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The use of light scattering from tissue for biomedical diagnosis is growing because it
facilitates devising non-contact and non-invasive diagnostic modalities. The non-ionizing
behaviour of visible radiation is an added advantage for biomedical applications. The
spatial/angular distribution of scattered light is sensitive to size and its distribution, shape and
refractive index of scatterers and hence can be used to monitor morphological alterations
taking place during the onset and the progression of diseases like cancer. Spectrally resolved

measurements add further value since by exploiting either the absorption characteristics of
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different tissue chromophores or the molecular specificity of in-elastically scattered light by
processes like Raman scattering and fluorescence the molecular specificity of the
measurements can be enhanced. Yet another approach to further enhance the information
content is making use of the vector nature of electromagnetic radiations i.e. the polarization
of light which can probe the polarization altering behaviour of medium. The polarization
characteristics of the medium are quantified in terms of three polarization parameters viz.
retardance (change in relative phase of the two orthogonal linear or circular polarizations),
diattenuation (differential attenuation of the two orthogonal linear or circular polarizations)
and depolarization (randomization of the polarization state of light). Since the concentration
or the macroscopic arrangement of some of the constituents of the biological tissue such as
collagen, having polarization dependent optical properties, gets altered in diseases like
cancer, measurement of the polarization parameters of tissue can provide valuable diagnostic
information. Similarly, morphological alterations resulting from diseases, lead to a changes in

the depolarization which can also be used for diagnosis.

While interpretation of the experimentally measured polarization properties is
straightforward for thin tissue sections and dilute suspensions, the same is not true for thick
tissues and turbid media where polarization change can be due to a convolution of multiple
polarization effects. For example, a rotation of the plane of polarization of incident linearly
polarized light (retardance) can be caused both by the presence of chiral molecules such as
glucose or due to single back scattering which causes retardance and diattenuation. Similarly,
while the presence of oriented collagen structures is expected to lead to polarization
dependent scattering (diattenuation) it has also been shown to contribute to depolarization.

Concurrence of these multiple and overlapping effects make deciphering useful information
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difficult and therefore the correct interpretation of sample's polarization altering behavior
requires complete characterization of the state of polarization of light scattered or transmitted

through the medium.

Mueller matrix, a sixteen element polarization transformation matrix, provides a
complete description of polarization properties of the medium. Determination of all the 16
elements requires a minimum of sixteen intensity measurements analyzing the interaction of
both linear and circularly polarized light with the medium. Several commercial ellipsometry
systems now include Mueller matrix measurements to be able to handle presence of multiple
polarization effects in the sample. These systems utilize a set of polarization optics (polarizer
and linear retarder) as polarization state generator (PSG) and another set of polarization
optics as Polarization State Analyzer (PSA). For the interpretation of the data, the matrix
needs to be analyzed using suitable decomposition schemes that segregate the polarization
parameters. A widely used decomposition scheme is Lu-Chipman decomposition. While
Mueller matrix measurements are being used for a variety of applications ranging from
material science to astrophysics, their usability can get significantly enhanced if some of the
important limitations in their measurement and analysis are addressed. For example, while
the Lu-Chipman decomposition allows separation of diattenuation, retardance and
depolarization, it cannot distinguish retardance arising due to optical activity from that due to
linear birefringence, which is required for monitoring concentration of chiral compounds
(like glucose) in biological media. Similarly, while incorporating Mueller measurements with
optical coherence tomography (OCT) or confocal imaging, the use of separate PSA/PSG
poses several difficulties. For example, when using separate PSA/PSG, implementation of

Mueller matrix OCT is possible only with the use of polarization maintaining fibers which
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often lead to polarization artifacts. Therefore, it is desirable to develop measurement scheme
that can use same polarization optics for both PSA and PSG. Another difficulty often
encountered in Mueller matrix measurements is the limited spectral range over which
measurements can be made with the wave-plates used. This limitation can be largely removed
if measurements made using linearly polarized light can by itself provide useful information.
The results of the studies carried out by us to address the above three issues constitute the

first part of the thesis.

Depolarization of light in turbid medium has been widely investigated. An important
motivation for these studies has been the use of polarization gating for optical imaging
through turbid medium. While a large body of literature exists on the dependence of
depolarization on size, shape and refractive index of scatters present in the turbid medium,
several aspects of depolarization are still not well understood. For example, generally it is
expected that increasing absorption will result in less depolarization since multiply scattered
component will be preferentially absorbed. However, studies carried out by us showed that
this is not true universally and for scatterers with size >\, the depolarization increases with
increased absorption. Another important point required to be addressed is, that while a large
number of researchers quantify depolarization in terms of co- and cross- polarized light, this
definition is not valid for media where retardance and diattenuation can also lead to a rotation
of the plane of polarization. Mueller matrix measurements help segregate depolarization
(randomization of polarization) from rotation of polarization arising due to retardance and
diattenuation and thus can provide a true measure of depolarization. Results of our studies
carried out to address these aspects are described in the second half of the thesis. This part of

the thesis also details the results of the studies carried out by us on intrinsic depolarization

14



characteristics of anisotropically shaped metallic nanoparticles and the effect the presence of

nanoparticles can have on the depolarization characteristic of turbid medium.

The thesis is organized as follows

In chapter 1 of the thesis an overview of the use of optical spectroscopic polarimetry
for turbid medium characterization is provided. The basics of Mueller matrix polarimetry are
discussed next. Finally a brief overview of the use of Mueller matrix polarimetry for

biomedical applications is provided.

In chapter 2 we first discuss the theory of Mueller matrix measurements using
polarization state generator (PSG), polarization state analyzer (PSA) approach and the
methods used for polar-decomposition of Mueller matrices. Next we discuss briefly the
measurement schemes used for various experiments and provide details of a new scheme
developed for Mueller matrix measurements in backscattering geometry. In this scheme the
use of a Faraday rotator as a part of PSG dispenses the need to employ separate polarization
state analyzer. Thus not only the number of required polarization components is significantly
reduced, the polarization artifacts generated by the beam splitter used for splitting the beam
to PSA are also avoided. The details of the scheme and the simulations carried out by us for

the optimization of polarization optics configuration are described in the chapter.

