Ey(1)E,(1,)) =1 Eq(r)E, (1, + Ar)d,

4.2)
= 1|E, () exp{—ii—;wf}df

In Eq. (4..2), the integration taken over the observation plane for spatial averaging

—27i(F, —F).1,
Af

spatial average as a replacement of the ensemble average for stationary spatially

results in a delta function Iexp{ }drl o d(F,—1,) and <> , 1s the

fluctuating field. For a random field obeying Gaussian statistics, there exist a
relation between the fourth order correlation and second order correlation, and this is

given as

C,o(Ar) = (A, ()AL, (r + Ar))  oc|W, (Ar)[ (4.3)

where C,(Ar)is cross- covariance of the intensity Io(r)[= E:;(r)EO(r)] and

Al,(r)=1, (r)—<I o (r)> is the spatial fluctuation of the intensity with respect to

its average value. As in Eq. (4.3) the cross — covariance is proportional to modulus
square of the second order correlation and phase information is lost. However, this
lost phase of the complex coherence function can be retrieved by using a known
reference complex coherence function with the help of off- axis holography
(Mehtha, 1968). To apply this, we generate a reference speckle pattern and spatial

coherence of this field is given as

: (f—fJ { .27 A} .
W, (Ar) = [circ £ lexp| —i—Arr |dr (4.4)
a Af

Here 7 =7, represents lateral shift of the reference beam of radius ‘a’ on the

ground glass plane. Let us consider coherent addition of the object and reference

speckles, the intensity at the Fourier plane is given as
1(r)=|E@)| =|E ,(r) + E, )| (4.5)

where E,(r)is the speckle due to the reference source. Since the resultant intensity

is a speckle hologram, the mutual coherence function corresponding to it should
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have contributions arising fr0m|E0(r)2, |ER(r)|2and the mixed term. The

coherence function of the resultant speckle field is

W(Ar)=(E"(r)E(r, +Ar))
= ({Eo )+ Ee(r)}* {E, (o + Ar) + Ey (14 An)} ) o

Since the scatterers used to realize the object- and reference beams are different,

we are justified in taking the contribution from the mixed term zero, i.e.

<E0 (r)E,(r, +Ar)> =0. Therefore the resultant mutual coherence function for the
resultant intensity is
W (Ar) =W, (Ar) + W, (Ar) @4.7)
This new holography technique offers solution to the phase problem. The fourth
order intensity correlation of the resultant speckle field is given as

(AL(F)AI(r+ Ar)) =W (Ar)|”
= [W, (AP +[W, (AP + W, (AW, (Ar) + W, (Ar)W, (Ar)

(4.8)

Here W, (Ar)and W, (Ar)denote complex conjugate of the coherence functions of

the random scattered fields engineered by object and reference source respectively.
Interference fringes exist in the cross-covariance of the intensity of the resultant
speckle. This interference fringe results due to superposition of the complex
coherence of the object and reference speckle fields. The off-axis geometry for
superposition of the two speckle fields is important for experimental
implementation of the proposed idea. This geometry modulates fringes of the
intensity correlation with properly selected carrier frequency in such a way that
Fourier spectrum of the ‘object’ coherence field gets separated from the central
background or dc. The complex coherence of the object speckle field is retrieved

using the Fourier transform.
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4.1.2 Experiment

We developed an experimental strategy equipped with an off- axis holography
technique to retrieve the complex coherence function of the speckle fields. The
experimental geometry to retrieve the complex coherence function using off-axis

holography technique is shown in Fig.4.2.

M2

HeNe (>I
Laser ! |

200mm

vz APERTURE
L2
A CCD CAMERA
GGz BS2
150mm 150min

Figure 4.2: Experimental setup for the proposed technique

The proposed experimental setup consists of a Mach - Zehnder interferometer with
the object arm (object speckle) controlled by an aperture of specific size. A linearly
polarized He-Ne laser beam of wavelength 594.1 nm after spatial filtering and
collimation (SF&L1) splits in to two by non polarizing beam splitter (BS1), which
constitutes the reference arm and object arm of the interferometer. The beam in the
object arm reaches the ground glass (GG1) after passing through aperture of
specific size placed very close to the ground glass. The scattered field from GG1 is
Fourier transformed using a lens (L.2) of focal length 150mm at the camera plane.
The reference beam of the interferometer is focused by a microscope objective
(MO) of magnification 10X at an off axis point on another ground glass (GG2) and
thereby generate a reference speckle field of known coherence function with a
linear phase factor. The linear phase factor is introduced to generate a spatial
carrier frequency. Both ground glasses GG1 & GG2 are of same GRIT but
generate different sizes of speckles due to the size of the illuminating beam. The
scattered field from GG2 is also Fourier transformed using lens L2. The two

speckle fields from object and reference arms of the interferometer are coherently
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superposed and the resultant field is detected in a single shot recording of intensity
distribution at the Fourier plane using a CCD monochrome camera (Prosilica
GX2750). The CCD camera is 14-bit dynamic range with 2750x 2200 pixels and a
pixel pitch of 4.54pm. Both ground glasses are static during the recording of the
resultant speckle field. Experimental retrieval of the complex coherence function is
carried out using the spatial averaging of the two point intensity correlation of the

resultant speckle field.

4.1.3 Results and Discussion

The resultant speckle field due to coherent super position of reference and object
speckle is recorded by CCD camera and the resultant speckle field is shown in
Fig.4.3 for two different cases. The speckle field is controlled by apertures of
diameter 1.5 mm and 4.0 mm in the object arm of the interferometer, and the

corresponding speckle fields are shown in Fig. 4.3 (a) and 4.3(b) respectively.

(b)

Figure 4.3: Random speckle pattern captured by the CCD camera (a) aperture of
diameter 1.5mm (b) aperture of diameter 4.0mm

The cross- covariance of the intensity distribution of the resultant speckle is
obtained by spatial averaging under condition of spatial stationarity and ergodicity.

This is implemented by taking a portion of the resultant speckle pattern as a matrix
1" (x,y) which represents one realization of the randomly scattered field. Here x
and y are the pixel spatial coordinates and take values up to 300 x 300 pixels. The
cross-covariance of the intensity pattern 1is obtained by correlating

AI™ (x, y)AI"™(0,0) for deferent realization of the speckle patterns and this process
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is represented as % [AI "(x, y)AI" (0, O)]/ M . Here, M represents the number of
m=1

different realizations of the matrix /" (x,y) produced by the pixel-by-pixel

movement of matrix [”(x,y)over the resultant speckle pattern. We have
considered the resultant speckle pattern of size 1200 x 1200 pixels and two-
dimensional scanning of 1™ (x, y) over the resultant speckle pattern provides 900 x

900 different realizations. The fourth-order intensity correlation of the speckle
pattern results in interference fringes and is shown in Fig. 4.4. The interference
fringe results due to superposition of the complex coherence of the object and

reference speckle fields as explained by Eq. 4.8.

x10" x10”
10

(a) (b)

Figure 4.4: Results of fourth order correlation showing interference fringes (a)
aperture of diameter 1.5mm (b) aperture of diameter 4.0mm. The color bar
represents the intensity.

The use of Fourier fringe analysis technique, separate the spectra from dc part in
the spatial frequency domain. High spatial carrier frequency due to linear phase of
the reference coherence function plays important role in separation of the
frequency spectrum from the dc. Inverse Fourier transform of properly selected
and centrally shifted frequency spectrum retrieves the complex coherence function
of the speckle field. Results of complex coherence function for apertures of
diameter 1.5 mm and 4.0 mm are shown in Fig. 4.5. Amplitude distribution of the
complex coherence function of the speckle fields for apertures 1.5 mm and 4.0 mm
are shown in Figs. 4.5(a) and 4.5(b) respectively and corresponding phase

distributions for 1.5mm and 4.0 mm are shown in Figs. 4.5(c) and 4.5(d)
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respectively. The small variation in the phase distribution of the coherence
function in Fig. 4.5(c) and 4.5(d) is attributed to the small deviation of the circular
aperture from the on-axis position. The complex coherence functions of apertures
1.5mm and 4.0 mm are also analytically evaluated using Eq. (4.2) and considering
uniform aperture illumination at GG1 plane, and results are shown in profiles in
Fig. 4.6(a) and 4.6(b). Eq. (4.2) is nothing but the van Cittert-Zernike theorem

based on spatial averaging under the assumption of spatial stationarity.

100 200 300

200 300

Figure 4.5: Amplitude distribution of complex coherence function (a) aperture of
diameter 1.5mm (b) aperture of diameter 4.0mm; Phase distribution of complex
coherence function (c) aperture of diameter 1.5mm (d) aperture of diameter
4.0mm. The values on X-axis and Y-axis represent the X-pixels and Y-pixels
respectively at the CCD plane and the color bar represent the intensity.

56



(a) 0.0 ®

& 0.5
0:6 1 0.4
0.4 03
0.2-
. o.l;m—-ﬂiLm—u—u

0 o A\ 0

0 150 300 0 150 300

A — Ar ——

Figure 4.6: Comparison of analytical and experimental plot (a) aperture of
diameter 1.5mm (b) aperture of diameter 4.0mm ( Ar = 4.54um).

The analytical solution of Eq. (4.2) is similar to the far field diffraction pattern of a
circular aperture. Red and black colors in the profile of Fig. 4.6 represent
analytical and experimental results respectively. The analytical result is evaluated
using the uniform aperture illumination on the scattering plane which is different
from exact practical situation, and this result into small deviation between

analytical and experimental results in outer side lobes.

In summary, we have developed and experimentally demonstrated a method to
retrieve the complex coherence function of the speckle field using two point
intensity correlation with holographic principle. Application of the proposed
method is demonstrated by experimentally measuring the complex coherence
function of the laser speckles for two different source apertures. The retrieved
complex coherence function of the laser speckle is also compared with the
analytical results and good agreement between analytical and experimental results

confirms the accuracy of the developed technique.

4.2 Generation of singular point array in spatially

fluctuating random field

Phase singularities or optical vortices results from the complete
destructive interference of three or more scalar waves on lines known as nodal
lines in 3D which when observed on 2D appeared as points. Phase singularity is

common in the randomly scattered coherent light and in other complex fields
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(Freund et al., 1993). Statistics of phase singularities in random optical fields or
speckle patterns has drawn considerable interests, and fair amount of literature
both theoretical and experimental are available on the subject (Goodman, 2007;
O’Holleran et al., 2008; W. Wang et al., 2005). Optical fields are inherently of
statistical nature. The phase singularities present in the instantaneous laser speckle
washed out due to incoherent nature of the light source and such singularities are
referred to as ‘hidden singularities’. Statistical parameter such as cross correlation
of the light field at two space-time points, known as complex coherence function,
plays fundamental role in characterizing the random light field. The complex
coherence function obeys wave equation in analogy to the complex optical field
(Mandel and Wolf, 1995). This analogy has permitted researchers to extend the
area of singular optics from the fully coherent to the incoherent fields. Existence
of the coherence vortex has been theoretically and experimentally investigated
using different approaches (Berry, 1978; Gbur and Visser, 2003; Schouten et al.,
2003; W. Wang et al., 2006; W. Wang and Takeda, 2006). The generation of
singularities in light scattered from random phase screen is statistically studied
(Berry, 1978). Singularity in the coherence function of the partially coherent
beams has been investigated using the Young’s interference pattern (Gbur and
Visser, 2003; Schouten et al., 2003). The coherence vortices have the degree of
coherence equal to zero without fringe visibility. Existence of the coherence
vortex can be tested using the interferometric method. The method investigates the
local properties of the phase singularities in the spatial coherence function and
used in the development of law of conservation for optical coherence (W. Wang et
al., 2006; W. Wang and Takeda, 2006). Recently an attempt is made in the
direction of generation of coherence vortex array using Mie scattering
(Marasinghe et al., 2011). In this section we discuss an experimental technique for
the generation of singular point array generation by making use of the intensity

interferometer technique.

4.2.1 Singular point array generation
Let us consider scattering of three independent coherent sources from a
scattering layer to the Fourier transforming plane of lens. A schematic

representation of the scattering of the sources from the scattering layer is shown in
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Fig. 4.7. Here independent sources specify full separation of three sources at the

scattering plane.

j}n Yy ‘

Scatteringlayer (GG) Lens Speckle pattern

Figure 4.7: Conceptual representation of the proposed technique

The scattered field (E(r)) on the Fourier transform plane, for fixed time ¢, is given

by

m m A C mon 2nrF | .
E"(r)=[E"(%)exp(ip (r))exp[—z 7 }dr (4.9)

Here, E"(F) is (m" =1,2,3) field incident on the scattering layer (ground glass

GG) and ris position vector on the plane, ¢"(F) a random phase introduced by

th

the ground glass corresponding to the m" source, A the wavelength of the light, f

focal length of the Fourier transforming lens, and the fixed time is omitted for
brevity. We have three independent random sources at the ground glass plane and

complex field at the Fourier plane is given by
Er)=E'r)+E*(r)+E*(r) (4.10)

Here, E(r) is random complex field which can be obtained numerically using Eq.

(4.9). The intensity (I (r)=|E(r)|2) allows estimating cross covariance function

which is given asC(r,r+Ar)= <AI(r)AI(r + Ar)> , Where <> is ensemble
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averaging and AI(r)=1(r) —<I (r)>is fluctuation of the intensity with respect to its
mean value.

Experimental implementation of the cross covariance of the intensity can be
implemented either using space or temporal averaging under the condition of
ergodicity in either space or time. Here we assume ergodicity in space (rather than

time) and replace the ensemble averaging by spatial averaging. With this
C(Ar) =(AI(r)AI(r+ Ar)) 4.11)
where <>S denotes the spatial averaging.

Considering Gaussian random field at the Fourier plane, the cross-covariance of
the intensity can be explained in second order field correlation as (Naik et al.,

2011):
Car) =war)|’ (4.12)

From the van Cittert-Zernike theorem, we know that the second order field
correlation is connected to the random source structure by a Fourier relation and

given as (R. K. Singh et al., 2013):

W (Ar) = jl(f)exp{—i 2;[? }df (4.13)

where I(r)is intensity over the source structure at the scattering plane. The three

random sources at the scattering plane are passing through different (independent)

portions of the ground glass and can be considered as independent; therefore we
are justified in taking contribution from mixed term<E’”*(r)E”(r+Ar)> ~0 for
m#n. Under this condition, complex coherence function of the random field is
given as;

W(Ar) =W'(Ar) +W*(Ar)+ W?(Ar) (4.14)
The complex coherence function of the off-axis circular and uniform source is

given as:

a

(2]

T
— 7 exp(—i — ArAf]
27[61% f Af

2 AP
r-
W™ (Ar) = Jcirc —é exp| =i 2% ArF |df
Af
(4.15)

2
=2ra
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Here, m=1,2and3 correspond to three sources, a is the radius of the circular
aperture and A’% is shift (in our case it is d) of the center of the circular aperture

from the optic axis. J,(.) is Bessel function of the first kind of order one. Eq. (4.15)

states that a linear phase term is introduced in the complex coherence function due
to an off-axis position of the illuminating aperture at the scattering layer.
Generation of the singular point array can be analytically examined using Eq.
(4.14) and (4.15) for proper positioning of three sources at the scattering layer

plane.

4.2.2 Singular point array detection

An interferometric test is utilized to confirm the generation of singular point array.
We considered a reference coherence function with known coherence profile
generated from another independent scattering source to superpose with the test
field given in Eq. (4.14). Distribution of the reference coherence function is

considered as:

F

WE(Ar) = [ cire ! exp| =i 2% A |df (4.16)
N T '

Here radius ‘b’ is considered to be smaller in comparison to the radius ‘a’ of the
random source as considered in Eq. (4.15). W*(Ar) provide a constant ‘reference’
wave covering the support of W(Ar) to record the ‘coherence’ interferogram. The
position of the circular aperture at the ground glass plane (7,) is adjusted in such a

way that proper carrier frequency is introduced to the reference coherence function

in order to satisfactorily apply the Fourier fringe analysis(Takeda et al., 1982).