In chapter 3 we discuss the development of different mathematical tools for the
interpretation of polarimetric information contained in the 3x3 matrix generated using linear
polarization measurements alone. We developed a decomposition scheme that can be used to
obtain depolarization, diattenuation and linear retardance of the medium in backscattering

geometry (for which circular polarization effect can be neglected) under the assumption that
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the depolarization of linearly polarized light is independent of the orientation angle of the
incident linear polarization vector. Studies conducted by us on various scattering samples
demonstrated that this assumption is valid for biological tissue where the depolarization of
polarized light primarily arises due to the randomization of the field vector’s direction as a
result of multiple scattering. The scheme not only reduces the number of measurement and
number of optical components but it is also particularly suitable for spectroscopic
measurements where quantification of the polarization parameters over a large range of
wavelengths is required. Further, since a linear polarizer can be easily fabricated at the tip of
a fiber this approach can also be implemented with a fiber optic probe. We have also shown
that for non-depolarizing samples one can invoke the nine bilinear constraints between
Mueller matrix elements to retrieve all the 16 Mueller matrix elements. This allows one to

use the data analysis and interpretation methods developed for 4x4 Mueller.

In chapter 4 we discuss the results of our studies on the effect of absorption on the
behaviour of depolarization from turbid media as a function of scatterer size. It was observed
that, while for medium comprising small size scatterers (Rayleigh scatterers), the
depolarization shows the expected decrease with an increase in the absorption, the
depolarization for larger size (> A) scatterers was observed to increase with increasing
absorption. Studies carried out to understand this intriguing observation are described in the

chapter.

In chapter 5 we describe the results of our studies on the use of Mueller matrix
measurements for determining two-dimensional map of degree of polarization as function of
input polarization state for suspensions of polystyrene microspheres of different sizes. The
results show that, while the pattern of the depolarization maps changes with size of the
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scatterer, it is not very sensitive to the concentration of scatterers and absorption in the
medium. We also compare different metrics used to define depolarization and show that the
depolarization extracted from Mueller matrix is the true depolarization (randomization of the

polarization vector).

In chapter 6 we present measurement carried out by us on depolarization
characteristics of various non-spherical nanoparticles such as nano-rod, tetra-pods, stars and
nano-flowers. The results indicate that as compared to nano stars and nano-flowers, nano-
rods and tetra-pods show higher depolarization. Further, the spectral dependence of
depolarization for all the particles was found to follow their scattering spectra. Due to interest
in the use of NP as contrast agents the effect of the presence of spherical and non-spherical
particles on the depolarization behavior of turbid medium was also investigated. For spherical
particles the absorption by the particles was seen to dominate the depolarization behaviour
and this resulted in a reduction of depolarization around the SPR peak. In the presence of
non-spherical particles, the depolarization of a turbid medium is affected not only by the
multiple scattering in the medium but also by depolarization characteristics of the
nanoparticles. Since the intrinsic depolarization of the nanoparticles is very large, it
dominates the overall depolarization of turbid medium if the scattering coefficient of the
medium i1s comparable or up to a factor ten larger than that for the nanoparticles. For even
higher scattering coefficient of the medium, the absorption effect of nanoparticles starts

dominating the depolarization characteristics of the medium.

In chapter 7 we discuss the use of Mueller matrix measurements to characterize the
polarization properties of liquid crystal-based reflective type twisted nematic spatial light
modulator (SLM). The experimentally obtained Mueller matrices were used to obtain the
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combination of polarization optics required to optimize it for phase only modulation. The
results indicate that minimum intensity modulation is obtained with the use of a polarizer
followed by a quarter wave plate (QWP) in PSG arm and a QWP followed by an analyzer in
PSA. Polarization parameters such as retardance, rotation and depolarization were calculated
from the experimentally obtained Mueller matrices using polar decomposition method at
different angle of incidences of the laser beam. Further, spectral Mueller matrix
measurements were used to obtain intensity modulation response in the range of wavelengths

450-700nm for broadband applications.

The thesis concludes with chapter 8 summarizing the results and the future scope.
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Chapter 1

Turbid Medium Polarimetry for
Biomedical Applications

In this chapter we provide an overview of the polarization based characterization of optical
media and different mathematical parameters used to quantify the polarization altering
properties of such media. We also provide a brief overview of the interaction of polarized
light with turbid medium and its uses of polarization based characterization of such media

for biomedical diagnosis and imaging applications.

1.1 Introduction

The changes in properties of light after interaction with matter have been studied widely for
its use as a non-destructive characterization tool [1]. The most easily observable property of
light is its intensity. A change in the intensity of light scattered/transmitted from an optical
system can be used to quantify scattering/absorption properties which can provide
information about morphological properties of its constituents. Analysis of the color of light
adds to the specificity by providing information about the chemical species responsible for
the absorption. Further information can be obtained by monitoring the state of polarization
and its spectral dependence in the scattered/transmitted light. Polarization based

characterizations have been widely used for quality control in pharmaceuticals, for remote
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sensing in meteorology and astronomy, for crystallography and stress analysis in material

science etc [2].

The interaction of light with biological matter has also attracted a lot of research
interest for biomedical diagnosis and imaging owing to its ability to probe non-invasively and
provide high spatial resolution (down to few pum).The fact that visible radiation is non-
ionizing also creates a merit for its use vis a vis techniques that use ionizing radiations such
as X-ray and y-ray. A significant amount of effort has gone towards the use of polarization
transformation characteristics of turbid medium like tissue for both imaging and diagnosis.
There has been two pronged approach towards use of polarization of light. One approach
utilizes the polarization based selection scheme for obtaining diagnostically relevant
information or for image contrast enhancement by using polarization gating to eliminate
diffuse background [3-11]. The other approach has been to characterize polarization altering
properties of medium in terms of different polarization parameters and use these as imaging

and diagnostic parameters.

The change in the polarization of incident light can be brought about by a host of
optical parameters. Therefore, the correct interpretation of sample's polarization altering
behaviour remains a major challenge. Several mathematical formalisms, e.g. Jone's and
Mueller matrix [12], are used to represent the state of polarization and the polarimetric

properties of an optical system.

In the following sections we discuss basics of polarization of light and different
mathematical approaches used for its description. We have also discussed the use of polarized

light for biomedical applications and the challenges ahead.
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1.2 Polarization of light

From the standpoint of classical physics, light is an electromagnetic radiation with electric
and magnetic field vibrations transverse to the propagation direction in free space. A
perfectly mono-chromatic light is also a perfectly polarized light with a well defined
vibration pattern and handedness. If one takes a snap shot of electric field vector of a light
ray, the electric field vibrations are confined in a plane containing the direction of
propagation. On the other hand for the circularly polarized light the electric field vector
rotates about the direction of propagation. The right handed rotation of electric field vector
correspond to right circular polarization and left handed rotation to the left circular
polarization. Elliptical polarization is observed when a rotation of the electric field vector is
also accompanied by a change in the amplitude of the vector. In general any two linearly
independent circular, linear, or elliptical polarization states can used to describe a polarization
of a perfectly polarized light ray. The interaction of polarized light with matter leads to
change in polarization state of the light and can be used for characterization of the matter.
However, unlike the intensity and color, analysis of polarization transformation is
mathematically involved due to its vector nature. Further, the polarization of light can change
in many ways and it requires defining different parameters for characterization. For this
several formalisms have been developed that analyze the transformation of polarization
vector of the scattered light and quantify the polarization response in terms of polarization

properties.
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1.2.1 Polarization parameters of an optical medium

Polarization of light can get modified upon interaction with a medium via two mechanisms
viz. a relative change in the intensity of orthogonal polarization components of light (due to
selective scattering or absorption) and/or a relative phase change between orthogonal
polarization components. Based on these classifications the polarization properties of any
medium can be defined in terms of diattenuation and retardance. In addition to this, the
ability of any medium to randomize the phase relation between polarization components is

quantified as depolarization.

Diattenuation:

Diattenuation (D) of a medium corresponds to differential attenuation of orthogonal
polarizations for either linear, in which case it is called linear diattenuation or circular
polarization states (circular diattenuation). Considering Tq and T, as transmittances of two

orthogonal polarization states, the diattenuation become

To-T|
T,+T,

D=

,such that 0<D<1
1.1

Since diattenuation leads to a loss of energy an appropriately chosen diattenuator can

ideally completely block a polarized light. Such a diattenuator is known as a polarizer.
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Retardance:

. S S 2
When light travels through a medium it accumulates phase, which is given as%nmd ,

where d is the distance traveled in the medium and n,, is the refractive index of the
medium. In case of anisotropic refractive index i.e. different refractive index for
orthogonal polarization states, a relative phase lag between the two polarization
components is also accumulated. This relative de-phasing of the two Eigen polarization of
the light leads to a change in the ellipticity of polarization of light. The retardance is

termed as linear retardance () or circular retardance (y ) depending upon weather the

Eigen polarization states are linear or circular.
Depolarization:

Depolarization of incident polarized light occurs when in the detected light the
phase/amplitude relation between the orthogonal polarization components and hence the
polarization of light varies rapidly over the measurement period such that no polarizer can
block the light completely. In practice this arises due to multiple scattering effects on
propagation through a turbid medium, due to scattering from a rough surface or due to
sample with spatially or temporally varying polarization properties with spatial or
temporal extent of the variation being much smaller than the detector size and integration
time. In general light is neither completely polarized nor completely un-polarized and the
concept of degree of polarization is invoked. The quantity is defined in terms of the
fraction of polarized component in the beam. This is achieved by dividing the beam into

orthogonally polarized components such that they have the maximum difference in
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intensity and are mutually incoherent with no correlation between their phases exists. The

degree of polarization is then defined as

I, -1,
Iy +1 1.2

DOP =

Where I4is the component with the maximum intensity and [; is the other component.
1.2.2 Jones matrix representation

A plane electromagnetic wave propagating along z axis is given as

i(wt- 5 . i|wt-kz+5
E(zt)= E,e“" ]{Z+&X)+|E0ye (ortedy) 13

Where Eox and E,y are the components of the electric field along x and y axis, © is the
. 21
frequency, k is the wave vector (= - n,) and 8 and , are the absolute phase of the x and y

components of the electric field. In matrix representation this can be written as

E onei(wz-kz+z>‘x)

Eoyei(wt—kz+(5y)

While for linear polarization 6 and oy are same and relative magnitude and sign of x

and y electric field components determine the orientation of polarization vector, elliptical
polarization also includes a finite difference between 65 and 6, which is iE for circular

polarization.
The transformation of polarization of light upon interaction with a medium is brought

about by a 2x2 matrix operator referred to as Jones matrix. If £’ denotes the vector for the
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polarization of light after interaction with a medium which had an incident polarization given

by E. The Jones matrix of the medium relates the two in the following manner

Elx =|:J11 J21}|:Ex}
E'y Jio JIn || Ey

1.2.3 Stokes-Mueller representation

1.5

While Jones matrix representation can completely characterize the polarization transfer
characteristics of a non-depolarizing optical system, it is not suitable for depolarizing systems
for which the time averaging of the fields with different polarizations at the detector leads to
blurring of the interference. The Stokes-Mueller formalism, which utilizes intensity
measurements for polarization characterization, is more suitable in this case. Here the state of
polarization of light is represented by a Stokes vector (a 4x1 vector) and the medium’s

polarization transformation properties are given by a 4x4 matrix called Mueller matrix.

Stokes parameters:

The polarization state of a light beam can be completely defined by six intensities viz. I
Iy s 1p, Iy, lgandl, which are the intensities measured with horizontal, vertical, 45°, -

135° linear polarizer, right circular polarizer and left circular polarizer respectively. The

Stokes vector (S) is than defined as

So) (la+ly
S Iy -1
g=|"t|=z|H™V
82 IP‘IM
53) Ur-lt 1.6
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For a completely polarized beam of light

SZ=S2+S2+S? 17

In case of partially polarized light following parameters are used to quantify

depolarization

pop= Y31+ +53

Degree of polarization

So
. . 57 +53
Degree of linear polarization DOLP = e
0
. o |S3]
Degree of circular polarization DOCP = S
0

Mueller matrix:

While the Stokes vector represents the polarization properties of light, the Mueller matrix
contains complete information about the polarization properties of an optical system and
acts as a transformation matrix in Stokes vector space. The Stokes vectors of a light ray
exiting an optical system can be written as a multiplication of Stokes vector of incident

light ray and Mueller matrix of the optical system.

Sout = MS;, 1.8
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1.9
Where, M is the Mueller matrix of the media or sample, S,, and S;, are the Stokes

vectors of output and incident light respectively.

1.2.4 Polar decomposition of the Mueller matrix

The confounding effects of multiple scattering, propagation path and detection geometry on
the sixteen elements of Mueller matrix makes it challenging to arrive at a unique
interpretation of data. For this mathematical approaches have been devised that can decouple
the individual contributions of simultaneously occurring polarization effects. The parameters
corresponding to individual polarization processes in a lumped system can then be used as
useful biological metric. This involves decomposing the Mueller matrix as a multiplication of
three constituent matrices that represent the basic polarization properties viz. retardance,
diattenuation and depolarization. Since the multiplication of these matrices is non-
commutative there can be six different decompositions depending on the order of the
constituent matrices. Further, since the matrix for a retarder is unitary matrix the six
combinations can be divided in two groups as shown below. The matrices in the first column
can be converted to each other by using similarity transformations. The same is true for the

matrices in second column.
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The two groups are different in order of diattenuator and depolarizer. The first one is
referred to as forward decomposition or Lu-chipman decomposition and represents a physical
system for which an averaging of polarization effects at the detector is responsible for
depolarization [13]. The other combination, named as reverse decomposition represents an
optical system for which the light undergoes depolarizing interactions before experiencing
diattenuation effects. The two decompositions however give similar results if one of the two
parameter (depolarization or diattenuation) has small value [14]. A more general kind of
product decomposition, namely, the symmetric decomposition has also been developed
recently which uses diattenuators on both sides of depolarizer matrix [15]. For the purpose of
this thesis we have used the forward decomposition since it more closely represents the order

of polarized light interactions occurring for a turbid medium.