(A" ()AL (r 4+ Ar)) =W (Ar)] )
=[W AR +WEAR] W ARWE (Ar) + W (ArW* (Ar) |

Here, W' (Ar)is the complex coherence function of the resultant speckle of
intensity I' (r) = E" (r)E"(r), complex field of resultant field is
E"(r)=E(r)+E"(r). The ‘resultant field’ is specifically reserved for interference

of all four beams (test and a reference random fields) to distinguish it from the
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complex field of Eq. (4.10) which arises due to interference of three random
sources described earlier. Reference complex speckle field (E*(r)) can be

obtained using Eq. (4.9). Reference source is independent from other three

previously discussed sources at the ground glass plane. We are justified in taking

<E (r)E*(r+ Ar)> ~ 0in the derivation of Eq. (4.17).

4.2.3 Experiment

The experimental setup for the proposed technique is shown in Fig. 4.8.
A coherent He-Ne laser beam of wavelength A=632nm, is spatially filtered and
collimated by spatial filter assembly (SF) and lens L1. The collimated beam splits
into two by a beam splitter (BS1) and forms the two arms of a Michelson
interferometer arrangement. The reflected beam from BS1 is further split into two
by a beam splitter BS2 and reaches to mirrors M1 and M2. Subsequently, these
two reflected beams, from M1 and M2, are focused at the scattering layer by lens
L2 of focal length 100mm. A static scattering layer (GG) is located at the focal
plane of lens L2. In order to spatially separate two focal spots at the GG plane the
mirrors M1 and M2 introduce different tilts. In our experimental geometry, the
focal spot of the beam coming from M1 is maintained at the optic axis, whereas
beam coming from M2 is focused at a point laterally away from the first one at the

GG plane.
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Figure 4.8: Experimental setup for the analysis of laser speckle pattern and
generation of singular point array.

The transmitted beam from BS1 again splits into two by a beam splitter BS3. The
reflected beam from M3 is focused on GG plane, by giving tilt in such a way that
the focal spot is shifted along a direction orthogonal to the previous focal spot. The
focal spots of the beams coming from mirrors M1, M2, and M3, make right angle
triangle geometry at the GG plane and these positioning in the GG plane is shown
in Fig. 4.8 with separation between any two spots d. The transmitted beam from
BS3 gets reflected from mirror M4 and is used as a testing beam for validating the
generation of coherence array. The reference beam from mirror M4 is allowed to
illuminate GG in an off-axis position and the size of the focal spot of the reference
beam is smaller in comparison with other beams so that an expanded speckle field
produced. This provides the proper stretch of the reference coherence function of
the reference speckle pattern. The light distribution at the ground glass plane is

Fourier transformed at the CCD camera plane by a lens L3 of focal length 200mm,
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and the speckle pattern is recorded. The camera is of 14-bit dynamic range, with
2750X2200 pixels and a pixel pitch of 4.54 pm (Prosilica GX2750). Note that
generation and testing of the singularities in the coherence function is carried out
from a single shot measurement of the speckle pattern and subsequently applying

the spatial averaging.

4.2.4 Results and Discussion

The amplitude distribution of the coherence function from the recorded intensity is
carried out numerically by estimating the intensity covariance distribution as given
in Eq. (4.11) which is related to the three random source structures as explained in
Egs. (4.12)-(4.14). Eq. (4.11) states that from the measured cross-covariance of the

intensity C(Ar), we can have only modulus square of the complex coherence

function, i.e. only amplitude distribution of the complex coherence function as
given in Eq. (4.14). The amplitude distribution of the coherence function shows
structure of the amplitude nulls. Network of the null in the amplitude distribution,
which corresponds to the singular point array, with different densities can be
clearly seen in Fig. 4.9. Fig. 4.9(a) 1s distribution of the coherence function for
three random source structures with separation (d) equal to 1.393mm. In this case,
a network of coherence vortex array of 5X35 is clearly visible. On the other hand,
amplitude distribution in Fig. 4.9(b) corresponds to the source separation 1.591mm
and density of the vortex array is 7X7. Though, null amplitude is apparent in the
Fig.4.9 but presence of vortex in the coherence function requires confirmation of
helical phase structure which can be performed by interferometric method. Here,
we use this approach to check the presence of helical phase structure in the

complex coherence function.
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Figure 4.9: Experimental results of amplitude distribution of the coherence vortex
array for two different structures of the three independent sources at the ground
glass plane (a) Sx5arrays (b) 7x7arrays. The values on X-axis and Y-axis
represent the X-pixels and Y-pixels respectively at the CCD plane.

The experimental detection of phase structure of the singular point array is
performed by interferometric test. The resultant speckle pattern is detected at the
camera (CCD) plane and using this data the cross-covariance of the resultant
intensity is estimated. This cross covariance represents an interferometric structure
due to superposition of the coherence functions. The phase structure of the singular
point array is recovered from this interferogram by making use of Fourier fringe
analysis technique (Takeda et al., 1982). The Fourier transform of the
interferogram separates out the spectra from other terms. The inverse Fourier
transform of the centrally positioned spectra reconstructs the desired complex
coherence function and the phase structure of the complex coherence function with
singular point array is shown in Fig. 4.10. The phase structures of the coherence
function with singular point array corresponding to 5x5and 7x7 array are shown
in Figs. 4.10(a) and 4.10(b) respectively. In the interferometric test for the
confirmation of singular point array generation we used the assumption of an
expanded reference coherence function to fully support the test. But in
experimental implementation these have limitation due to the reference beam size
at the GG plane, and this may produce residual phase errors of the coherence

function and results in a curvature effect as shown in phase structure of Fig. 4.10.
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Figure 4.10: Experimental results of phase structure of the coherence function
embedded with the coherence vortex array (a) 5x5arrays (b) 7x7arrays. The
values on X-axis and Y-axis represent the X-pixels and Y-pixels respectively at
the CCD plane.

In summary, we have experimentally demonstrated a method to generate singular
point array using intensity interferometer technique. This technique provides a
simple experimental scheme to produce singular point array with desired densities

for a spatially fluctuating random field.

4.3 Experimental determination of Generalized Stokes

parameters

Coherence and polarization properties of random electromagnetic beams attain
remarkable attention after the introduction of the unified theory of coherence and
polarization (Wolf, 2003b). The polarization property of a light wave is usually
characterized by four Stokes parameters (Goldstein, 2010) which contain field
correlation at one point. Theoretical and experimental advances in generalized
Stokes parameters (GSPs) (Ellis and Dogariu, 2004; Korotkova and Wolf, 2005b;
Tervo et al., 2009) which characterize the two point vector field correlations
attains recent interests in optical coherence theory. Most of the measurement
methods described to measure GSPs are based on two pinhole Young’s
interferometer and require combinations of retarders and polarizers( Kanseri et al.,

2009; Roychowdhury and Wolf, 2003; Setidld et al., 2006). Recent efforts to
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visualize the complex 2D coherence function (Zhao and Wang, 2014) and
generation of beam with special correlation functions (Chen et al., 2014) gives new
opportunities to explore the coherence and polarization of randomly fluctuating
fields. However field based measurement techniques (R. K. Singh et al., 2014,
2012; Zhao and Wang, 2014) are sensitive to the vibrations. Therefore other

alternative techniques are also sought in recent years.

The Hanbury Brown and Twiss intensity interferometer which measures the two
point intensity correlation is comparatively less sensitive to the vibrations or
external fluctuations (Brown and Twiss, 1956). Recent extension of Hanburry
Brown and twiss effect to electromagnetic waves gives potential to relate the
intensity correlation with the coherence and polarization properties of the field
(Hassinen et al., 2011; Tervo et al., 2003). Very recently a method is suggested to
access the two point Stokes parameters (GSPs) from two point intensity correlation
(Basso et al., 2014). This method provides the amplitude information of the GSPs,
but phase information is lost. Note that phase of GSP is highly significant in
imaging applications (R. K. Singh et al., 2013, 2012). In this section, we
demonstrate a new experimental technique to measure the complex GSPs by
intensity correlation. Basic principle of our technique lies in the relation between
fourth order correlation and complex coherence function (Mandel and Wolf,
1995). Our main interest in this work is to experimentally demonstrate the
measurement of complex GSPs i.e both amplitude and phase of all the four GSPs.
In this technique we utilized the coherent superposition of an independent
polarized reference speckle with a polarized object speckle field for which the

coherence and polarization property needs to be measured.

4.3.1 Generalized Stokes parameters from intensity correlation

Let us consider a transverse field generated from a random phase screen obeying
Gaussian statistics. The orthogonal polarization components are represented as
E (r,t) andE ,(F,t)at positions rand time twhere x and y represents the
direction of polarization vector components. The two point intensity correlation of
the scattered field can be directly related to the elements of coherence-polarization
(CP) matrix elements (Tervo et al., 2003). Thus the two point intensity correlation

is given by
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2
L(#.15.0) = (AL, DAL (13.1)) = 2 |W, (1.7, 1) (4.18)
1]

where the angular  brackets represents the ensemble  average,
Al(r,t)=1(r,1) —<I(r,t)> , I(r,t) = |E(r,t)|2 is the intensity at position rand time ¢

and W, (r,,r,,1) = <E, (r,nE; (rz,t)> are the elements of CP matrix with i, j=xory

Eq. (4.18) shows that I'(r;,r,,f) only contains modulus of W, (r,,r,,t) and phase

information is lost. To retrieve both amplitude and phase we have developed a new
technique with the help of intensity correlation in combination with holography
where complex coherence function for the scalar case is recovered with the help of
a known reference coherence function. Using similar strategy a reference polarized
speckle field generated from an independent scattering layer is coherently
superposed with the vectorial field generated from scattering layer for which the

coherence and polarization properties needs to be measured. Due to independence
of two random phase screens, we are justified to take< Ef (rl,t)EjO (r2,t)> =0

Therefore mutual coherence function from the resultant field is given as

W, @1y, ) =W (1,1, ) + WO (1,1, 1) (4.19)

where Wf (r,r,,t)and W,;,-O("p"z’t) represents the complex coherence function of

scattered field from reference and object random phase screens. Thus now the two

point intensity correlation of the field measured is simply
N 2
T(r.r,)= ZKEI, (n)E, (r2)>‘ (4.20)
i

where E,(r)=E(r)+E’(r) is the sum of the polarization components from the

reference and object speckle field. The fixed time 1is omitted for brevity.

The random field Eis allowed to pass through a measurement scheme consist of a
quarter wave plate (QWP) with its fast axis rotated by an angle 6 with respect to
X direction and then filtered by a linear polarizer (LP) in X direction prior to the
intensity correlation. A schematic representation of the measurement scheme is

shown in Fig. 4.11.
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Figure 4.11: Schematic representation of the measurement scheme using a QWP
and LP.

The field after the polarization elements is given by

E,.(r) =|cos” O+isin® 0 (£ (r)+ E7 (1) 421
+[(1—i)cost95in49](Ef(r)+Eyo(r)) (4.21)

The intensity correlation is the modulus square of the electric field correlation at
two spatially separated points. Using Eq. (4.21) and with appropriate trigonometric

substitutions the intensity correlation in Eq. (4.20) modifies to

(1+cos2 29)(fo(q,rz)+fo(nJ‘2))+
(1—COS2 29)(Wy§(r1’r2) +Wy§(r1’r2))+
(4.22)

r(r.r,.0) =§
2

sin 460
2

(sln4‘9_isinZHJ(Wx’;(rl,rz)+W)§(r1,r2))+
( +isin 29)(Wy§(1‘1,r2)+Wyf(rl,r2))
where W, (r;,r,) = <El.l*(r1)Ej. (r2)> with i = j=x or yand / = R or O (See Appendix 1

for detailed derivation).

On introducing the GSPs in terms of CP matrix elements, eq. (4.22) modifies to
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[S,(AM]+[S, (Ar)]cos* 20

1

I'(Ar,0)=— ind (4.23)
4+[S,(ar)] sz 9 15,(Ar)]sin26

where Ar=r,-r, and we  have used the representation

S, (r,r) =8 ,r,)+S.(r,r,) with k =0,1,2 and 3and

So(Ar) =W, (Ar)+W, (Ar)
S1(Ar) =W, (Ar) =W, (Ar)
S,(Ar) =W, (Ar)+ W, (Ar)
S!(ar) :i[W;X(Ar)—Wé, (Ar)] with/=R or O

(4.24)

Thus the two point intensity correlation measured is direct functions of four GSPs
which contains the field from both reference and object arms. By choosing
appropriate angles for QwP rotation (i.e0) such that

6 =0,0,=22.5,0,=45 and 6, =135"; four intensity correlation results which

are the combination of GSPs can be obtained as

1 2
L(Ar.0) =7 [Sy(ar)+S,(ar)]

|2

1 S,(Ar) S,(Ar) S,(Ar)
T(Ar,6,) = —|S,(Ar)+ + +
4 2 2 V2 | (4.25)

1 2
T(Ar,0,) = |S,(Ar)+ 8, (ar)

I(Ar.0,) = ilsomw s, Anf

Each of the intensity correlation resulting from the particular rotation of the QWP
gives an intensity correlation hologram which results from the coherent
superposition of object speckle field with the independent reference speckle field.
Experimentally the intensity correlation of each of the speckle pattern
corresponding to the rotations of the QWP is performed using spatial average as an
effective replacement of ensemble average on the assumption of spatial stationarity

and ergodicity of the spatially fluctuating field
(i.e. T(Ar,6,) =(AI()I(1; + Ar))  with Ar =7, —r; and m=1,2,3and 4).  This

intensity correlation hologram resulting from the different rotations of the QWP
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are combinations of the GSPs as given in Eq. (4.25). From these holograms we can
recover the complex GSPs of the object field using Fourier transform filtering
approach. Fourier transform of the intensity correlation hologram separates the
desired spectrum of the field under consideration from other terms. Inverse Fourier
transform of the appropriate combinations of the properly filtered and centrally

shifted spectra results into the desired GSPs of the field and is given by

SO (Ar) = 2I"(Ar,6,) + 2T (Ar, 6,)

SO(Ar)=4T"(Ar,0)—2I"(Ar,6,) - 2T'(Ar, 6,)

SO (Ar) = 8T'(Ar,6,) - 2(1+2)T'(Ar, 6,) (4.26)
~2(1-2)r'(Ar,6,)—4T"(Ar,6))

S2(Ar)=2I"(Ar,0,)—2T"'(Ar,6,)

where T'(Ar,0,) withm=1,2,3 and 4 are the inverse Fourier transform of the

spectra which is filtered and translated to the origin of the frequency axis and

contains only the information about the object field.

4.3.2 Experiment

The experimental implementation of the proposed measurement technique is
shown in Fig. 4.12. A linearly polarized He-Ne laser beam of wavelength 632.8
nm (Melles Griot) is filtered using a spatial filter assembly (SF) and collimated
using a lens L1 of focal length 200mm. A half wave plate (HWP)converts the
linearly polarized collimated beam to a linearly 45° beam and this beam passes
through a non polarizing beam splitter (BS1) which splits the beam into two,

constitutes the two arms of a Mach-Zehnder interferometer.
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Figure 4.12: Experimental setup for the measurement technique

The reflected beam from BSI1 is folded by a mirror M1 and illuminates a random
phase screen (GG1) through a microscope objective (MO) which generates an
independent reference speckle field. The transmitted beam from BS1 is folded by
mirror M2 and illuminates a random phase screen (GG2) through an aperture
(circular or annular aperture) which is placed very close to GG2 to constitute the
object speckle field. The reference and object speckle field from the two arms of
the interferometer are combined using a non polarizing beam splitter (BS2) and
Fourier transformed using a common lens L2 of focal length 150 mm. The lens L2
is used in order to fulfill requirement of the spatial stationarity in the spatially
fluctuating random field. The resultant speckle field is allowed to pass through a
QWP rotated at an angle 6 with respect to X direction and filtered by a linear
polarizer (LP). Transmission axis of LP is placed in the X direction (shown in inset
of Fig.4.12) and field is captured by a monochrome CCD camera. The camera is of
14 bit dynamic range with 2750x2200 pixels and a pixel pitch of 4.54um (Prosilica
GX2750). Both ground glasses are static during the recording of the intensity
distribution of the speckle field and intensity is recorded for four different rotation

angles of QWP.