1.3 Polarized light in biomedical imaging and diagnosis

Polarimetric methods have been successfully used for characterization of protein solutions for
obtaining information about their three dimensional structure, determining sugar
concentrations in industrial processes, testing purity of pharmaceutical drugs, in meteorology
and astronomy, for optical stress analysis of structures etc. Its use for biomedical application
is also expected to improve information content and the sensitivity of optical diagnosis and
imaging systems. This has motivated a lot of research interest towards studies on polarization
properties of scattered light from a random medium. As mentioned previously polarization
can be used both for discriminating against multiply scattered light, thereby allowing

improved contrast and depth of imaging and for obtaining morphological and functional
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information of potential biomedical importance using polarization properties of scattered

light.

Polarized light based imaging techniques make use of two important properties of
polarization of light in turbid medium. First is the fact that the rate of loss of polarization is
lower as compared to the loss of coherence and direction, therefore polarization based gating
allows imaging of deeper structures. Secondly the fact that the specular reflection and the
scattering from top layer of the sample is polarization maintaining, the use of cross polarized
measurements allows imaging of superficial layers selectively [5, 16]. The same approach has
also been effectively used for visualizing micro-circulations [9]. The orthogonal polarization
configuration is used to select depolarized photons from the backscattered light. Since the
depolarized fraction corresponds to multiply scattered photons, which also travels deeper
before appearing in backscattering, it bears the image information about the micro-circulation
channels. The scattering from top layer which is polarization maintaining and limits the
dynamic range and the contrast, is blocked. Use of time resolved measurements or
measurements at multiple wavelengths along with polarization measurements allow depth

resolved imaging [17, 18].

To effectively utilize the potential of polarized light based imaging a lot of effort has
also been made to understand the behaviour of depolarization of light in a turbid medium like
tissue. These studies have elucidated the effect of different optical parameters of the
scatterers and medium such as shape, orientation, and internal structure of the scatterers and
absorption on the depolarization properties [3-5, 19, 20].Recently the intrinsic depolarization

characteristics of anisotropically shaped metallic nanoparticles and the effect the presence of
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nanoparticles can have on the depolarization of turbid medium is also being explored for their

use as external contrast agent for imaging [21-23].

The use of polarized light for obtaining diagnostically relevant parameters is also
gaining a lot of interest. Orthogonal polarization measurements have been used successfully
for differentiating between normal and diseased tissue [24]. Similarly polarized reflectance
spectroscopy (PRS) [7, 8], has been used to eliminate diffuse background and the signature of
hemoglobin absorption in spectral measurements to provide a quantitative estimate of the size
distributions of cell nuclei as well as the relative refractive index of the nucleus. A more
sophisticated approach is to use the polarization parameters of the medium (retardance,
diattenuation and depolarization) for obtaining diagnostic information. The anisotropy in the
optical properties of tissue due to the presence of fibrous structure gets manifested in the
transformation of polarization state of light. Muscle fibers and extra-cellular matrix proteins
(such as collagen and elastin) which possess fibrous structure can lead to linear birefringence.
Changes in this anisotropy resulting from disease progression or treatment response alter the
optical birefringence properties, making this a potentially sensitive probe of tissue pathology
[25-28]. Similarly measurements of optical rotation, which is caused by presence of chiral
molecules such as glucose, may offer an attractive approach for non-invasive monitoring of
tissue glucose levels [29-31]. This is made possible by the use of Mueller matrix polarimetry
which provides a complete characterization of polarization transformation properties of an
optical system. This combined with polar decomposition can be used for obtaining individual
polarization parameters thereby decoupling the combined effects of multiple scattering and of
multiple polarization effects that otherwise makes it difficult to decipher the information from

limited polarization measurements. Both complete and partial Mueller matrix measurements
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combined with the decomposition schemes have been shown to be effective in differentiating
between normal and cancerous oral, breast and colon tissues [25, 27, and 28]. These studies
have highlighted the potential of the technique for the early detection of cancer and
improving the performance of biopsies. The use of Mueller matrix polarimetry has also been
effective in quantification of retinal and myocardial birefringence [32] and for staging of liver
fibrosis [33]. Despite the potential of the approach many issues needs to be resolved to make
it practically suitable for biomedical imaging and diagnosis. During the course of this thesis
we have tried to address some of these issues which will be presented in the following

chapters.
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Chapter 2

Mueller Matrix Measurements — A New
Scheme for Backscattering Mueller
Matrix Measurement

In this chapter we discuss the method used for the measurement of spectral Mueller matrix
with a set of polarizer and wave-plates, the physical realizability condition on Mueller
matrices and the use of polar decomposition for quantifying polarization properties. We also
present a new scheme for Mueller matrix measurement that by allowing the use of the same
set of polarization optics for generating and analysing polarization states makes it simpler to

do Mueller matrix measurement in backscattering direction.

2.1 Introduction

Polarimeters can be characterized either as light measuring or as sample-measuring
polarimeters depending on whether the final aim is to characterize the polarization properties
of a light beam or to characterize the polarization transformation characteristics of a sample.
While the light measuring polarimeters employ a set of polarization optics in beam path and
detect the transmission, the sample measuring polarimeters utilize polarization optics in the
excitation as well as in detection. These measurements can be performed in many ways
depending on the mathematical representation used. In context of present work we limit

ourselves to intensity based measurements only, for which all the measured and derived
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quantities are formulated in terms of the Stokes vectors and Mueller matrices. Further we
restrict the description to sample measuring polarimeters. One of the principal goals of any
such polarimetric measurement is to make a complete set of measurements with different
polarization and analyzer states such that the errors in the derived quantity is lowest while
keeping the measurements scheme simple and number of required measurements to a

minimum.

The Mueller matrix being a sixteen element matrix requires a minimum of sixteen
intensity measurements with different polarizer and analyzer states at the input and output.

For a given set of polarizer and analyzer states the measured intensity is given as

Imeasured:[SOO Sot So2 803] M Mai My My (1S,
20 i

2.1
1.€.

I measured = So0 (MooSio +Mo1Sis +MgSiz +MqgSig ) +Se1 (M10Sio +My3Sis + M15Si, +My3S;3) +

So2(M30Sip + M31Siy +M,Sip + MsSis ) +Sp3 (M3gSip + M3;Siy + Mg,Si; +M3sSi3) 29

Here M;; (1, j = 1, 2, 3, 4) are the Mueller matrix elements and S,; and S;; are the Stokes vector

elements of the input and output light.

The sixteen intensity (Ix , k = 1, 2....16) measurements are represented by a matrix
transformation where a 16x16 matrix called measurement matrix transforms the elements of

Mueller matrix of sample (as a column vector) to 16 element intensity column vector.
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Iy Moo
I, Mog
I3 Measurement  Matrix Mo,
116 6 1646 LM33 Ji6 23

The measurements matrix elements are determined by the combinations of polarizer
and analyzer used for the measurements. As can be seen from equation 2.3, in order to obtain
Mueller matrix elements from the measured intensities one has to invert the measurement
matrix. The inversion can be done only if the determinant of the matrix is non-zero. This
limits the choice of polarizer and analyzer states that can be used for such a measurement.
While a non-zero determinant is necessary for a Mueller matrix measurement, for the
selection of polarizer analyzer combination the condition number of the measurement matrix

is also minimized so as to have minimum sensitivity to errors in measurements [1].

Most commonly used configuration for generating the polarizer and the analyser
states utilizes a combination of linear polarizers and wave-plates [2,3]. In general both
polarizer and wave-plates can be rotated. However, the configuration with fixed polarizer at
the input and output allows nullifying polarization dependant intensity changes of excitation
source and the polarization dependence of the detector response. This configuration is
referred to as dual rotating retarder configuration. The most common approach is
implemented by rotating two wave-plates synchronously at angular speed of ® and 5w and
resulting modulation in the detected signal is recorded using a photo detector. Fourier
analysis is then used to retrieve the sixteen elements of the Mueller matrix encoded in the

Fourier components of the detected signal [2]. Since, large numbers of measurements are
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required for sampling at the Nyquist rate such measurements are not suitable for manual
measurements and require sophisticated instrumentation which increases the cost of the setup.
Another limitation is encountered with the spectral measurements where the Mueller matrix
has to be measured at each wavelength sequentially. A simpler approach suitable for spectral
measurement makes use of sixteen discrete measurements performed using a combination of
orientations of wave-plates at input and output to obtain sixteen intensity values at each
wavelength by using a spectrograph. For the present work we have used the discrete
measurement approach. The configuration comprises of a horizontal polarizer and rotatable
quarter wave-plate at the input as well as a rotatable quarter wave-plate followed by a vertical
polarizer at the output. The optimization and calibration of the configuration and scheme for

spectral measurement is presented next.

2.2 Polarization state generator and analyzer

As discussed above the measurement of Mueller matrix requires generating at least four
polarization states at the input. These are often generated by rotating fast axis of quarter
wave-plate (QWP) Q; with respect to the pass axis of first polarizer P;. For each input
polarization state intensities of the scattered/transmitted light after passing through four
different analyzer combinations, generated using suitably oriented QWP Q, and polarizer P,

are measured. The polarization state of the light incident on the sample can be given as
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1 0 0 0

, , 1 1 0 0)1
(PSG)G_ _ 0 C‘9in+89incf5 S‘9incein (1_C¢5) _Sgin85 110 0|0
"0 S‘g'inC“}in (1-C5) S‘gin_'_cgincfs Ceins(s 000 0)0
0 Sp Ss -Cy. s c, J\0 0 0 0Jj0 24
1
(PSG), = i * S
" S19in C9in (1-C5)
%% 25

Where C, =c0s20,,, S, =sin20,,, C;=cosd,S;=sind, s and 6, are the linear
retardance and orientation angle of the fast axis of the QWP Q, respectively. The Four
polarization states are generated by taking four values of @,,. Together the four vector

representing input polarization state constitute a polarization state generator (PSG) given as

1 1 1 1
C92in1 +S§|n iCs C‘92in2 +S92in2C5 C92in3 +S€2in3c5 C92in4 +892in s
St 1Con1 (1-C5)  Sgi2Cap2(1-C5)  Sgy5Ca3(1-Cs) Sy sCap (1-Cs)

Sé'in Isé S(Jin 235 SHin 35(5 Sb'in 455

PSG =
2.6

The polarization state of the light at the output is analyzed using polarization state analyzer

(PSA) that depends upon the orientation angle of QWP Q..

Sgq 195

Spg256
PSA=

( ) )
( ) Cs)

1 -(C3s+875Cs) “CopsSuo3(1-C5)  SgsSs
( ) Cs) Su,sSs

2.7
Where  C, =co0s20,, S, =sin20,,Cs=cosd,S; =sind,s and 0y,0,,0,3,and Oy, are  four

different orientations of the wave-plate at the output.
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2.3 Measurement matrix

The intensity measurement matrix W is given as Kronecker product of PSA with transpose of

PSG.