4.3.3 Results and Discussion

The optical field to be analyzed which is passing through the random phase screen
(GG2) is controlled by aperture and generates the vectorial scattered field which is
coherently superposed with the independent vectorial reference speckle field from

GGl1. Aperture at the plane GG2 shapes coherence-polarization properties of the
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random field at the CCD plane. The resultant speckle field for the four
combinations of the QWP and LP are recorded using CCD camera. Two point
intensity correlations of the speckle intensity at the CCD plane results into
holograms corresponding to each of the QWP rotation. By Fourier fringe analysis
technique and using Eq. (4.26) the GSPs of the desired optical field is measured.
Experimental results of the measured GSPs for a circular aperture as source

structures are shown in Fig. 4.13 and Fig. 4.14.
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Figure 4.13: Experimental results of amplitude distribution of complex GSPs with
circular aperture of 4mm diameter (a) sZ(r) (b) s°(ar) (c) s2(ar) (d) S2(Ar)
The values on X-axis and Y-axis represent the X-pixels and Y-pixels respectively
at the CCD plane and the color bar represent the intensity.

Fig. 4.13(a)-(d) shows the amplitude distribution and Fig. 4.14(a)-(d) shows the
phase distribution of complex GSPs for the case of circular aperture of 4mm

diameter as source structure. Fig. 4.13(a) represents the amplitude distribution of
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S2(Ar) and Fig. 4.14(a) represents the corresponding phase distribution. The
uniform phase distribution with a zero index value shows the complete retrieval of
phase along with its amplitude. Fig. 4.13(b) and 4.14(b) shows the amplitude and
phase distribution corresponding to S”(Ar). A low intensity value in amplitude
distribution as shown in Fig. 4.13(b) shows relative strength of orthogonal x and

y component at the scattering plane.

Figure 4.14: Experimental results of phase distribution of complex GSPs with
circular aperture of 4mm diameter (a) s2(Ar) (b) s%ar) (c) s2ar) (d) s2(ar)
The values on X-axis and Y-axis represent the X-pixels and Y-pixels respectively
at the CCD plane and the color bar represent the phase profile.

The amplitude and phase distribution of Sy (Ar) are shown in Fig. 4.13(c) and

4.14(c), where the high intensity value in amplitude distribution provides the

information of the linear polarization at 45° dominates over other polarization state

at the random source plane. Fig. 4.13(d) and 4.14(d) corresponds to the amplitude
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and phase distribution of SY(Ar). A negligible intensity value in amplitude

distribution corresponding to Fig. 4.13(d) shows the amount of -circular
polarization is negligibly small compared with the linear 45° polarization state at

the random source plane.

Results of amplitude and phase distributions of complex GSPs for an annular
aperture with 4mm diameter and an obstruction ratio 0.5 are shown in Fig. 4.15(a)-

(d) and Fig. 4.16(a)-(d) respectively.

20 40
(c) (d)

Figure 4.15: Experimental results of amplitude distribution of complex GSPs with
circular aperture of 4mm diameter (a) s2(Ar) (b) s%ar) (c) s2ar) (d) S2(ar)
The values on X-axis and Y-axis represent the X-pixels and Y-pixels respectively
at the CCD plane and the color bar represent the intensity.

The amplitude distribution has high intensity values forS{ (Ar)andSY (Ar)as

shown in Fig. 4.15(a) and 4.15(c) which confirms that linear polarization at 45°

dominates over other polarization state. The corresponding phase distribution
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shown in Fig. 4.16(a) and 4.16(c) shows a uniform distribution of phase with a
zero index value. i.e. both amplitude and phase distribution of all the four complex
GSPs behaves in a similar way as the circular aperture as source structure except
that the complex quantities narrows down and side lobes are dominating due to the
obstruction in the annular aperture in comparison with the circular aperture. The
experimental results obtained with circular and annular aperture are in well
agreement with the analytical results obtained using the van Cittert-Zernike

theorem and a profile of amplitude distribution of S (Ar)and SY (Ar) is shown in

Fig. 4.17(a) and 4.17(b) respectively. The other two GSPs are negligible and not
plotted in Fig. 4.17. Red and magenta dotted lines in Fig.4 represent the
experimental results and blue and green lines represent the analytical results for
circular and annular apertures respectively. Analytical result is evaluated using the

Gaussian illuminating beam (with large beam waist) at the scattering plane.

Figure 4.16: Experimental results of phase distribution of complex GSPs with
circular aperture of 4mm diameter (a) s2(Ar) (b) s%ar) (c) s2ar) (d) S2(ar)
The values on X-axis and Y-axis represent the X-pixels and Y-pixels respectively
at the CCD plane and the color bar represent the phase profile.
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Figure 4.17: Normalized amplitude profiles of the analytical and experimental
results of (a) s%(ar) and (b) s%(ar) for the circular and annular apertures (

Ar =4.54um).

In summary, an experimental technique is demonstrated for the complete
measurement of complex GSPs by making use of vectorial speckle holographic
technique in combination with the two-point intensity correlation. The application
of the technique is experimentally demonstrated by measuring the complex GSPs
using a circular and annular aperture as source structures. The technique is
expected to be play crucial role in determining the statistical properties of the

random vector field and also in optical imaging.

4.4 Synthesis and analysis of statistical properties of a

randomly fluctuating polarized field

Recently a significant amount of attention is drawn in the direction of propagation
based polarization changes and controlled synthesis of coherence and polarization
properties of randomly fluctuating field due to its application in optical imaging
and correlation induced spectral changes. Propagation induced polarization
changes in partially coherent optical beams and changes in the state of polarization
of an electromagnetic beam on propagation were studied (Agrawal and Wolf,
2000; Korotkova and Wolf, 2005a). Correlation induced changes in coherence and
polarization were examined theoretically and experimentally in recent years
(Korotkova et al., 2005; Salem and Wolf, 2008; Wolf, 2003a). Modulation of

coherence and polarization by random phase screens and by using liquid crystal
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spatial light modulator were examined (Ostrovsky et al., 2009; Shirai and Wolf,
2004). An experimental approach for the estimation of degree of coherence of
optical waves polarized in the plane of incidence is investigated recently
(Angelsky, Hanson, et al., 2009; Angelsky, Zenkova, et al., 2009). A technique for
controlling and synthesizing optical fields in vectorial regime with desired
coherence-polarization matrix elements is introduced as an extension of coherence
holography (R. K. Singh et al.,, 2011). Synthesis of vector beam with special
correlation functions for the efficient control of intensity distribution and degree of

polarization on propagation was introduced very recently (Chen et al., 2014).

The use of fourth order correlation or two point intensity correlation for the
measurement of coherence and polarization properties of random field gain a
significant attraction very recently (Basso et al., 2014; Hassinen et al., 2011; Tervo
et al., 2003). Our technique on experimental determination of generalized Stokes
parameters using fourth order correlation based on spatial averaging has potential
in characterizing the inhomogeneous polarization states. By following approach of
vectorial speckle holography and intensity correlation, we propose a method for
analysis of statistical properties of synthesized random field using the 2x2 complex
coherence-polarization matrix. The synthesis of random field is created by
generating inhomogeneous polarization state at the scattering plane with help of a
vortex structure. This vortex phase structure is introduced into one of the

orthogonal polarization component of the light at the scattering plane.

4.4.1 Synthesis of coherence-polarization properties of the field
The statistical properties of the fluctuating electromagnetic field propagating very
close to the z axis in space-time domain is expressed by the beam coherence-

polarization (CP) matrix (Gori, 1998) and is given as

(4.27)

W_(r,r,,t) W_(r.r,,1)
W(rl’rz’t):[ v v ]

‘Al)'x(rl’rZ’t) Wyy(rlsrz’t)

where W, (r,r,,1) :<El.*(r1,t)Ej(r2,t)> with i=j=xory, E(r,)and E (r,f)are

the orthogonal polarization components of the field at positions rand time ¢
,asterisk denotes the complex conjugate and the angular brackets represents the

ensemble average. The C-P matrix elements can be directly related to the two point
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intensity correlation of the fluctuating electromagnetic field by the relation

(Hassinen et al., 2011; Tervo et al., 2003)

L. ry.1) = (AL (1. DAL (ry, 1)) = S|W, (1,0 (4.28)

where AI(r,0) =1(r,t) = (I1(r,0)), 1(r,t) =|E(r, t)|2 is the intensity at position rand

time 7. By following approach discussed in previous section, we demonstrated an
experimental scheme for the controlled synthesis and analysis of statistical

properties of the fluctuating electromagnetic field.

In this technique the resultant coherence function at the observation plane is
superposition of coherence functions of reference random field and a synthesized

random field. Therefore the resultant coherence function is given by

W, (1.1,) =W"(r,.r,) +W* (1,,1,) (4.29)

where W“R(rl,rz) and W° (r;,r,)are the complex coherence functions of the
i y

reference random field and synthesized random field for fixed timez? .

Synthesis of coherence and polarization properties of the randomly fluctuating
electromagnetic field is controlled by a circular aperture of specific size which
shapes the spatial degree of coherence at the observation plane and a vortex
structure in one of the orthogonal polarization components of the fluctuating field.
The vortex structure generates an inhomogeneous polarization structure and able to
synthesize the spatial degree of coherence and spatial degree of polarization. The
generated optical vortices have the singular point where the amplitude vanishes
while around the point of singularity the phase varies as an integral multiple of 2 .

The wave front of the vortex beam is helical and complex amplitude of the vortex
beam for unit topological charge is represented as r exp(_f%z)exp(i@ , where ¢

is the azimuthal angle in transverse plane and wrepresents the beam waist of
Gaussian profile. In our experimental demonstration we used a spiral phase plate to
generate the inhomogeneous polarization structure. A schematic representation of
topological charge distribution in the spiral phase plate is shown in Fig. 4.18

(detailed specifications of SPP is included in the Appendix 3).
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Figure 4.18: A schematic representation of the topological charge distribution in a
spiral phase plate (SPP). The highlighted area in red circle is the topological
charge 1 which we used in our experiment.

The synthesized CP matrix elements at the Fourier plane is given as
S(Ar) =11 (F 27 Ar 7 | dF
W, (Ar)=[1,(r)exp —lﬁ F\dr (4.30)

where [1;(F) =E (F)E;(r)is the vectorial source structure term which determines

the synthesize of the randomly fluctuating field in a desired fashion and F
represents the position vector in the source plane. Eq. (4.30) is nothing but the
vectorial van Cittert -Zernike theorem for an electromagnetic field based on spatial

averaging(R. K. Singh et al., 2013). Due to the complex nature of the /,(7) , when

i = jthe quantity is real and wheni = jit results in a complex quantity. For the
case when one of the orthogonal polarization components generates a vortex beam,

1, (F)term yields a complex quantity fori=j. ie.

I,(F)=|EF)

*Fexp (‘f%z )exp (ip) where the amplitudes |E,(F)| = ‘E (P

=|E(F)

. The synthesized CP matrix elements are determined by the measurement
procedure measured in the previous section (a detailed derivation of synthesized

CP matrix elements is presented in Appendix 1) and is given by
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WS (Ar) = 2T (Ar, 6))
WS (Ar) =21 (Ar,6,)+2T (Ar,6,) -2 (Ar,6)
WS (Ar) =4T (Ar,6,) 2T (Ar,6)
—~(1+\2 =)' (Ar,0,)— (=2 +)T ' (Ar,6,)
W, (Ar)=4T (Ar,6,) - 2T (Ar,6)
—(A+\2+DT'(Ar,0,)—(1-2 =D (Ar,6,)

(4.31)

where F'(Ar,ﬁk) with k =1,2,3 and 4 represents the inverse Fourier transform of

the centrally shifted spectra.

The knowledge of the CP matrix elements gives a direct access to coherence
polarization properties of the randomly fluctuating field. The coherence and
polarization features of the spatially fluctuating random field is given by the

relations (R. K. Singh et al., 2013)

e[ WS AW A ] )
y(Ar —( r[ S( ) (S )]J (4.32)
Tr WS (0)Tr W*(0)
[TrWS(O)]

where y(Ar)is the degree of coherence and P(0)is the spatial degree of

polarization.
The relation connecting spatial degree of coherence and spatial degree of

polarization is

) 1/2
P(0)=(27°(0)-1) (4.34)
When degree of coherence y(0) =1, the spatial degree of polarization P(0)=1. i.e.
the state of polarization is uniform over the observation plane.
4.4.2 Experiment
An experimental setup devised to synthesize and analyze the statistical properties
of the fluctuating electromagnetic field is shown in Fig. 4.19. The experimental

setup includes two parts namely synthesis and analysis blocks. Synthesis block (as

shown in Fig.4.19 by dotted lines) consists of an inner interferometer to synthesize
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the random field in a desired fashion. The analysis block makes use of the speckle
interferometric technique and two point intensity correlation based on space
averaging. For the measurement of C-P matrix elements a measurement technique
based on a quarter wave plate and a linear polarizer is employed in the present

experimental demonstration. Description of the experiment is as follows.

e

He-Ne Laser

CCD CAMERA
QWP LP

150mm 150mm

Figure 4.19: Experimental setup for the controlled synthesis and analysis of
coherence-polarization properties of the randomly fluctuating field; the synthesis
part is shown in dotted block.

A linearly vertically polarized He-Ne laser of wavelength 632.8 nm is oriented
linearly 45° polarized using a half wave plate (HWP). The beam is filtered using a
spatial filter (SF) consisting of a microscope objective and a pinhole combination
and collimated with a lens L1 of focal length 200mm. The collimated beam splits
into two by a non-polarizing beam splitter BS1 which constitutes the two arms of
the Mach-Zehnder type interferometer. The reflected beam from BSI1 is folded
using a mirror M1land focused to an off axis point on a random phase screen
(Ground glass-GG1) using a microscope objective MO of magnification 10X. The
scattered field from GGlconstitutes the reference arm of the speckle
interferometer. The transmitted beam from BS1 splits into orthogonal polarization
components using a polarization beam splitter PBS. The reflected and transmitted
beams from PBS are folded using mirrors M2 and M3 respectively and combined
using a non-polarizing beam splitter BS2. A spiral phase plate SPP is introduced in
the transmitted arm from PBS for the controlled synthesis of the statistical

properties of the fluctuating electromagnetic field. The SPP is from RPC
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photonics, USA and can generate topological charges from one to eight. The fully
overlapped orthogonal polarization components from BS2 is allowed to fall on a
random phase screen (Ground glass-GG2) controlled by a circular aperture of
specific size. Ground glasses GG1 and GG2 with 120 GRIT and generate different
sizes of speckle according to the illuminating beam size. Insertion of vortex
structure into one of the orthogonal polarization components generates
inhomogeneous polarization state at the scattering plane GG2. The speckle field
generating from GG2 and GGI1 are coherently superposed using a non-polarizing
beam splitter BS3 and Fourier transformed using a common lens L2 of focal length
150mm. The resultant scattered field is allowed to pass through a quarter wave
plate aligned at an angle @ with X -direction and a linear polarizer filtered in the X-
direction. The resultant speckle field intensity are recorded for four specific
rotations of the QWP and recorded using a CCD monochrome camera (Prosilica
GX 2750). The CCD camera is 14- bit, with 27502200 pixels and a pixel pitch of
4.54pm.

4.4.3 Results and Discussion

The controlled synthesis of coherence-polarization properties of the randomly
fluctuating field is achieved by using a circular aperture placed very close to the
random phase screen and controlling one of the orthogonal component in the
object arm of the Mach- Zehnder interferometer with a spiral phase plate having
topological charge one. A coherent beam illuminates the ground glass GG2 and
generates a random field which is completely coherent and polarized (in a usual
sense). The degree of polarization is unity everywhere, though the state of
polarization gradually changes from point to point at the observation plane.
However, the spatial random fluctuation of such speckle field can be described by
replacing ensemble average with spatial average (rather than in time) and the
corresponding degree of coherence and the spatial degree of polarization can be
defined for such spatially fluctuating fields(R. K. Singh et al., 2013, 2014). The
random field is controlled by the aperture at the GG2 plane that shapes the
coherence-polarization properties of the field at the CCD plane. Note that this
random field is spatially fluctuating in space and a direct relation between source
structure and coherence-polarization properties at the CCD plane is given by the

vectorial van Cittert-Zernike theorem. Each combination of the QWP and LP gives
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speckle field intensity and is captured at the CCD plane. On considering the space
average of the resultant intensity at this plane the two point intensity correlations
for four different combinations results into holograms. The use of Fourier
transform method to intensity correlation hologram and by using Eq. (4.31) the
desired C-P matrix elements can be retrieved. In the experimental implementation
initially the two orthogonal polarization components are fully overlapped and then

controlled by a circular aperture at the GG2 plane.
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Figure 4.20: Amplitude and phase (shown in inset) distribution of C-P matrix
elements for a beam controlled by a circular aperture of 2mm diameter (a) W3 (Ar)

(b) w.(ar) (c)W;(aryand (d) W) (Ar). The values on X-axis and Y-axis represent

the X-pixels and Y-pixels respectively at the CCD plane and the color bar
represent the intensity.