W, = PSA, ® PSG,' )3

Al Bl Cl1 -A5 -AlA5 -Bl1A5 -Cl1A5 -B5 -AlB5 -B1B5 -C1B5 C5 A1C5 B1C5 CIC5
A2 B2 C2 -A5 -A2A5 -B2A5 -C2A5 -B5 -A2B5 -B2B5 -C2B5 C5 A2C5 B2C5 C2C5
A3 B3 C3 -A5 -A3A5 -B3A5 -C3A5 -B5 -A3B5 -B3B5 -C3B5 C5 A3C5 B3C5 C3C5
A4 B4 C4 -A5 -A4A5 -B4A5 -C4A5 -B5 -A4B5 -B4B5 -C4B5 C5 A4C5 B4C5 C4C5
Al Bl Cl1 -A6 -AlA6 -B1A6 -Cl1A6 -B6 -AlB6 -B1B6 -C1B6 C6 AlC6 B1C6 CI1C6
A2 B2 C2 -A6 -A2A6 -B2A6 -C2A6 -B6 -A2B6 -B2B6 -C2B6 C6 A2C6 B2C6 C2C6
A3 B3 C3 -A6 -A3A6 -B3A6 -C3A6 -B6 -A3B6 -B3B6 -C3B6 C6 A3C6 B3C6 C3C6
A4 B4 C4 -A6 -A4A6 -BAAG6 -C4A6 -B6 -A4B6 -B4B6 -C4B6 C6 A4C6 B4C6 C4C6
Al Bl Cl1 -A7 -AlA7 -Bl1A7 -Cl1A7 -B7 -A1B7 -B1B7 -C1B7 C7 A1C7 BI1C7 Ci1C7
A2 B2 C2 -A7 -A2A7 -B2A7 -C2A7 -B7 -A2B7 -B2B7 -C2B7 C7 A2C7 B2C7 C3C7
A3 B3 C3 -A7 -A3A7 -B3A7 -C3A7 -B7 -A3B7 -B3B7 -C3B7 C7 A3C7 B3C7 C4C7
A4 B4 C4 -A8 -AdA7 -B4A7 -C4A7 -B7 -A4B7 -B4B7 -C4B7 C7 A4AC7 B4C7 C3C8
Al Bl Cl1 -A8 -AlA8 -B1A8 -C1A8 -B8 -A1B8 -B1B8 -C1B8 C8 AlC8 BI1C8 Ci1C8
A2 B2 C2 -A8 -A2A8 -B2A8 -C2A8 -B8 -A2B8 -B2B8 -C2B8 C8 A2C8 B2C8 C2C8
A3 B3 C3 -A8 -A3A8 -B3A8 -C3A8 -B8 -A3B8 -B3B8 -C3B8 C8 A3C8 B3C8 C3C8
A4 B4 C4 -A8 -A4A8 -B4A8 -C4A8 -B8 -A4B8 -B4B8 -C4B8 C8 A4C8 B4C8 C4C8 2.9

1]
P R R R R R R R R R R R R R R BB

Ai=(Ch +85.Cs )
Bi= SHiniCHini (1_ Cé)
Ci=S, .S;
Wherei=1,2,3,4

Ai=(CE,+55,C5)
Bj =Sy, C,;(1-Cs5) | wherej=5,6,7,8
Ci=54,,5;
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In

this case the measurement matrix is completely determined by the retardance and

the orientation of the fast axis of the wave-plates. Mueller matrix of a sample is obtained by

multiplying the inverse of the measurement matrix W to the column vector containing

measured

intensities. A schematic of the setup used by us is shown in the figure 2.1.

Spectrograph

Lens
P, Vertical

polarizer

To PC

Wave plate

Q2

Horizontal
polarizer

Sample

Xenon Lamp

Figure 2.1:

\/ Aperture P, Wave plate
Q

Lens

Schematic of experimental setup for measuring the spectral Mueller matrix.

Collimated white light output (spot size ~ 0.5 mm) from a 1 kW Xe lamp

(Sciencetech, 201-1K, Canada) was used to illuminate the sample S after passing through the

fixed polarizer P, and rotating QWP Q;, which act as PSG. Transmitted/scattered light from

the sample is analyzed by PSA optics, which consists of a rotating QWP Q, followed by a

fixed polarizer P,. Polarizers (P; and P,) were kept crossed with respect to each other. A fiber

optic probe whose distal end was coupled to a spectrometer (Avaspec—2048TEC — FT,

Avantes, The Netherlands) was used to record the intensity. Sixteen intensities corresponding

to different PSG and PSA combinations of were recorded.
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The orientation angles of QWPs were varied such that the value of determinant of
measurement matrix W is maximized. Further we considered the equally spaced orientations
angles of wave-plates. In figure 2.2 we show the variation of the determinant of the
measurement matrix as a function of initial orientation angle and angular interval of rotation
of the wave-plates. The maximum value of the determinant of the measurement matrix was
obtained when both the initial orientation angle and angular interval of the rotation of QWPs

is kept at ~ 35°.

: M/////N

/

Figure 2.2: Determinant of the measurement matrix as a function of orientation angle and angular

interval of rotation.

For spectral measurements using a given set of wave-plates, the reconstruction of the
Mueller matrix was performed using the measured values of the retardance of wave-plates.
The working of the setup was verified by doing measurements on blank sample as well as on

quarter wave-plate. In figure 2.3 we show the retardance values obtained for the measurement
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on a quarter wave-plate (designed for 632nm) along with the fit corresponding to d=a+b /A

dependence of the retardance.

2.8
O experimental points
— fitted curve
2.4
2.0
2]
1.6+
1.24 . T . ' . ,
40 500 600 700

A (nm)

Figure 2.3: Measured retardance for quarter wave-plate (at 632nm). The solid line shows the

fit considering d =a + b /A.

2.4 Physical realizability of Mueller matrices

In principal any 4x4 matrix can be a Mueller matrix provided that for all physically
realizable Stokes vectors at the input, it can lead to physically realizable Stokes vectors at
the output. This requires that the degree of polarization of a Stokes vector must always be

less than or equal to one [3]

2 2.2
P_\}31+52+33 <1

= 5,

2.10
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In terms of the Mueller matrix elements the physical realizability condition is given as the

following inequality [4]:

3
Tr(MMT)= 3 mf <4mg,
i.j=0 2.11

The equals sign applies for non-depolarizing systems and inequality otherwise. Other
constraints arising from the physical realizability of the Mueller matrix are discussed in

the chapter 3 in details.

2.5 Polar-decomposition of Mueller matrices

As discussed in the chapter 1, to be able to use the information available in the elements of
the Mueller matrices it is required to separate individual polarization effects using polar
decomposition of Mueller matrices. The decomposition models a given Mueller matrix as a
multiplication of three 4x4 matrices which are retardance, diattenuation and depolarization
matrices [5-8]. Following the decomposition procedure described by Lu and Chipman an

arbitrary Mueller matrix can be written as [5]
M=MsMrMp 2.12

Where M ,represents a depolarizer matrix to account for the depolarizing effects of the
medium, a retarder matrix My to describe the effects of linear birefringence and optical
activity, and a diattenuator matrix My to include the effects of linear and circular

diattenuation.
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A unit vector D defined as

1 My B
=—|my |and D=—
Moo | ‘D‘

03 2.13

provides the diattenuation axis. The magnitude of diattenuation ‘5‘ can be determined as

1 2 2 2
D=——/mg +mg, +mg;
My

0 2.14

The coefficients my, and my, represents linear diattenuation for horizontal (vertical) and +
45° (- 45°%) linear polarization respectively and the coefficient my, represents circular

diattenuation. By inverse multiplying the diattenuator matrix one can obtain

M,Mg=M'=MMg" 2.15

The product of the retardance and the depolarizing matrices can be obtained as

10 10 10
M,=|_ Mp=|" and M'=| ~

Pa m, 0 myg Pa m )16
The matricesM ,, M; and M’ have the following form

S m
5 _P—mD S B
AT 2 1 e mzo

30 2.17

here

m is the sub matrix of M and m’is the sub-matrix of M’ and can be written as
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r__
m =myMmg 2.18

The sub matrix m, can be computed by solving the Eigen values for the matrix m’(m’)" as

where 41, 42 and #3 are the Eigen values of m'(m’)".

m, = i[m'(m')T (Vi +\Jods + Iy )IT
5w 455

This can then be used to construct the depolarization matrix M, from Eq. 2.18. From the

elements of M, , net depolarization coefficient 4 can be calculated as

:1_\tr(MA)-1\
3 2.20

A

the expression for the retardance sub-matrix can be obtained as

. -1
Mg =My "M 221

Which can be used to construct total retardance matrix M . From retardance Mueller matrix

Mg the total retardance and retardance vector is given as

tr(M 3
R=cos™ M-1 and a-:_izts-- (mg).
2 i 2sinR ijk \""R Jjk
SINR ik 2.22

The retardance can be further decomposed into linear and circular by following the approach

provide in reference 8.