In the second case in one of the orthogonal polarization component in the object
arm of the interferometer a SPP with a topological charge one is inserted so that it

will generate a vortex beam at this arm. The generation of a vortex beam in this
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arm provides the opportunity to synthesize the randomly fluctuating field in a
desired fashion according to Eq. (4.30). The amplitude and phase distribution
(shown in inset) of synthesized C-P matrix elements for the two different cases are
shown in Fig. 4.20 and 4.21 respectively. Fig. 4.20(a)-4.20(d) shows the amplitude
distribution and in insets its corresponding phase distribution of C-P matrix
elements when the fully overlapping orthogonal polarization components at the
GG2 plane is controlled by a circular aperture of 2mm diameter. The circular
aperture controls the source structure term I ij(f) and results in CP matrix elements
as given by Eq. (4.30). The uniform phase distribution with a zero index value

shown in insets of Fig. 20 explains the full overlapping and thereby negligible

phase difference among the orthogonal components of the field.
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Figure 4.21: Amplitude and phase (shown in inset) distribution of C-P matrix
elements for a beam controlled by a circular aperture of 2mm diameter and an SPP
is introduced in one of the orthogonal components (a) W (Ar) (b) W (Ar) (C)W, (Ar)

and (d) w;(ar). The values on X-axis and Y-axis represent the X-pixels and Y-

pixels respectively at the CCD plane and the color bar represent the intensity.
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Insertion of vortex into one of the orthogonal polarization component modifies the
source structure term and generates an inhomogeneous polarization state at the
GG2 plane. Fig. 4.21(a) and 4.21(d) shows the amplitude distribution and in insets

its corresponding phase distribution for the case wheni=j=xoryi.e. the
diagonal elements W (Ar) and W, (Ar)of the C-P matrix. A uniform phase

distribution with zero phase value is observed in the diagonal elements of C-P

matrix. The off diagonal elements of C-P matrix W; (Ar) and W}i (Ar) i.e. for the

case when = jare shown in Fig. 21(b) and 21(c) respectively. It shows the
presence of a dark core surrounding by uniform intensity pattern. In insets of Fig.

4.21(b) and 4.21(c) the phase distribution of Wxi (Ar) and W}f{(Ar) are shown. A

helicoidal phase structure is clearly visible in the off diagonal elements of the C-P
matrix. The generation of a doughnut structure with helicoidal phase structure in
off diagonal elements of C-P matrix is attributed to the complex nature of source

structure 7,(#) as given by Eq. (4.30). i.e. the vectorial source structure term /,(7)
modifies to Il.j(f)=|E(f)|2fexp(_f%vz)exp(w) and results in a synthesized off

diagonal elements of the CP matrix. Generation of the vortex term in the two point
correlation function is very significant in order to synthesize the statistical

properties of the random field as has been explained.

The degree of coherence and spatial degree of polarization are determined by
making use of Eq. (4.32) and Eq. (4.32) respectively. For comparison purpose,
both analytical and experimental results are presented in Fig. 4.22 and Fig. 4.23 for
two different cases where blue line and red dotted line represent the analytical and
experimental results respectively. Fig. 4.22 represents the plot of profile when the
fully overlapping beam is controlled by a circular aperture of 2mm diameter at the
GG?2 plane. The degree of coherence at the centre is expected to be unity and in the
experimental result shows a very near unity value (i.e 0.99). The spatial degree of
polarization is found to be 0.99 which is very close to the expected unity value
which shows the state of polarization is uniform over the observation plane. Fig.
4.23 represents the plot of the profile of degree of coherence when the SPP is
introduced in one of the orthogonal component. The presence of vortex beam with

unit topological charge in one of the component shapes the off-diagonal elements
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of the C-P matrix and there by synthesize the degree of coherence and spatial
degree of polarization. The degree of coherence decreases from its unity value to
0.7016 and correspondingly the spatial degree of polarization decreases from unity
to an expected zero value. Good agreements between experimental and theoretical
results are observed in the plot of the profiles shown in Fig.4.23 and 4.23. A small
deviation especially in outer side lobes of theoretical and experimental results in
Fig. 22 and Fig. 23 may be attributed to the assumption of uniform aperture

illumination on the ground glass GG2.

Figure 4.22: Plot of the analytical and experimental profile of degree of coherence
for a beam controlled by a circular aperture of diameter 2mm ( Ar = 4.54um).
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Figure 4.23: Plot of the profile of analytical and experimental results of degree of
coherence for a beam controlled by a circular aperture of diameter 2mm and
insertion of an SPP with unit topological charge in one of the orthogonal
component of polarization (Ar = 4.54um).

In summary, an experimental technique is demonstrated for the controlled
synthesis and analysis of the statistical properties of a polarized field. The proper
selection of the source structure and controlling the orthogonal polarization
components of the field with vortex beam provides a good control over the C-P
matrix elements. Agreement between experimental and analytical results validates

the application of the technique in the controlled synthesis of the statistical

properties of the fluctuating electromagnetic field.

4.5 Conclusion

The role of intensity based interferometers in the analysis of laser speckle pattern
is discussed and experimentally demonstrated by developing various techniques.
Generation of singular point array using fourth order correlation is experimentally
demonstrated. A technique for the recovery of complex coherence function using
fourth order correlation and speckle holographic approach is proposed and
experimentally demonstrated. An extension of the proposed technique to vectorial

regime is demonstrated by experimental determination of complex GSPs of the
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spatially fluctuating random field. This technique has potential applications in
synthesis of coherence and polarization properties of the fluctuating field and also
in correlation based imaging. Application of the proposed technique in controlled
synthesis of statistical properties of the spatially fluctuating random field is

experimentally demonstrated.
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CHAPTER 5

IMAGING THROGH SCATTERING
MEDIA

Optical imaging through complex scattering media is one of the major technical
challenges with important applications in many research fields, ranging from
biomedical imaging, astronomical telescopy, and spatially multiplex optical
communications. Light propagating through complex scattering layers suffers
diffuse scattering due to the inhomogenities of refractive index of the scattering
layers which makes it difficult for conventional imaging techniques. The complex
valued object information is scrambled in the scattered grainy intensity pattern
called the laser speckle. Techniques for extracting information from laser speckles
are a tedious process and it starts since the invention of laser. Initial work on
coherent propagation of light through scattering media starts from the work of
Leith and Upatneik in 1966, where they used a hologram to recover the object
information through a scattering medium (Leith and Upatnieks, 1966). A
significant number of techniques for imaging through random media based on
holographic principles were introduced later (Goodman et al., 1966; Kogelnik and
Pennington, 1968; E. Leith et al., 1992). The work by Yaqoob using a phase
conjugating crystal made it possible to imaging for biomedical samples (Yaqoob
et al., 2008). The methods in which the image is back projected at the position of
the object are not have much potential in the case of imaging of objects hidden
behind the scattering medium. On the other hand developments in optical
coherence tomography arise as a powerful method of imaging which uses only the
ballistic light and separates the scattered light (Fercher, 1996; Huang et al., 1991).
However for the mediums which produce a large amount of multiple scattering,
tomography technique have limitations and the imaging will be a challenge.

Very recently remarkable achievements towards the direction of non-
invasive imaging through scattering layers were demonstrated. The technique
presented by Bertolotti (2012) uses an angular speckle correlation to image a
fluorescent object inside an opaque layer (Bertolotti et al., 2012). The angular

scanning of speckle pattern results in a long acquisition time of images and limits
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the object to be stationary for the complete acquisition period. The non-invasive
single shot imaging technique presented by Katz (2014) capable to overcome the
limitation of long acquisition period by capturing the speckle pattern in single-
shot but is limited by the actual depth resolved imaging behind the scattering
medium and a 3D recovery of object information (Katz et al., 2014). For the
complete retrieval of complex valued object information from the autocorrelation
function both of these techniques employed a phase retrieval algorithm which can
become computationally heavy when dimensions become large and iteration
number increases. Moreover, this iterative technique is applied only for the real
valued objects.

Holographic methods have remarkable importance in imaging
applications, since these methods offer a potential tool to extract both the intensity
and phase information. Significant new advances in optical holography, electron
holography and X-ray holography open the door to a wide variety of applications
by increasing the resolution in comparison with conventional imaging techniques
(Lichte and Lehmann, 2008; Tegze and Faigel, 1996; Xu et al., 2001). Atomic
scale resolution achieved in electron holography is made utilized in determination
of atomic species and interatomic fields (Lichte and Lehmann, 2008). The
progress in X-ray holography technique provides new dimensions in
crystallographic applications and gives the potential of internal structure imaging
in solids (Tegze and Faigel, 1996). Also in the optical domain the recent advances
in the holography techniques provide new potential in three dimensional (3D)
imaging with high spatial resolution (Kelner and Rosen, 2012; Kreis, 2005;
Nomura and Imbe, 2010). In addition, the effort in digital inline holography with
numerical reconstruction techniques emerge as a new tool in biological
applications and the lateral and depth resolution achieved in 3D imaging gives the
potential to overcome limitations in conventional light microscopy (Garcia-
Sucerquia et al., 2006; Xu et al., 2001). Recently an angle resolved light scattering
measurement is demonstrated by using digital inline holography in combination
with Fourier transform light scattering (K. Kim and Park, 2012). However, the use
of existing holographic methods is significantly limited when complex scattering
media is involved due to the scrambling of optical information into complex
speckle patterns. Recovery of holographic information from the speckle field is a

challenging task due to the complete scrambling of the information
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In this chapter firstly we describe an experimental demonstration of
recovery of complex valued object behind the scattering layer using two point
intensity correlation and speckle holographic technique. Secondly we propose and
experimentally demonstrate the potential of the developed technique in non-
invasive true sense single shot imaging through scattering layers by recovering
the hologram behind the scattering layer. Finally we extend technique in digital
inline holographic non-invasive imaging through scattering layers and
demonstrate its potential in depth resolved imaging. Here we use the term true
sense single shot because the technique used by Katz et.al is not true sense single

shot but its assisted by heavy image processing operation.

5.1 Complex valued object recovery using two point

intensity correlation

Recovery of the complex field, i.e. amplitude and phase, of the light is of
long standing interest. Holography has provided the means to both record and
reconstruct complex wave fronts reflected from or transmitted through objects (M.
K. Kim, 2011; Kreis, 2005). However, when the object is highly scattering, the
phase and amplitude of light coming from it become fluctuating random fields and
generates random speckle pattern that hides any deterministic information bearing
components whose recovery is considered to be difficult or impossible.
Correlation based technique has been employed to visualize and measure the
hidden information of the object (Bartelt et al., 1984; Gamo, 1963; Gong and Han,
2010; Marathay et al., 1994). A recent development in this direction was the
construction of Fourier transform holograms corresponding to intensity correlation
(Naik et al., 2011; Takeda et al., 2005) wherein computed intensity correlation, i.e.
fourth order correlation, is made use of to record the information available in the
mutual intensity. In correlation holography techniques, the hologram of a 3-D
object is reconstructed using an illumination through a random phase screen (Naik
et al., 2011). The random phase-screen scrambles light and generates speckle
patterns, from which the ‘object’ is recovered from the computed spatial
covariance function. This works perfectly well to reconstruct amplitude of the
object, but is not adequate to recover its phase since the intensity covariance is

related to the modulus of the second order correlation (which is the mutual
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coherence function). There have been attempts to recover this phase using higher
order correlation and phase retrieval techniques (Bartelt et al., 1984; Fienup, 1982;
Gamo, 1963; Marathay et al., 1994). A two-point intensity correlation is also tried
to recover this phase (Ebstein, 1991).

In this section we describe a two-point intensity correlation strategy that
does not make use of a phase retrieval algorithm. The advantage of recovering the
object in its entirety, i.e. amplitude and phase, is that even a 3D recovery is
possible through holographic reconstruction, usually implemented numerically
from a single speckle intensity covariance. Our main objective in this work is to
demonstrate experimentally the recovery of a complex coherence function, and
through it, the recovery of a complex valued object (including its phase). Since we
use holographic recording and recovery using a random phase screen, we can
demonstrate retrieval of object information hidden behind a scattering medium. In
our experimental approach we coherently add a ‘reference’ speckle from an
independent scattering layer with the speckle pattern resulting from the hologram
(through illumination from a scattering layer). Therefore what we record is a
‘speckle hologram’. From this speckle hologram we demonstrate the
reconstruction of the complex coherence function by numerically back-
propagating the estimate of the cross-covariance of the recorded intensity

fluctuation.

5.1.1 Implementation of the technique

Implementation of our proposed technique is shown in Fig. 5.1. An object
beam is combined with a reference beam, a tilted plane wave, (plane I in Fig. 5.1)
realizing overall complex amplitude

E,(F)=E,(F)+a(r), (5.1

where r is transverse spatial coordinate on the plane I. The object and reference

fields distributions at the recording plane are denoted byE,(r)and
a(r) :|a(f')|exp [—i27r€1f], respectively. Tilt of the reference beam is denoted in

terms of the spatial frequency|0?| =sin(28/ A),, where 20 is tilt of the reference

wave. The intensity of the hologram at the plane I is given by
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L, =|E, P +|a@®)| + E,(Fa(F) + E,(F)a’ (F). (5.2)
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Figure 5.1: Experimental implementation of the proposed technique

We use this intensity distribution corresponding to a hologram and apply an
experimental strategy to retrieve the complex coherence function of the speckle
field shaped by the hologram from a single shot measurement of the intensity
distribution. A linearly polarized He-Ne laser beam of wavelength 594.1nm is
filtered and collimated by a spatial filter lens assembly (SF&L,). The collimated
beam is split into two and folded by mirrors M; and M3 and recombined by a non-
polarizing beam splitter BS, forming a Mach-Zehnder interferometer. The beam
reflected from BS; is split into two by another non-polarizing beam splitter BS, to
make a Mach-Zehnder interferometer within the first to record the hologram
corresponding to the phase object generated by the spiral phase plate (SPP) with a
tilted reference beam (Eq. (5.1)). (The SPP is from the RPC photonics, USA, and
can generate vortices with topological charge varying from one to eight. Details
are included in the Appendix 3). The topological charge of the vortex beam
represents accumulated phase variation around the point of phase singularity in

order of integral multiple of 27 . The complex amplitude of the vortex beam is

expressed as 7" exp[—r2 / wzjexp(imgo), where @is the azimuthal angle on the

transverse plane, w represents the ‘size’ of the Gaussian profile, and mis
topological charge of the vortex. The object beam reflected off mirror M; and
containing the vortex phase information is combined with the reference beam
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coming from mirror M, with the help of the beam splitter BS;. The combined
beam is scrambled using a static scattering layer/ground glass screen GG (plane 1)
placed at distance of 150mm from SPP. We note that the hologram is not recorded
on GG; but scrambled and scattered off. The ‘hologram’ beam from GG is
combined with a reference beam (generated by the off-axis point source obtained
with the help of a microscope objective MO focusing light onto a static ground
glass plate, GG, ,denoted as plane III in Fig. 5.1) with the help of the beam splitter
BS,. The light distributions at the ground glass plates GG; and GG, are Fourier
transformed by the lens L, of focal length 150mm, onto the monochrome CCD
camera. The camera is of 14-bit dynamic range, with 2750x2200 pixels and a pixel
pitch of 4.54um (Prosilica GX2750). The resultant speckle field intensity is our
data which is recorded using the camera. Both the ground glasses are static during

the recording of the resultant speckle intensity.

5.1.2 Recovery of the wave front
In our experiment, we have not recorded a hologram, but instead allowed the

combined complex wave to propagate through ground glass. The complex

amplitude immediately behind the ground glass, expressed as exp[i¢(f)], with

@(F) being the random phase, is
E(F)=E, (F)exp[ip(F)]. (5.3)

We employ a lens L; in Fig.5.1 to Fourier transform the complex field given in Eq.
(5.3), and the complex field at the Fourier transform plane, which is plane II in Fig.

5.1, 1s given as
. oA 2T A A
E, (r)=]E, (r)exp[zgzﬁ(r)]exp(—lﬁr.r]dr. 5.4

Herer is the transverse spatial co-ordinate at plane II, f is the focal length of lens
L; and 4 is the illumination wavelength. The intensity available at the plane II is

I, (r)=E; (r)E,(r), which allows us to estimate the covariance function

corresponding to 1, (r) which is. C, (r,r +Ar)=(Al, (r)Al,(r+Ar)), Here (.)
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represents ensemble average and Al (r) =1, (r)— <I . (r)> is the spatial fluctuation

of the intensity with respect to its average value.

We assume the complex amplitude is a realization of a spatially stationary random
field and therefore its covariance function,C, (r,r +Ar),, depends on the
difference coordinate Ar,. Moreover, the random field is assumed to be ergodic

with respect to the spatial coordinates, and therefore ensemble averaging can be
achieved through averaging over patches of speckle at different spatial locations as

discussed in our previous demonstrations. With this
C, (r,r +Ar) = (AL, ()AL, (r + Ar)) ., (5.5)
where ()  denotes spatial averaging.

Assuming that the random field, such as laser speckle in our case, obeys Gaussian

statistics the fourth order correlation available in C,, (Ar)can be expressed in terms

of its second order correlation W,, (Ar), as
C,, (Ar) oc|W,, (Ar)[ (5.6)

From van Cittert-Zernike theorem(R. K. Singh et al., 2013) we know that W,, (Ar),

is related to the intensity 7, (F),at plane I through a Fourier transform:
A 27, A
W, (Ar)=]1, (r)exp(—lﬁr.ArJdr. 5.7

We would like to point out that the accuracy of recovery of the ‘object’, using
Eq.(5.7) is dependent on the validity of assumptions of spatial stationarity and
Gaussian statistics used in  Eqgs.(5.5) and (5.6). The quality of full-field
reconstruction is questionable if spatial stationarity is ensured only in patches in
the Fourier plane, i.e., plane II in Fig. 5.1. Deterioration of reconstruction resulting
from deviation from the spatial stationarity has pointed out (Takeda, 2013). The
spatial resolution achieved in the reconstruction is also limited owing to the cap
imposed on the spatial finesse of the hologram by the finite correlation length of

the random phase screen used in the experiment (as the smallest resolvable
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distance is dictated by correlation length of the scatterer) even though we assume
the random screen to be delta correlated. In case this assumption of ‘ideal’ phase
screen is valid, the resolution of the recovered object depends only on the size of

the hologram and f number of the Fourier transforming lens used.

From Eq. (5.6) it is obvious that from the measured C,, (Ar),we can only have the
modulus of W, (Ar)directly. This means that for a full recovery of the object the
lost phase in W,, (Ar) has to be retrieved. Here, we used the holographic approach

that we used to recover the complex coherence function as discussed in section 4.2.

For this, at plane II we introduce a ‘speckle field” coherent with respect to W,, (Ar) .

This makes the intensity at plane II correspond to a hologram given by

2
5

I(r)=|E, (r)+ Ex(r)

(5.8)

where E,(r)is the speckle field from the reference source. Since the intensity is a

hologram, the mutual coherence function corresponding to it should have

contributions arising from|EH (r)z, ER(r)|2and the mixed term (all computable

invoking Eq. 5.7). However, since the ground glasses used to realize the object-

and reference beams are different, we are justified in taking the contribution from

the mixed term zero, i.e. <EH (r)E,(r, +Ar)> =0. Therefore the resultant mutual

coherence function from the resultant intensity at plane I is
W(Ar) =W, (Ar)+ W, (Ar), (5.9)

This ‘speckle holography’ technique offers a solution to the phase problem
hidden in Eq. (5.6). In other words, if the mutual coherence function from a
reference speckle pattern is available, that arising from an ‘object’ speckle pattern
can be determined. In this work, we recover the complex coherence function of the
laser speckle arising out of an object hidden behind a random phase screen and

employ this for the recovery of the hidden object, both amplitude and phase.

Since the ‘reference’ beam is at 7 =7, is introduced by an off-axis source of radius

‘a’ (at plane III in Fig. 5.1), W,(Ar) is given by
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W, (Ar) = <ER (r)E,(r+ Ar)> = jcirc(r T jexp{—iz—”ﬁm}dﬁ (5.10)
§ a Af

When ‘7 =7, is small W,(Ar) effectively provides a constant ‘reference’ wave

covering the support of W,, (Ar) to record the hologram|W(Ar)|2

WAPr)|" =W, (A + W (Ar)|* + W, (Ar) x Wy (AF) + W, (AF)W, (AF). (5.11)

From this hologram we can recover the complex coherence function of the object
speckle, i.e. W,(Ar) and it’s conjugate W; (Ar). We recall that |W(Ar)|2 is
obtained from the overall intensity covariance function, C(Ar)obtained from the
measured intensity. We ‘reconstruct’ the desired complex coherence function from

the hologram |W(Ar)|2 numerically using Fourier transform operation.

5.1.3 Results and Discussions

The reconstruction of the complex coherence function and through it the complex
phase structure of the vortex object, from the recorded speckle intensity is carried

out numerically by first estimating the intensity covariance distribution
C(Ar)=<AI (r)AI(r +Ar)>. The resultant speckle fields recorded by the CCD

camera for three vortices with topological charges m = 3, 6 and 8 are shown in

Figs. 5.2(a)-5.2(c) respectively.
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Figure 5.2: Resultant speckle intensities recorded by the CCD camera, (a) for
vortex charge 3 (b) for vortex charge 6 (c) for vortex charge 8.

Information of the vortex is completely scrambled into the speckle pattern.
Results of the cross-covariance of the intensity for corresponding three speckle
fields are shown in Figs. 5.3(a)-5.3(c). Fig. 5.3(a) and 5.3(b) are results for vortex
with charge three and six respectively, whereas Fig. 5.3(b) is for topological
charge eight. Presence of fringe patterns in Figs. 5.3(a)-5.3(c) can be explained on

the basis of Eq. (5.11).
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Figure 5.3: Results of space averaged cross-covariance function from the recorded
speckle intensities, (a) for vortex charge 3 (b) for vortex charge 6 (c) for vortex
charge 8. The arrows point out the magnified interference fringes of the cross-
covariance of the intensity correlation. The values on X-axis and Y-axis represent
the X-pixels and Y-pixels respectively at the CCD plane.

By the use of Fourier fringe analysis approach, the Fourier spectra are
separated on the basis of the spatial carrier frequency. By making sure that the high
spatial carrier frequency introduced by tilt in the reference coherence function is
large enough, the interference terms can be separated in the frequency plane. The
Fourier spectra of the cross-covariance of the intensity snapshots are shown in Fig.
5.4(a) -5.4(c) for three values of topological charge set in the SPP at 3, 6 and 8. We
note that the strong central frequency content in Fig. 5.4 is digitally suppressed to
highlight the presence of the fork structure in the Fourier spectral plane. Presence
of this fork structure confirms encoding of the vortex in the hologram. Extra lines

in the fork grating provide information on topological charge of the vortex. For
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example three extra lines in the fork structure of the Fig. 5.4(a) show that
topological charge of the vortex is three. We would like to emphasize and
highlight here that these fork structure exists in the distribution of intensity
correlation rather than that at direct intensity. This is very important feature to
distinguish physical properties of deterministic and non-deterministic light sources.
The structure in Figs. 5.4(a)-5.4(c) can be numerically back propagated, using
digital holographic principles, to retrieve the phase object at the SPP.

Figure 5.4: Fourier transform of the cross-covariance distributions of the vortex
object, (a) for vortex charge 3 (b) for vortex charge 6 (c) for vortex charge 8. The
values on X-axis and Y-axis represent the X-pixels and Y-pixels respectively at the
ground glass plane (plane I).

However, in the present work our aim is only to reconstruct the complex coherence
function of the scattered field at the Fourier plane. Since we have retrieved the

complex coherence function, it also contains the phase of the object encoded in the

hologram. This information is retrieved through inverse Fourier transforming the
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centrally shifted first order components from Figs. 5.4(a) to 5.4(c) and the results
are shown in Figs. 5.5 (a) to 5.5(c) respectively. Fig. 5.5(a) shows the vortex of
topological charge 3 and it’s conjugate. Figs. 5.5 (b) and 5.5(c) are for charges 6
and 8 respectively. The corresponding phase structures of the reconstructed

vortices are also shown in Figs. 5.5(a) to 5.5(c) in insets.

150 150
50 (@) 100 150 50 (b)

100
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Figure 5.5: Inverse Fourier transforms of the centrally shifted fork grating for each
of the case of the vortex object used, which corresponds to the reconstructed
complex coherence function, (a) for vortex charge 3 (b) for vortex charge 6 (c) for
vortex charge 8. The reconstructed (enlarged) phase structure corresponding to
each of the amplitude distribution is shown in the insets by arrow. The values on
X-axis and Y-axis represent the X-pixels and Y-pixels respectively at the ground
glass plane (plane I).

In summary, we have recovered the wave front form spatially fluctuating

random fields using two point intensity correlation and speckle holography

103



technique in a single-shot record of an intensity distribution. Application of this
technique for the reconstruction of complex field of the object lying behind a
random phase screen is presented. Image distribution of the object structure is
demonstrated as a distribution of the complex coherence function. The proposed
method is expected to play an important role in extending holography to record
and reconstruct objects hidden in turbid media, in other words, to engineer time

reversal imaging through a scattering medium.

5.2 Depth resolved 3D imaging through scattering

layers

Imaging systems with 3D imaging capability has a significant interest in
recent years due to its potential applications in various fields such as microscopy,
optical coherence tomography, medical imaging etc. The strength of holography
and digital holography in 3D imaging are exploited in many recent works in
biomedical related imaging techniques. The presence of a scattering layer or an
inhomogeneous medium significantly affects the performance of the conventional
imaging techniques and suffers from the formation of complex speckle pattern.
Recent interests are in the direction of efficient use of this complex speckle pattern
for imaging purpose. A non-invasive imaging through a scattering layer has been
performed using angular speckle correlation and phase retrieval methods
(Bertolotti et al., 2012). More recently, an improved approach based on speckle
autocorrelation was proposed, which utilizes the ergodic property of speckle
patterns in diffusive regime (Katz et al., 2014). This circumvents the requirement
of lengthy angular scanning procedures and hence reduces the measurement time
significantly. Unfortunately, the aforementioned techniques do not provide three-
dimensional (3D) imaging capability and thus the actual depth resolved recovery
of the object behind the scattering medium remains as a technical challenge. This
limitation of depth reconstruction for the techniques based on the speckle memory
effect is mainly owing to the inability to measure the full phase space.

In this section we describe a non-invasive single-shot imaging method that

allows the 3D reconstruction of objects behind a scattering medium by making use
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of the strategy developed for complex valued object recovery from two point
intensity correlation. In order to retain the depth reconstruction capability, the
imaging technique must retrieve the complete object field information (both
amplitude and phase) at the plane of scattering media. Thus, we propose and
experimentally demonstrate a coherent 3D imaging method based on the concepts
of speckle holography together with two-point intensity correlation (or speckle
correlation). Here, we demonstrate that the combination of the principles of
holographic imaging and two-point intensity correlation can provide a foundation
for 3D imaging through turbid media. To illustrate the potential of our method, we
experimentally validate the imaging of a real world objects hidden behind the

random scattering plane.

5.2.1 Principle of the imaging technique

The principle of the technique lies in the recovery of complex coherence
function and subsequently the illuminating structure at the scattering plane by
making use of interference of coherence waves and two point intensity correlation.
The complex coherence function in the far field is connected with the intensity of
the source structure at the scattering plane by a Fourier transform relation (the van
Cittert-Zernike theorem) (Mandel and Wolf, 1995). Therefore, this relationship can
be exploited to develop a new imaging technique through random scattering
medium by recovering the hologram information behind the scattering layer. Note
that in this section, we are concentrating on recovery of hologram rather than the
object as distribution of complex coherence function at the camera plane. Since the
actual object information is encoded in this hologram, the wave front due to object
can be reconstructed from this hologram, which is further utilized in retrieving the
depth resolved images. The complex amplitude of the object at different depths is
obtained by performing a beam propagation operation based on the angular
spectrum method (Goodman, 1996). Let us consider a situation where a hologram
lies behind a scattering layer. A schematic representation of the obstruction of
hologram by a scattering layer and the proposed imaging technique is shown in

Fig.5.6.
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Figure 5.6: Schematic representation of the proposed imaging technique.

2

1,(F)=[UF) (5.12)

where U (F)is the complex field reaching the scattering layer (plane I).

The generated hologram at the plane I is obstructed by a scattering layer (Ground
glass diffuser) and the holographic information is scrambled due to the scattering
from the diffuser. Digital recording of the scattered field from the diffuser does not
recover the complete information of the object but it gives a random speckle
pattern. The random speckle pattern carries the hologram information but is
completely scrambled. The scattered field from the scattering layer (plane I) is
Fourier transformed using a lens of focal length f . The complex coherence of the
scattered field at the Fourier plane (plane II) is given by (R. K. Singh et al., 2013)

—i27 (Ar)

W, (Ar)=[I,(Fe “  dr, (5.13)

where F and Ar =r,—r, are the transverse spatial coordinate in plane I and II,

respectively, 4 is the wavelength of the light source and £ is the focal length of

the lens. The Eq. (5.13) states that it is possible to retrieve the hologram
information through a Fourier transform relation experimentally from the complex

coherence function.
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From the intensity distribution at the detector plane(l ) =Ur)U *(r)), the

intensity cross-variance function or the fourth order correlation function can be

estimated and is given by
Cy (Ar) =(AL, (AL, (r +Ar)) ., (5.14)
where (.); represents the spatial averaging as a replacement of ensemble averaging

andAl,, (r)=1,,(r) —<I " (r)> . This fourth order correlation function can be

expressed in terms of the second order correlation function on the assumption that

the scattered field follows Gaussian statistics as

2
C, (Ar) oc|W, (Ar)|". (5.15)
Loss of phase information of the coherence function can be compensated by

applying coherence interference approach given by

W(Ar)|" =W, (Ar) + W (Ar)[, (5.16)

where W(Ar)and W,(Ar)are the complex correlation functions of the resultant

speckle field and reference speckle field respectively. Thus the two point intensity
correlation of the speckle field at plane II results in a fringe pattern and by using
Fourier transform method of fringe analysis and employing van Cittert-Zernike

theorem the digital hologram at plane I can be recovered.

5.2.2 Experimental Implementation

An experimental setup is designed and implemented as shown in Fig. 5.7.
A coherent laser beam of wavelength 632.8 nm is spatial filtered (L; &A;) and
collimated using lens L,. This collimated beam splits into two beams by a non-
polarizing beam splitter (BS;) and acts as the two arms of a Mach Zehnder type
interferometer. The reflected beam from BS2 is used to illuminate the object and
considered as the object arm of the interferometer. The reflected beam from BS;
again splits into two by another non-polarizing beam splitter BS,. The reflected
and transmitted beam from BS; is used to generate an off-axis hologram of the
specified object used in our experimental demonstration. These two beams were
folded by the mirrors M; and M, and made to superpose using another non-

polarizing beam splitter BS3; and the generated off-axis hologram is allowed to
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illuminate the ground glass diffuser (GG;) through an aperture (A;) of specific
size. The hologram is completely scattered by the diffuser and generates complex
speckle patterns. The transmitted beam form BS1 is folded by the mirror M3 and
illuminates another independent ground glass diffuser (GG2) through a microscope
objective (MO). The MO is used to generate a point source illumination on GG2 to
achieve an independent reference speckle pattern. The speckle patterns from the
two diffusers GG1 and GG2 are combined using another non-polarizing beam
splitter BS4 and the resultant speckle pattern is Fourier transformed using a
common lens L3 of focal length 150mm. The resultant speckle field is captured by
a CCD camera (Prosilica GX 2750). The camera is of 14-bit dynamic range, with
2750%2200 pixels and a pixel pitch of 4.54um.