57



2.6 Mueller matrix measurements in backscattering geometry

While Mueller matrix measurements are most commonly performed using a set of
polarization state generating (PSG) optics and an independent set of polarization state
analyzing (PSA) optics, for applications such as in polarized confocal microscopy and
polarization sensitive optical coherence tomography it would be advantageous if the same set
of polarization optics can be used for both PSG as well as PSA. This has not been possible
because in this configuration, a complete set of incident and analyzer states cannot be
generated using polarizers and wave-plates alone i.e the determinant of the measurement
matrix is zero for any combination of polarizer and wave-plates at the input and output. In an
earlier attempt to address this issue, it was shown that with the use of two Faraday rotators,
with independently variable circular retardance, in the polarization optics complete Mueller
matrix measurement can be performed [9]. However, a practical implementation of this
approach has proved to be difficult due to the requirement of varying the circular retardance.
We have shown that by incorporating only one Faraday rotator in the polarization optics, one
can generate the complete set of incident and analyzer states required for Mueller matrix

measurements without the need for varying the circular retardance of the Faraday rotator.

A schematic of the proposed experimental system is shown in figure 2.4. The
polarization measurement system consists of a horizontal polarizer followed by a two wave
plates with a Faraday rotator (with fixed circular retardance) in between. The orientation of
the fast axis of the wave-plates is varied to generate different polarizer and analyzer states.
Since the orientation of polarizer is kept fixed, the light reaching the detector will always

have the same polarization state, thereby making the measurements free from polarization
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dependent response of the detector and any other artifact arising due to the excitation-

collection optics.

LightSource Lp Faraday L Sample
] Rotator ]
W1 W2

PC

Figure 2.4: Schematic of setup for Mueller matrix measurement using common PSG and PSA

polarization optics. Where L - Lens, P- polarizer and W1, W2 wave-plates.

For such a configuration the Stokes vectors of light incident on the sample is given as

SPSG = MWP2(52 ) 02) M fr (gfr)wal(é:l’ 01) M 3 (O)S

unpolarized 223

Where Sunpolarized 18 the Stokes vector of un-polarized light at the input and 6, Gare the

retardance and orientation of the wave-plates. & is the circular birefringence of the Faraday

rotator.

The Mueller matrix of wave-plates Myp’s with & retardance and forientation with respect to

the horizontal is given as

1 0 0 offt o o 0 0 0 o0

M. (6.6) = 0 cos(20) —sin(20) 00 1 0 0 0 cos(26) sin(26) 0

W 0 sin(20) cos(28) 01]/0 0 cos(d) sin(s) || 0 —sin(26) cos(26) 0
0 0 0 1110 0 =sin(8) cos(o)|l0 0 0 1 224
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where the matrix for rotator with rotation 6 is given as

1 0 0
|0 cos(26) —sin(20)

=, O O O

M. (6) =
() 0 sin(20) cos(26)
o 0 0 225
The matrix of horizontal polarizer is given as
1100
1100
M, (0) =
0= 00 0
0000 )96

It should be noted here that the normalization factors of polarizer i.e. 2 has been omitted for
simplicity since it only affects the absolute intensity and not the relative values in the
measurements. By solving eq. 2.23 using eq. 2.24, 2.25, 2.26 the elements of the Stokes

vector of the light incident on the sample are obtained as

Spes (1)=1

Sesc (2)=] €05(26,)c0s{2(6, +6,-6,)}-sin(26,)c0s(3,)sin {2(6,, +6,-6,)} |cos(26,)-((-c0s(26,)*sin {26, +6,-0, )} ...

...... -sin(26,)c0s(5,)cos{2(6, +6,-6,) } )cos(,) +sin(26,)sin(4,)sin(s,))sin(24,)

Sesc (3)=[ $in(26,)c0s{2(6, +6;-6,)} +€0(26,)c0s(3,)sin {2(6,, +6,-6,)} |c0S(26))......cv....

...... -((-sin(26,)sin {2(6, +6,-6,) } +c0s(26,)cos(5,)c0s{2(6, +6;-6,) } )cos(&,)-cos(26, )sin(&,)sin(5,))sin(26;)

Sess (4)=5iN(5,)sin{2(6, +6,-6,)} c0s(26,)-(sin(5,)cos { 2(6, +6,-6,) } cos(8,)+cos(S,)sin(d,))sin(26,) 297

If we consider the wave-plates to be quarter-wave plates the expressions simplifies to

Spse (1)=1

Spsc (2)=C08(26,)cos {2(6,, +6,-6,) } c0s(26,)+sin(26,)sin(26))
Spsc (3)=sin(26,)cos{2(6, +6,-6,)} cos(26,)-cos(26,)sin(26,)
Spss (4)=sin{2(6, +6,-6,)} cos(26),) 208

The measured intensity is given as
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lout = Spsa X M gampte % Spsc

2.29

Where Mgample 1S the Mueller matrix of the sample and Spga is the a row vector corresponding
to the polarization state analyzer (PSA) which in this case is constituted by the same set of
polarization optics that constitute the polarization state generator (PSG) optics. The Spsa is

given as

1 0 0 0j|1 O 0 0
0 cos(26) -sin(26) 0]/0 1 0 0
Spa=[1 1 0 0] 0s(26,) - —sin(26)) _
0 sin(26) cos(24) 0]/0 0 cos(s) sin(4)
0 0 0 1|0 0 -sin(s) cos(d;)
1 0 0 0|1 O 0 0 1 0 0 0
0 cos{2(6, +6,—-6)}r -sin{2(6,+6,-6)} 0}0 1 0 0 0 cos(26,) sin(26,) 0O
"""" 0 sinf{2(6,+6,-6)r cos{2(6,+6,-6)r 0]|0 0 cos(s, sin(s,) |0 -sin(26,) cos(26,) 0O
0 0 0 1|10 0 -sin(5,) cos(s,) || 0 0 0 1
2.30

The elements of the Stokes vectors for which are given as

Spn(1)=1

Spsa(2)=[ c05(26,)c08{2(6,-6, -6,)} +sin(26,)c0s(8,)sin {2(6,-6,,-6,) } |c05(26,)-((-c0(26,)sIN {2(6;-6; -6,)} ...
....... -sin(26,)c0s(6,)cos{ 2(6;-6,.-6,) } )cos(S,)+sin(26,)sin(8,)sin(8,))sin(26,)

Spsa(3)= 5iN(26,)c0s{2(6,-0, -0,)} +sin(26,)c05(8,)sin {2(6; -6, -0,)} [SIN28,)........cc....