Figure 5.7: Experimental setup for the imaging technique.
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5.2.3 Generation of an off-axis hologram

To investigate the applicability of the proposed imaging technique to
real world objects, an off-axis hologram is generated as shown in the schematic
representation of Fig.5.8. The objects (letter “V” and “L”) are created in a
transparency and it is placed at a distance of 155 mm from the ground glass
diffuser. A hologram of the desired object is created by using a coherent beam
illumination on the object and using an off-axis holographic geometry developed
by Mach-Zehnder type interferometer as shown in Fig. 5.7. The generated
hologram is allowed to illuminate the ground glass diffuser which obstructs the
hologram and scrambles the holographic information into complex speckle

patterns.

Beam splitter

Objectplane ~ 135mm Scatterer plane

Figure 5.8: Schematic representation of the generation of an off-axis hologram.

5.2.4 Results and Discussion

The resultant speckle field from object and reference part is captured
by a CCD camera (Prosilica GX 2750) for an off-axis hologram (of letter “V”’) and
is shown in Fig. 5.9(a). The resultant speckle pattern captured by the CCD camera
completely hides the holographic information and only the random speckle
patterns are visible. The two point intensity correlation of the resultant speckle
field under spatial averaging condition yields a coherence wave hologram at the
Fourier transform plane. This hologram is the result of the coherent superposition
of the correlation functions from the object and reference contributions of the

speckle field. The coherence wave hologram resulting from the two point intensity
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correlation is shown in Fig. 5.9(b). Fig. 5.9(b) clearly shows the presence of
fringes which results from the superposition of tilted reference speckle field with
hologram speckle field. Using Fourier transform method of fringe analysis
technique(Takeda et al., 1982), the complex coherence function of the hologram
field can be retrieved. The Fourier transform of the coherence wave hologram
obtained from the two point intensity correlation function is shown in Fig. 5.9(c).
Due to the presence of the off-axis reference speckle pattern, Fourier transform of
Eq. 5.16 reconstructs the hologram at an off-axis location as highlighted in Fig.
5.9(c) with red circle. Fig. 5.9(c) clearly represents the separation of spectrum, its
complex conjugate and dc in Fourier domain due to the presence of off-axis
reference speckle pattern. The desired information (highlighted in red circle in fig.
5.9(c)) is filtered and this hologram is centered for further processing. This Fourier

filtering process also removes the effect of W, (Ar) term of Eq. 5.16.

=

(b) (c)

Figure 5.9: (a) Random speckle pattern captured by the CCD camera (b)
Coherence wave hologram resulting from the two point intensity correlation of the
speckle field, and (c) Fourier transform operation on the coherence wave
hologram. The color bar represents the intensity.

110



v=6.02, n=0.86

7= 0.4 7= \

N
1500mm >
0.2 \
\
\

(a) (b)

Figure 5.10: Reconstructed amplitude and phase information through a scattering
layer; (a) reconstructed amplitude information of the object at a distance 155mm
from scattering medium and its defocused information at z= 1500mm from object
plane; the color bar represents the intensity (b) reconstructed phase information of
the object at a distance 155mmfrom scattering medium and its defocused
information at z=1500mm from object plane; the color bar represents the phase
profile. Visibility (v) and Reconstruction Efficiency () values at the actual depth
are shown just above the figure.

These retrieved holograms are then utilized to reconstruct the object at desired
plane. A Fourier transformation process on the reconstructed hologram will
separates the desired information from the dc part. Inverse Fourier transform of the
centrally shifted spectrum will retrieve the complex amplitude information. This
complex amplitude contains the information of the object. The retrieved complex
amplitude can be further propagated using angular spectrum method of beam
propagation to reconstruct the object ‘V’ (See Appendix 2). Fig. 5.10 shows the
depth resolved amplitude and phase information of the object at two different
planes behind the scattering layer. The in-focus image appearing in Fig. 5.10(a)
shows the complete amplitude information recovery at the exact plane i.e. 155mm
behind the scattering layer. In order to show the depth resolved imaging capability
we recovered the object information at a plane 1500mm behind the object plane.
The recovered information is shown in the back plane in Fig. 5.10(a), where the
information is completely out of focus. The corresponding recovered phase
information at two different planes behind the scattering layer is shown in Fig.
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5.10(b). The results corresponding to a different object “L” of dimension
Smmx4mm are also shown in Fig. 5.11 and 5.12. The reconstruction of the object
with full amplitude and phase information confirms the fact that the proposed

method can faithfully image through an opaque scattering layer.

(b)

Figure 5.11: (a) Random speckle pattern captured by the CCD camera (b)
Coherence wave hologram resulting from the two point intensity correlation of the
speckle field, and (c) Fourier transform operation on the coherence wave

hologram. The color bar represents the intensity.
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Figure 5.12: Reconstructed amplitude and phase information through a scattering
layer; (a) reconstructed amplitude information of the object at a distance 155mm
from scattering medium and its defocused information at z= 1500mm from object
plane; the color bar represents the intensity (b) reconstructed phase information of
the object at a distance 155mmfrom scattering medium and its defocused
information at z=1500mm from object plane; the color bar represents the phase
profile. Visibility (v) and Reconstruction Efficiency (1) values at the actual depth
are shown just above the figure.

The reconstruction quality of the recovered objects is analyzed by considering two
parameters: visibility (v) and reconstruction efficiency (y). The visibility of the
object reconstruction is defined as the extent to which the reconstruction of the
image is distinguishable from the background noise. It is measured as the ratio of
the average image intensity level in the region corresponding to the signal region
to the average background intensity level. A global threshold approach is used to
identify the signal region. The calculated visibility values for the images shown in
Figs. 5.10(a) and 5.12(a) are 6.02 and 7.1 respectively. The reconstruction
efficiency () can be defined as the ratio of measured power in the signal region of
the image to the sum of the measured powers in signal and background regions.

The 7 values for the two different objects are 0.86 and 0.87 respectively.

In summary, we have experimentally demonstrated a single-shot 3D imaging
technique through a highly scattering medium by utilizing the concepts of speckle
holography in combination with two point intensity correlation. The demonstrated

technique has the unique ability to retrieve the complex field behind a scattering
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medium resulting into the reconstruction of actual position of the object. Thus the
imaging technique provides the potential to implement the 3D complex field

imaging through an opaque scattering medium for wide range of applications.

5.3 Imaging through scattering layer using digital in-

line holography

Digital inline holography with numerical reconstruction techniques
emerge as a new tool in biological applications, where the lateral and depth
resolution achieved in 3D imaging gives the potential to overcome limitations in
conventional light microscopy (Garcia-Sucerquia et al., 2006; Xu et al., 2001). The
dynamic scattering from biological tissues and live cells were investigated by
using a new technique called Fourier transform light scattering which have the
potential to study the tissue optical properties, cell type characterization, and
dynamic structure of cell membranes (Ding et al., 2008). Recently a technique
employing the principle of digital inline holography and Fourier transform light
scattering technique is introduced to measure the angle resolved light scattering of
transparent micrometer-sized objects (K. Kim and Park, 2012). Even though these
techniques have unique position in biological applications, it is not able to give a
non-invasive imaging through the scattered medium where the complete
information of the object is scrambled in to a speckle pattern. Techniques for
microscopic imaging and quantitative phase contrast imaging of objects in turbid
media by digital holography is demonstrated by exploiting the Doppler frequency
shift experienced by the photons scattered by the flowing colloidal particles
(Paturzo et al.,, 2012). Breakthrough achievements in non-invasive imaging
through scattering layers were demonstrated by Katz (2014) and Bertolotti (2012)
by using autocorrelation and phase retrieval techniques (Bertolotti et al., 2012;
Katz et al., 2014). Even though these techniques has the potential of real time
imaging, it is limited by the depth resolved imaging and 3D recovery of object
information. To resolve depth imaging issue behind the random scattering
medium, we developed an off-axis holography, discussed in previous section. We

recovered the off-axis hologram behind the random scattering medium by
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retrieving the complex coherence function and thereby the complete amplitude and
phase information. However, recording the off-axis hologram behind the scatterer

is not always feasible.

In this section we experimentally demonstrate a non-invasive single-shot imaging
technique to recover the complex valued objects lying behind the scattering layer
by using the principles of inline (Gabor type) holography in combination with the
two point intensity correlation. This technique utilizes the randomness of the
speckle pattern to recover the inline hologram and thereby provides a depth
resolved information of the object behind the scattering layer. The recovery of the
digital inline hologram from the complex correlation function gives the
opportunity to use the numerical propagation techniques to recover the complex
object information at desired plane behind the scattering medium. To demonstrate
the potential of the proposed technique, imaging of various objects at different

depths behind the scattering layer were illustrated.

5.3.1 Principle of the technique

The principle of the technique lies in the recovery of the in-line hologram from the
complex speckle pattern by making use of the intensity correlation in combination
with the speckle holographic approach. Illumination of an object (reflecting or
transmitting type) with coherent light generates scattered light. When the scattered
beam from the object is small in compared to the unscattered one, the holographic
diffraction is dominant and it results into the formation of an inline (or Gabor type)
hologram (Gabor, 1948; Garcia-Sucerquia et al., 2006; Kreis, 2005). A direct digital
recording of this in-line hologram and the use of advanced numerical techniques
have the potential to recover the complex information of the object. However, the
presence of a scattering layer in the path of the hologram restricts the use of
conventional imaging techniques due to the scattering from the layer and the
formation of complex speckle patterns. To overcome this difficulty we made use of
the combination of numerical propagation technique with intensity correlation
holography approach. A schematic representation of the formation of in-line

hologram and its obstruction by a scattering layer is shown in Fig. 5.13.

115



Object Scattering medium Lens Specklepattemn

d J f

Figure 5.13: Schematic representation of the formation of an in-line hologram and
its obstruction by a scattering layer.

Let us consider a complex valued object located at a distance, d, behind a random
medium. The wave amplitude reaching the scattering layer located at a distance d

from the object is given by
UG)= U, ) +U, @), (5.17)

where F is the spatial coordinates at an instant of time ¢,U, (F,f)is the unscattered

wave and E (F,f) is the scattered wave. This holographic diffraction from the

object produces an in-line hologram and the corresponding intensity just behind

the scattering layer is given by

IF) = [U,@| +U,@| +U. AU, F)+U, U, @) (5.18)

The first two terms in the right hand side of Eq. (5.18) represent the intensity of the
unscattered and scattered beam, respectively. Third and fourth terms represent the
intensity terms of real and virtual images in the in-line hologram. This inline
hologram is obstructed by an inhomogeneous complex scattering layer. A
schematic representation of the formation of inline hologram and its obstruction by
the scattering layer is shown in Fig.5.13. The holographic information is
completely scrambled by the scattering layer and direct recording yield only the
complex speckle pattern. We use our developed technique of speckle holographic

approach in combination with the two point intensity correlation to retrieve the
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complex coherence function from the random speckle pattern (discussed in section

5.1).

An independent reference speckle pattern is generated from a known independent
scattering medium and allows superposing with the speckle pattern from the
random inhomogeneous medium. The two point intensity correlation of this
resultant random field at the Fourier plane results into a coherence hologram given
by

2
s

L(Ar) =W, (Ar) + W, (Ar)

(5.19)

where W, (Ar)andW, (Ar)are complex correlation functions of resultant, object

and reference speckle field respectively. The complex coherence function of the

object field W, (Ar) can be retrieved from Eq. 5.19 by applying digital process.

The complete retrieval of complex correlation function at the Fourier plane

provides the inline hologram at the scattering plane and given as:

I(r)=[W(Ar,1) exp{—ii—;(m.f)}df , (5.20)

where I(r) is the intensity corresponding to the source structure which contains the

digital inline hologram information of the complex valued object located at
distance d from the scattering layer. The digital inline hologram recovered at the
scattering layer gives the potential to retrieve the depth-resolved reconstruction of
complex-valued object information using numerical techniques. Generally the in-
line holograms suffered from twin image problem and this degrades the quality of
the reconstructed image (Kreis, 2005). To eliminate the virtual image or the out of
focus image formed in the inline hologram, the recovered digital hologram was
numerically propagated to a conjugate plane z =d from the recovered hologram
plane by Rayleigh-Sommerfield back propagation (K. Kim and Park, 2012)
(Details included in Appendix 2). By proper identification of the edge of the out of
focus image, the inside region of the image is replaced with the average value of
the background or outside the edge. The resulting field is then back propagated to
the desired plane ( z =—d ) where the real object or in focus object is present. Thus,

the complex field retrieved allows the complete reconstruction i.e. both amplitude
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and phase information of the object at the desired plane thereby providing a depth

resolved imaging of the object hidden behind the random inhomogeneous medium.

5.3.2 Experimental Implementation
In order to demonstrate the applicability of our proposed imaging

technique to various objects we implemented separate experimental geometry for
both reflecting type and transmitting type objects.
5.3.2.1 Reflecting object

Experimental implementation of the imaging technique for a reflecting type
object is shown in Fig. 5.14. A linearly polarized He-Ne laser beam with the
wavelength of 632.8nm is spatial filtered using a microscope objective (1) and a
pin hole (A1) combination. The filtered beam is collimated using a lens (L2) of
focal length 150mm and is using as the input beam to a Mach-Zehnder type
interferometer. The collimated beam is divided in to two by a beam splitter (BS1).
The reflected beam from BS1 illuminates a reflective type SLM through a beam
splitter BS3 and polarizer (P) combination. Reflective type objects were introduced
in the experimental setup using a reflective type spatial light modulator (SLM. The
spatial light modulator used in the experimental implementation is LC-R 720
(reflective) from Holoeye. It is based on LCOS micro display with a resolution of
1280x768 pixels with a pixel pitch of 20um (Details are included in Appendix
3).The object that to be imaged is displayed in the SLM and the reflected beam
from SLM carries the object information. The reflected beam from the SLM
carries the object information and suffers a holographic diffraction and forms an
inline hologram and illuminates the scattering layer (Ground glass diffuser-GG1)
at a specific distance from the object. This scattered light carries the holographic
information but is completely scrambled in the speckle pattern. The transmitted
beam from BSI1 acting as the reference arm of the Mach-Zehnder interferometer is
used to generate the known independent reference speckle pattern. This beam is
folded by a mirror M2 then illuminates an independent ground glass GG2 through
a microscope objective MO, thereby generating an independent reference speckle
pattern. The beam from MO is pointed to fall in GG2 in an off axis position in
order to provide a suitable spatial carrier frequency in the reference speckle
pattern. The speckle patterns from the two arms of the interferometer are combined

using a non-polarizing beam splitter BS2. The combined field is Fourier
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transformed using a lens L3 of focal length 75mm. The resultant field at the
Fourier transform plane is captured by a high resolution CCD monochrome camera
(Prosilica GX 2750). The camera is of 14 bit with 27502200 pixels and a pixel
pitch of 4.54um. The high resolution and large total pixel size of the CCD camera
allows us to implement spatial averaging technique by replacing the ensemble
averaging, thereby provides the potential to develop a single—shot imaging

technique.

He-NeLaser

M1

MO

GG2 BS3'

Figure 5.14: Experimental implementation of the imaging technique for a
reflecting type object.

5.3.2.1 Transmitting object

Further to implement the experimental technique to transmitting type object we
modified the experimental geometry by replacing the SLM and beam splitter BS3-
polaizer P combination with a mirror M2 to make it as a simple Mach- Zehnder
type interferometer. The beam folded from mirror M2 illuminates the transmitting
type object and suffers a holographic diffraction and generates an in-line
hologram. This in-line hologram scatters from the scattering layer (GG1) and
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superimpose with the reference speckle field from the diffuser GG2. The resultant
speckle field is Fourier transformed using a common lens of focal length L3 and

captured by a CCD camera.

He-Ne Laser
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BS1
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Figure 5.15: Experimental implementation of the imaging technique for a
transmitting type object.

5.3.3 Results and Discussion

For the experimental demonstration of the imaging technique initially we
implemented the experimental geometry for reflecting type objects and the objects
were introduced in the experiment using the reflective SLM. The SLM is
illuminated by a He-Ne laser source and the random speckle pattern is recorded at
the Fourier transform plane using CCD camera. An object ‘5’ of dimension

~0.94 mmx0.54 mmis inserted in the experimental setup using the SLM at a

distance of 288mm behind the ground glass diffuser acting as scattering layer

(GG1). The holographic diffraction of the object on propagation results the
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formation of an in-line hologram. The size of the in-line hologram is controlled by
an aperture of size Smm placed very near the GG1. The size of the aperture is
chosen in such a way that the speckle grain size at the recording plane is larger
than two CCD pixels in order to meet the sampling criterion. Figure 5.16(a) shows
the recorded intensity of resultant speckle image at the CCD plane. The recorded
pattern has no visible relation with the object displayed in the SLM. Two point
intensity correlation of these resultant speckle pattern using spatial averaging
approach results into a coherence wave hologram at the CCD plane as described in

Eq. (5.19) that contains the second order correlation function, W, (Ar,t). The

coherence wave hologram resulting from the two point intensity correlation is
shown in Fig. 5.16 (b). The use of Fourier transform method of fringe analysis can
yield the desired complex coherence function at the CCD plane. The Fourier
transform of the coherence wave hologram is shown in Fig. 5.16(c). The spectrum,
its complex conjugate and the dc are separated in Fourier domain. The separation
of the spectrum can be controlled by the position of the off-axis point in the
reference speckle field. Inverse Fourier transform of the centrally shifted spectrum
gives the desired complex coherence function at the CCD plane. The intensity

I(r,t) of the digital inline hologram at the scattering plane can be recovered from

the complex coherence function by making use of the van Cittert-Zernike theorem

described in Eq. (5.20).
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(b)

(d)

Figure 5.16: (a) Random speckle pattern captured by the CCD camera, (b)
coherence wave hologram resulting from the two point intensity correlation, (c)
Fourier transform of coherence wave hologram and (d) Recovered complex
coherence function at the CCD plane; the color bar represents the intensity.

The recovered in-line hologram from the complex coherence function is shown in
Fig. 5.17(a). By using Rayleigh-Sommerfield back propagation and twin image
removal as explained in the above section, the complex-valued object information
at the desired plane from the scattering medium can be reconstructed from the
recovered inline hologram. Fig. 5.17 (b) and 5.17(c) shows the reconstructed
amplitude and phase distribution of the object ‘5 at a distance of 288mm behind
the scattering medium. In order to check the reconstruction capability of our
imaging technique, we did direct imaging of the object i.e. without scattering layer
at a distance of 288mm from the object. The direct imaging results are shown in
Fig. 5.18. Fig. 5.18(a) represents the directly recorded in-line hologram at a
distance of 288mm from the SLM plane. Fig. 5.18 (a) and 5.18(b) represents the

recovered amplitude and phase distribution for the direct imaging case.
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Figure 5.17: (a) Recovered in-line hologram with scattering layer (b) & (c)
recovered amplitude and phase distribution at 288mmbehind the scattering layer
respectively. The grey scale intensity and phase variation is shown in the
respective bar representation.

Figure 5.18: (a) Recovered in-line hologram without scattering layer (direct
imaging) (b) & (c) recovered amplitude and phase distribution at 288mm from
CCD plane respectively. The grey scale intensity and phase variation is shown in
the respective bar representation.
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The visibility and reconstruction efficiency parameters for the reconstructed image
of object ‘5’ with and without scattering medium are evaluated using the same way

as described in the previous section. The reconstruction parameters vand 7 are

15.6218 and 0.9398, respectively for with scattering medium and 16.2050 and
0.9419, respectively for without scattering medium. A good agreement between
imaging through scattering layer and a direct in-line hologram imaging shows the
potential of the proposed imaging technique. Further to demonstrate the
reconstruction capability of the imaging technique at various z-planes behind the
scattering medium, a different object ‘V’ of dimension ~0.8mmx0.8mm is
displayed at various planes behind the scattering medium. The complex amplitude
recovered at various planes behind the scattering medium from 100 mm to 600mm
with an interval of 100mm is shown in Fig. 5.19. The reconstruction parameters
for various planes behind the scattering medium for the cases with and without
scattering medium are estimated and are shown in Table. 5.1. It is clear from Fig.
5.19 and Table 5.1 that the quality of reconstruction is deteriorated for short and
long distances between the object and the scatterer. When an object is too far from
the scatterer, high spatial frequency components are not able to reach the limited
size scatterer window and thus to the detector which leads to the deterioration of
the reconstructed image quality. Also in short distances, the diffraction pattern of
the object reaching the scatterer plane is very narrow and thus it is difficult to
fulfill the requirement of delta function correlation at the scatterer plane and leads
to deterioration of the image quality. This feature is very much similar to the

reconstruction of in-line hologram in the free space.

Z planes (mm) With Scattering Medium Without Scattermg Ivedimm
Reconstruction Reconstruction
Visibility(v) Efficiency{n) Visibility(v) Efficiency{n)
100 127282 09272 16,9175 08442
200 17 61450 09463 157389 0.851%
300 178055 0.9468 22.4323 0.8573
400 158655 0.3407 16,1322 0.9416
500 137838 09324 14 6345 08362
&00 125867 0.9264 137917 0.9323

Table 5.1: Reconstruction parameters of object V for different planes behind the
scattering medium and without the scattering medium
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d = 600mm
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d =200mm
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Figure 5.19: Recovered amplitude information at various planes behind the
scattering layer.

Furthermore to check the capability of the technique in transmitting type object
imaging, we use a transmitting type object as our samples for experimental
illustration. A USAF 1951 resolution chart is laying 50mm behind the scattering
medium GGI1. The experimental geometry is modified as shown in Fig. 5.15. The
resultant speckle field is recorded by the CCD camera. Experimental results are
shown in Fig. 5.20 and 5.21 for two different cases where the beam illuminates
group 0 and group 1 area of the USAF resolution chart. The resultant speckle field
recorded at the CCD plane is shown in Fig. 5.20(a) and 5.21(a) for group O and
group 1 area of USAF resolution chart respectively. The corresponding
reconstructed amplitude distributions at a distance SO0mm behind the scattering
medium are shown in Fig. 5.20(b) and 5.21(b) and the phase distributions are

shown in Fig. 5.20(c) and 5.21(c) respectively. Reconstruction quality of the
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recovered images is estimated by measuring the reconstruction parameters. The
visibility for the retrieved image for group 0 and group 1 area of USAF resolution
chart are found to be 18.9183 and 14.7490, respectively and the corresponding
reconstruction efficiency are 0.9498 and 0.9365, respectively. A good extent of
recovery of both amplitude and phase distribution at actual depth behind the
scattering medium shows the potential of the technique in depth resolved imaging

of real world objects through scattering medium.
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Figure 5.20: (a) Random speckle pattern recorded by the CCD camera (b) & (c)
recovered amplitude and phase distribution at 50mm behind the scattering layer for
group 0 area of USAF chart respectively. The grey scale intensity and phase
variation is shown in the respective bar representation.
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(b) (c)

Figure 5.21: (a) Random speckle pattern recorded by the CCD camera (b) & (c)
recovered amplitude and phase distribution at S0mm behind the scattering layer for
group 1 area of USAF chart respectively. The grey scale intensity and phase
variation is shown in the respective bar representation.

Further to demonstrate the potential of the imaging technique in imaging of micron
scale objects behind the scattering medium and to test the strength in biological
application we used micron sized polystyrene beads as our sample objects. The
polystyrene beads are immersed in Olympus immersion oil and sandwiched
between two cover slips. The sample is placed at a distance of 70mm behind the
scatterer plane. The polystyrene beads are randomly distributed between the cover
slips and it forms aninline hologram at the scatterer plane. This inline hologram
illuminates the scatterer and generates the random speckle pattern. As mentioned
in the above case the inline hologram at the scatterer plane is recovered from the
random speckle pattern using two point intensity correlation and complex
coherence function. Recorded speckle intensity pattern at the CCD plane is shown
in Fig. 5.22(a). The amplitude and phase distribution obtained for a set of

polystyrene beads which are randomly distributed between two cover slips are
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shown in Fig. 5.22(b) and 5.22(c) respectively. An efficient depth resolved
recovery of both amplitude and phase distribution of polystyrene beads explains
the possibility of implementing the technique in imaging through turbid media and

biomedical related applications.

[

(b)

Figure 5.22: (a) Random speckle pattern recorded by the CCD camera (b) & (c)
recovered amplitude and phase distribution at 70mm behind the scattering layer for
poly styrene beads respectively. The grey scale intensity and phase variation is
shown in the respective bar representation.

In summary, we experimentally demonstrated a non-invasive single-shot imaging
technique through complex scattering layers using digital inline holographic
principle. The retrieval of complex correlation function from the single-shot
speckle pattern by employing the two point intensity correlation provides the
potential to recover the inline hologram at the scattering plane. Experimental
description of the recovery of amplitude and phase of different reflecting and
transmitting type objects were demonstrated and a quantitative analysis of

reconstruction is performed.
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5.4 Conclusion

We proposed and experimentally demonstrated techniques that have
unique potential in imaging through complex scattering layers. The randomness of
the speckle pattern and speckle holographic approach is effectively exploited to
recover the complex correlation function of the speckle field. The recovery of the
complex correlation function provided the potential to use the well established van
Cittert-Zernike theorem in our experimental strategy. The use of spatial averaging
as a replacement of ensemble averaging provides the uniqueness of single-shot

non-invasive imaging that effectively reduces the time consumption.
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CHAPTER 6

CONCLUSIONS AND FUTURE
WORK

6.1 Conclusions

Shaping and analysis of laser speckle pattern and the effective utilization of their
randomness are the key investigations presented in the thesis. Active shaping
approach for shaping the laser speckle size has been developed and successfully
demonstrated. Some of these significant shaping technique applied are based on
the use of diffractive optical elements such as hologram, phase gratings,
Dammann gratings, apertures etc. The developed experimental techniques for the
controlled shaping of correlation function find applications in optical manipulation
and optical imaging. The correlation is not a directly observable quantity and its
analysis required interferometric approach. Therefore to test the active speckle (or
coherence) shaping, we developed and applied both amplitude and intensity based
interferometers and discussed their advantages. To get benefit of single-shot
correlation analysis, we rely on the spatial averaging (rather than temporal
averaging) and demonstrated application of spatial stationarity feature of random
fields in different applications ranging from characterization to imaging. This
implementation of spatial averaging in experimental techniques gives the potential
of a single-shot imaging and thereby reduces the experimental complexity.

The investigations and development of new experimental techniques
capable of treating coherence and polarization together by shaping the speckle
pattern provides new potential in polarization sensitive studies. The development
of polarization sensitive interferometer and efficient execution of diffractive
optical element such as Dammann phase type grating by phase only SLM provides
the potential to control the orthogonal polarization components of the fluctuating
field. This potential is effectively implemented to generate uniform array of spatial
coherence points both in 1D and 2D with desired spacing. This technique offers a
new method to synthesis and analysis of laser speckle pattern and consequently
controls the coherence and polarization properties of the spatially fluctuating
random field. The HBT interferometer based two point intensity correlation is

effectively combined with speckle holographic approach to retrieve the complex
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information of the random field in scalar and vectorial cases. Generation of
singular point array with desired densities is efficiently demonstrated in spatially
fluctuating random field by utilizing the concepts of two point intensity correlation
and spatial average approach. A new experimental technique for the determination
of generalized Stokes parameters or coherence-polarization matrix elements is
experimentally demonstrated by making use of the speckle holographic approach
in combination with the intensity correlation. This technique is expected to play a
crucial role in determining the statistical properties of the vectorial random field
and in optical imaging. Applicability of this technique is demonstrated in the
controlled synthesis of coherence and polarization properties of random light field.

The potential of the synthesized correlation function is efficiently applied
in the optical imaging through random scattering layers. The speckle holographic
approach in combination with two point intensity correlation is exploited to
recover the complex valued object lying behind the scattering layer. Experimental
demonstrations were presented for the recovery of image distribution of the object
structure as a distribution of the complex coherence function. The reconstruction
of complex coherence function from random speckle pattern gives the opportunity
to recover the hologram of objects hidden by the scattering layers. A single-shot
imaging technique is demonstrated for the recovery of an off-axis hologram hidden
by a scattering layer and the technique has unique ability to retrieve the complex
field behind a scattering medium resulting into the reconstruction of actual position
of the object. Thus the imaging technique provides the potential to implement the
3D complex field imaging through an opaque scattering medium for wide range of
applications. Further to demonstrate the applicability of the technique to more real
time situation where the holographic diffraction is dominant, the recovery of in-
line hologram through scattering layer is presented. Experimental demonstrations
are presented for depth resolved imaging of reflecting type and transmitting type
object hidden by the scattering layer. Thus our developed technique has a
remarkable achievement in true non-invasive and depth resolved 3D imaging
through complex scattering layers, thereby have robust practical applications in

biomedical imaging, imaging through turbid media, astronomy etc.
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6.2 Future Work

Recent interests in the spatial statistical optics are effectively exploited in the

present thesis by making use of the randomness of the speckle pattern for the

controlled synthesis of coherence and polarization properties of the spatially

fluctuating field and in imaging through the scattering layer. Experimental

demonstrations presented in the thesis based on spatial statistics provide potential

to explore new possibilities in emerging field of spatial statistical optics. Some of

the future scopes the present work is as follows

Recent interests in special correlation functions can be experimentally
implemented by utilizing the polarization sensitive interferometer
technique developed for shaping and analysis of speckle pattern. Using this
technique more diffractive optical elements can be effectively employed for
the controlled shaping of the speckle pattern.

Effective implementation of the HBT interferometer technique for the
determination of GSPs or C-P matrix elements give potential to investigate
the propagation induced changes in coherence and polarization properties
of the spatially fluctuating random field. This experimental technique may
find applications in imaging of polarization sensitive objects especially in
biomedical fields.

Non-invasive single-shot imaging technique through scattering layer can be
implemented for more biomedical samples and its possibility of real time
implementation can be explored further to develop this technique as a
potential tool in biomedical imaging.

Applying the developed correlation based imaging approach for
reconstruction of the object sandwiched between random scattering

medium or embedded into the scattering medium.
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APPENDIX 1

DETERMINATION OF GSPs AND CP
MATRIX ELEMENTS

An Experimental scheme is developed for the determination of GSPs or
CP matrix elements by making use of the measurement scheme consist of a QWP
and LP combination and two point intensity correlation. A detailed derivation of

measurement scheme and GSPs or CP matrix elements is presented in this section.

A 1.1 Measurement scheme using QWP and LP

A measurement scheme consists of a QWP with its fast axis at an angle 6
with respect to the horizontal direction (X-axis) and a LP filtered in the horizontal
direction is used for the determination of the GSPs or C-P matrix elements. A

schematic representation of the measurement scheme is shown in Fig. Al.1.

J; J;

g X X

v

QWP LP

Figure A.1: Schematic representation of the measurement scheme consist of a QWP
and LP

A QWP is an optical devise consist of a birefringent material such that the light

associated with larger index of refraction is retarded by % in phase ((%)) with

respect to that associated with smaller index of refraction. Let us consider the case

149



of a QWP with its fast axis at an angle 6 with respect to the X-direction, and then

the optical field at the output of the wave plate can be written as
E(r) E (r)
=R(-0)0OR(6
|- ro0ro) )
_(cos® —sin@)(1 0) cos€ sind E (r)
“sin@ cos® |0 i)\-sin@ cosO E (r) '

( cos@ sind

—sin@ cos@

(Al.1)

where r is the spatial co-ordinates, R(9)= Jis the transmission

matrix for the rotation of the incident vector of the wave plate, 6 is the rotation

1
angle of the QWP and Q = [O ;

0
] is the matrix representation of QWP with its fast

axis along X-direction.
When the QWP with its fast axis at an angle @ with respect to the X-direction and
LP filtered in X-direction, the optical field at the output of this optical combination

is given by

E.r)) (1 0)(cos® —sin@)(1 0)( cosd sind ) E.(r)
E(r) Lo 0){sin@ cos® L0 i)\-sin@ cos@ E (r)

_[1 Oj( cos’@+isin’@ (1-i)sinGcos H]LEX(r)j

0 0)|(1-i)sin@cos® sin*O+icos’ 8 )\ E,(r)

(A1.2)

0
where (O Oj is the matrix representation of the LP filtering in the X-direction.
Then the resultant field at the output of this optical combination for a rotation angle

0 of the QWP is given by

E (r)= (cos2 6 +isin’ 9) E (r)+ ((1 —i)sin fcos 0) E, (r). (A1.3)

A 1.2 Determination of GSPs

The resultant field reaching the measurement scheme consisting of

polarization elements (QWP and LP) is the contribution from reference and the
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object speckle field (i.e. E(r)=E‘(r)+E’(r) ) . The field after the polarization
elements can be determined by utilizing Eq. Al. 3 and is given by
E, ()= I:COSZ 0 +isin’ QJ(Ef (r)+ Ef(r))

(Al.4)
+[(1—i)cos:9$int9](Ef(")+ Eyo(r))

The intensity correlation of the two spatially separated points is the modulus square

of this resultant field and is given by

F.r.0) = |, 0)E, )

(1+cos?260) (WS (1) + W2 (1) ) +
(l—cos2 29)(W§(n,rz) +W;y)(rl,r2))+
sin40

5
[

(A1.5)

A=

P zgj(fo(rl,rz)+Wx‘;(r1,r2))+

sin 460
2

+isin2¢9j(Wy’j(rl,r2)+va(r1,r2))

where
W (1) = (B ()EL() ). W (r.1) = (EL (R)EL (1)),
W, (r,.1,) = (EV' (r)EL(r,)) and W}, (r,,r,) = (EL (r,)E\(r;))with [ = R or O

On introducing the GSPs in terms of CP matrix elements, Eq. A1.5 modifies to

2

[S)(Ar)]+[S,(Ar)]cos® 260
sin46
2

I'(Ar,0) = (A1.6)

1
411[S,(ar)] +[S,(Ar)]sin 26

where Ar =r, —r, and considered the replacement of ensemble average with spatial

average under the condition of spatial stationarity and ergodicity. Here we have

used the representation S, (Ar) = S*(Ar)+S? (Ar) with k =0,1,2 and 3and

Sy (Ar) =W (Ar)+W,, (Ar)
S/ (Ar) =W\ (Ar) =W, (Ar)
Sy (Ar) =W, (Ar)+W, (Ar)
S (Ar) =i[ W, (Ar) - W, (Ar) | with [ =R or O

(A1.7)
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By choosing appropriate angles for QWP rotation (i.ef) such that

6 =0,0,=22.5,0,=45 and 6, =135"; four intensity correlation results which

are the combination of GSPs can be obtained as

1 2
[(8r.0) = [S,(Ar)+ 5,(4r)

S,(Ar) _ Sy(Ar) S, (An)f
2 2 V2 | (A1.8)

1 2
[(Ar,0,) = Z|SO(Ar) +S,(Ar)|

T(Ar.6,) =i S,(Ar) +

1 2
[(Ar,0,) = Z|SO(Ar) —S,(Ar)|

On bringing the intensity correlation functions to right hand side of the equation,

Eq.A1.8 modifies to

|S,(Ar)+ S, (Ar)|" = 4T (Ar, 6)

|2

S,(Ar) S,(Ar) S;(Ar)

=4I (r,, 1,6,
> 2 T n 72, 02) (A1.9)
1S, (Ar)+ S, (AF)| = 4T(Ar,6))

S, (Ar) = S, (Ar)|" = 4T(Ar,6,)

Sy (Ar) +

Due to the superposition of the speckle field from object and reference field, the
two point intensity correlation results into an intensity correlation hologram.
Therefore each of the intensity correlation results for the particular rotations of the
QWP are intensity correlation holograms. Fourier transform operation on the
hologram results into a spectrum, its complex conjugate and the dc term. On
filtering out the desired spectrum and moving it to the centre and performing

inverse Fourier transform operation modifies Eq. A1.9 to

S5 (Ar)+ S/ (Ar) = 4T"'(Ar, 6)

S/ (Ar) | SY(Ar) | SYAr)

2 2 ¢ NG (ar.%,) (A1.10)
SS(Ar)+S2(Ar) =4T'(Ar, 6,)
SO (Ar)—S?(Ar) = 4T (Ar,0,)

Sy (Ar)+
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where I''(Ar,0,) withm=1,2,3 and 4are the inverse Fourier transform of the

spectra which is filtered and translated to the origin of the frequency axis.

From Eq. A1.10 GSPs of the object field can be determined and is given by

SO (Ar)=2I""(Ar,0,)+ 2T (Ar, 6,)

SO(Ar)=4T'(Ar,0)—2I"(Ar,6,) - 2T'(Ar, 6,)

SO(Ar) =8T"(Ar,6,)—2(1+2)I'(Ar, 6,) (Al. 11)
—2(1-2)T'(Ar,6,)—4T"(Ar,6))

SO (Ar)=2I"(Ar,0,)-2I"(Ar,6,)

A 1.3 Determination of CP matrix elements

A similar procedure is used to derive the CP matrix elements and is used
in the synthesis of coherence and polarization properties of the field. On recalling
Eq. A1.5 and the object field is modified and represented as synthesized (object
arm is used for the synthesis of the desired field) field Eq. Al. 5 can be written as

F(rr,.0) = |(EL, ()E,. ()]
(1+cos> 20) (WS (rry) + W(r.1,) ) +

(1-cos>20) (W, 1) + WS (1.1y)) + (AL 12)

=

2
in4

(sln49 —isin 29)(W§(n,r2)+WXi(rl,r2))+
( +isin2¢9j(W)§(rl,r2)+in(rl,r2))

By choosing appropriate angles for QWP rotation (i.ef) such that
6 =0,0,=225,0,=45 and 6, =135"; four intensity correlation results which

are the combination of CP matrix elements can be obtained as
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1
L(@.r,.60) = Z|2WM<Ar>|2

2

3 1 i

(.1, 6,) = EW”(N)J{E_EJWW(N)
OV ST 1

+(5+$]Wﬂ(m)+awyy(m)

(Al.13)

L(r,.r,.0,) = Wm(Ar)—i(ny(Ar)—Wyx(Ar))+Wyy(Ar)‘2

T(r.r,.0,) = Wxx(Ar)+i(ny(Ar)—W),X(Ar))+Wyy(Ar)‘2

o el ol

On bringing the intensity correlation functions to right hand side of the equation,

Eq.A1.13 modifies to

2w, (Ar)[ = 4T(r,,1,,6)

3 1 1 1 ’
EWX"(N)-’{E_ﬁJW"y(N)+(5+EJW>"(N)+EW”(Ar) —4F(r1,r2,92)

W, (Ar) =i (W, (Ar) =W, (Ar)) + W, W)V =4T(r,,1,,6,)

W, (Ar) +i (W, (Ar) =W, (Ar)) +W,, (Ar)r =4T(r,1,,0,)

(Al.14)

On applying the Fourier transform filtering approach as discussed in the previous

section the Eq. Al. 14 modifies to

WS (Ar) =21 (r,.r,,6)
%Wxi(Ar)qt[%—Lij‘; (Ar)+(%+LjWyfc(Ar)+%W‘§ (Ar)=4T'(r,,1,,0,)

V2 V2

WS (Ar) =i (WS (AR =W (Ar))+ WS (Ar) = 4T (5,1, 6,)

(A1.15)
W2 (Ar) +i (W (Ar) =W (Ar) )+ WS (Ar) =4T'(1,.1,.6,)

From Eq. A1.15 the CP matrix elements of the synthesized field are given by
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WS (Ar) = 2T (Ar, 6)
WS (Ar) =21 (Ar,6,)+2T (Ar,6,) -2 (Ar,6)
WS (Ar) =41 (Ar,6,) - 2T (Ar,6)
—~(1+\2 =)' (Ar,0,)— (-2 + )T (Ar,6,)
W, (Ar)=4T (Ar,6,)-2I (Ar,6)
—(A+\2+DT'(Ar,0,)—(1-2 =D (Ar,6,)
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APPENDIX 2

WAVE PROPAGATION TECHNIQUES

Wave propagation techniques have remarkable importance in holography
based imaging techniques. In this section we describe some of the wave
propagation techniques that play a crucial role in the object reconstruction from

holograms.

A2.1. Rayleigh-Sommerfeld formulation of wave
propagation

The Kirchhoff formulation of diffraction theory found to be inconsistent,
since the theory implies that the field is zero everywhere behind the aperture which
contradicts the physical situation. By using a different choice of the Green’s
function, Sommerfeld removed this inconsistency and the corresponding results
are called Rayleigh-Sommerfeld diffraction formulation. Let us first consider the

field immediately behind the screen given by Kirchhoff as

1 ou oG
UPR)=—||| —G-U— A2.1
) 4ﬂ£:'.(8n on * ( )

exp ( jkr)

r

where U is the complex function of the position and G = is the

Green’s function, ris the length of the position vector and S, is the surface

immediately behind the aperture. Sommerfeld proved that the assumptions of
boundary conditions imposed by Kirchhoff are inconsistent and he modified the
theory by making use of Green’s functions. A schematic representation showing

the Rayleigh-Sommerfeld diffraction formulation is shown in Fig. A2. 1.
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Figure A2.1: Schematic representation of Rayleigh-Sommerfeld diffraction
formulation
An alternate Green’s function that meets the requirement is proposed of two
identical point sources at two sides of the aperture which oscillating with 180°

phase difference. This Green’s function is given by

G - exp( jkr) ~ exp ( jk7)

r r

(A2.2)

On substituting the Green’s function G instead of G in Eq. A2.1, the field

contribution at the point F,is given by

exp( jkr)

Ulx,y,z)= i j j U(%,$,0) cos 0 dxdy (A2.3)
JA%S

where X is the aperture surface, U(X,y,0)is the field at the aperture , ris the

length of the position vector from aperture to the observation point and 6 is the
angle to the surface normal. Eq. A2.3 is the Rayleigh-Sommerfeld diffraction
formula and can be executed for the determination of field distribution at different

planes behind the source aperture.
A2.2. Angular spectrum method of wave propagation

Angular spectrum method of wave propagation is useful to determine the

field amplitude at any other point or any parallel plane by adding the contributions
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of plane waves during the propagation. Let us consider a field U (x, y;O) atz=0,

then the Fourier transform of the field distribution is given by
A(fy 1,300 = [[U (x,30)exp| = j27(fyx+ f,) | dxdy (A2. 4)

On considering Fourier decomposition ofU(x,y;0), the angular spectrum

representation of the field U (x, y;O)is given by

a . a p
A =|{U(x,y;0)exp| —j27| —x+— dxd A2.5
(1/1 j [[U(x.5:0) p{] (ix Ayﬂxy (A2.5)
o p ) ) . . .
where 7 = fx77: fy- Eq. A2.5 is derived by considering the direction cosines
(aﬂy)andlsrelatedbya Af,B=Af, and y =\[1-a’ - .

The propagation of angular spectrum of U (x, y;O) across any plane at a distance z

is given by

A(% g,zj J‘J.U(x,y;z)exp{—jbr(%xvtgyﬂdxdy (A2.6)

The field distribution at the corresponding plane zis given by

x V2 HA(— —,z]exp[127z(jx+§yﬂd%d§ (A2.7)

This field distribution U (x, y;z) must have to satisfy the Helmholtz equation

VU +kU =0 (A2.3)

So an elementary solution of this equation is given by
( j ”A( jexp[]%«ll a’ - p’ z} (A2.9)

When the direction cosines satisfy o + 3> <1, the effect of propagation over the

distance z is a change of the relative phase of the various components of the

angular spectrum. Then the field distribution at a distance zcan be obtained by
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inverse Fourier transforming Eq. A2.9 and is given by

U(xyiz jjA( jexp[,%m{
xcirc(\/m)exp{]%r(lx+§yﬂd%d§

(A2.10)

where the circ function controls the region of integration. Eq.A2. 10 can be
effectively implemented numerically for the determination of field distribution at

various planes parallel to the aperture plane.
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APPENDIX 3

The experimental demonstrations presented in the thesis utilize a number
of optical components and devises. The technical details of the optical components

and devises are presented here.

Spatial Light Modulator (SLM):
e PLUTO Phase only SLM

Figure A3.1: Photograph of Pluto phase only SLM

Display type: Reflective LCOS (Phase only)
Resolution: 1920 x 1080

Pixel pitch: 8.0 pm

Active area: 15.36 x 8.64 mm (0.7" Diagonal)
Addressing: 8 Bit (256 Grey Levels)

Signal formats: DVI— HDTV Resolution
Frame rate: 60 Hz

e LC-R720SLM

Figure A3.2: Photograph of LC-R 720 SLM
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Display type: Reflective LCOS (Twisted Nematic)
Resolution: 1280 x 768

Pixel pitch: 20.0 um

Active area: 25.6 x 15.4 mm (1.18" Diagonal)
Addressing: 8 Bit (256 Grey Levels)

Signal formats: DVI — WXGA Resolution

Frame rate: 180 Hz

CCD Monochrome camera:

e Prosilica GX 2750

Figure A3.3: Photograph of CCD monochrome camera

Resolution: 2750 x 2200
Sensor: Sony ICX694

Sensor type: CCD Progressive
Cell size: 4.54 um

Lens mount: C (adjustable)
Frame rate: 20 fps

ADC: 14 Bit

On-board FIFO: 128 M byte

Spiral Phase Plate: VPP-m633 (RPC Photonics, USA)

Vortex Geometry

3 2 1
5 e
8 7 6

Figure A3.4: Vortex geometry in spiral phase palte-VPP-m633; highlighted area
shows the different topological charge position.

USAF Resolution chart: USAF 1951 1X (Edmund Optics)
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Figure A3.5: USAF 1951 1X Resolution chart.

LASERS:
e He-Ne Laser systems-CVI Melles Griot
= 25-LHP-928-230:
Wavelength-633nm
CW output power: 35.0mW
Polarization: Linear>500:1
= 25-LHP-925-230:
Wavelength-633nm
CW output power: 17.0mW
Polarization: Linear>500:1
= 25-LYP-173-230:
Wavelength-594.1nm
CW output power: 5.0mW

Polarization: Linear>500:1

Ground Glass Diffusers: Thor Labs
= DG20-120-MD: 2" with 120 GRIT

Wave Plates: Thorlabs
= Quarter Wave plate: AQWP05M-600 (400-800nm)

= Half Wave plate: AHWPOSM-600 (400-800nm)

Polarizer: Thorlabs

=  Mounted Linear Polarizer: 12.5mm, SMO05, 500-720nm
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Non-polarizing Beam Splitter: Edmund Optics
= CMI-BSO13 (50:50)

Polarization Beam Splitter: Edmund Optics
= CMI-PBS251 (50:50)

Lenses: Thorlabs

=  Achromatic Doublet, F=750mm AC508-75A

=  Achromatic Doublet, F=100mm AC508-100A

=  Achromatic Doublet, F=150mm AC508-150A

=  Plano convex lens, F=100mm, N-BK7, LA1050-A
= Biconvex lens, F=100mm, N-BK7, LB1630-A

= Biconvex lens, F=150mm, N-BK7, LB1374-A

= Biconvex lens, F=200mm, N-BK7, LB1199-A

Mirrors: Thorlabs
= Dielectric high quality mirrors (50.8mm)-BB2-E02

= Dielectric high quality mirrors (25.4mm)-BB1-E02
=  Aluminium protected mirror (25.4mm)-PF10-03-GO1
=  Aluminium protected mirror (25.4mm)-PF20-03-GO1

Spatial Filter Assembly: New port
= Three axis spatial filter-M-900

Microscope Objective: New port
= M-20X
= M-40X

High Energy Pinhole Aperture: New port

= 10 micron- 900PH-10
= 15 micron-900PH-15
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