....... +((c0s(26,)sin{2(6,-6,-0,)}-sin(26,)cos(8,)c0s{ 2(6,- 6, -8,) } )cos(8,) +sin(26;)sin(S,)sin(S,))cos(26,)

Spsn (4)=-C05(26,)sin{2(6,-6,-0,)} -(sin(26,)cos { 2(6; -6, - 6,) } cos(8,)sin( S, ) +cos(S,)sin(4,))sin(26,)

2.31
This for quarter-wave plates simplifies to
Spsa(1)=1
SPSA(Z):cos(Zel)cos{2(01-«9ﬂ-6'2)}cos(292)-sin(291)sin(2¢92)
Spsa (3)=5iN(26,)c0s{2(6,-6,-0,)} sin(26,)+sin(26;)cos(26,)
Spsa(4)=-C05(26)sin{2(6,-6,.-6,)} 232

Using the vectors of PSA and PSG the measured intensity is given as
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"""" Osi[M31+ IZi'M32 + I3i'M33 + |4i'M34]+O4i [M41+ Izi'M4z + I3i'M43 + |4i'M44] 233

Where i=1,2,3....16, denote sixteen different combinations of orientations of wave-plates and
lji and O;; are the vector elements given by equation 2.27 and 2.28 respectively. With sixteen
such measurements with different combinations of orientations of wave-plates one gets a set

of linear equations represented by equation 2.3 i.e. the measurement matrix.

2.6.1 Optimum angle for Mueller matrix measurement

A set of sixteen intensity measurements corresponding to an invertible/ non-singular
measurement matrix are sufficient to determine the Mueller matrix of the sample. Apart from
the invertability, the value of condition number (ratio of the maximum and minimum singular
value) for the measurement matrix also needs to be minimized to ensure that the measured
Mueller matrix elements are least sensitive to errors in experimental parameters [1]. The
optimization of a Mueller matrix polarimeter is usually performed by independently
optimizing the measurement matrix corresponding to PSG and PSA [1, 10]. However, in
present scheme since same optics is acting as both PSA and PSG, the optimization is
performed for the measurement matrix which for a separate PSA PSG configuration is given

as [11]

W, = PSG™ ® PSA
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Where the symbol ® denotes Kronecker product of two 4x4 matrices, and results in 16x16
measurement matrix. The condition number (k) of measurement matrix is the product of the

condition numbers of PSA and PSG
k(W) = K(PSA)x(PSG)

Since the theoretical minimum for condition number of PSA and PSG is +/3 the theoretical

limit for the measurement matrix in present case becomes 3 [11].

For the present study we have only considered a configuration comprising of two
rotatable retarders, a fixed polarizer and a Faraday rotator with fixed circular retardance. The
variables for the optimization are the retardance and orientation of the retarders and the
circular retardance of the Faraday rotator. Since, the quarter wave retarders are most
commonly used, we first did computation considering quarter wave retardance only. For
simplicity we considered equally spaced orientations of the two quarter-wave plates for

computing the determinant of Wy and the condition number.
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Figure 2.5: (a) Determinant of measurement matrix as a function of steps of orientation angles of
wave plates (b) Inverse of condition number of measurement matrix as a function of steps of

orientation angles of wave plates.

In figure 2.5(a) we show the contour maps of the determinant and in figure 2.5(b) the
inverse of the condition number of the measurement matrix. The contour maps have been
plotted as a function of the angular step of orientation angles for the quarter wave plates. It
can be seen from the figures that the optimum angles for maximum determinant and
minimum condition number lie in the same region. The maximum values of determinant
(17.32) and minimum value of the condition number (15.92) were obtained for a +33°
rotation of the Faraday rotator and initial values of 6,=128° and 0,=72°. This compares well
with the previously reported condition number of 16.7 considering 16 intensity measurements
for separate PSA/PSG employing quarter wave-plates [12]. The condition number can be
improved by considering non-equiangular intervals. For this we performed the computations
considering 10° random sets of sixteen orientations of quarter wave-plates. Table 2.1 shows

values of orientation angle for maximum determinant and minimum condition number.
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Table 2.1: Optimum configuration for quarter waveplates.

0, 0, Condition number Determinant (Absolute
value)
20° 10°
1y 38° 14.3 16.9
137° 131° ' '
260° 264°
128° 83°
159° 130°
247° 185° 18 259
276° 229°
180 . . : ; : ; ; .
170+ .
0.09
160 1
10.08
150 1 F Ho.07
140 4 F H0.06
bo'—i
e | F Ho.05
= H0.04
120 '
0.03
110 .
0.02
100 — [ .
\ TJ o / ““ / 0.01
(1)

100 110 120 130 140 15(‘)‘ 160 170 180

Oy

Figure 2.6: Maximum of inverse of condition number of measurement matrix as a function of

retardance of wave-plates.

It 1s pertinent to note here that minimum of the condition number does not necessarily
correspond to maxima of the determinant. Since the choice of retardance of A/41is not

optimum [12] a further improvement in the condition number can be achieved by selecting
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the retardance value appropriately. figure 2.6 shows the inverse of condition number as a
function of the retardance of wave plates with initial values of 6,=128° and 6,=72° and the
rotation of Faraday rotator as £33°. It can be seen from the figure that the minimum value of
condition number (~9) is obtained for 8; = 130° and &, = 126° considering equiangular
intervals. For non-equiangular intervals the minimum condition number obtained was ~ 6.

The corresponding configuration is given in the Table 2.2.

Table 2.2: Optimum configuration considering general retarders.

0, 44°,77°,104°, 138°
0, 12°,79° 118° 154°
31 130°
3, 126°
0r 45°

2.7 Conclusion

A method for obtaining Mueller matrix of sample in exact backscattering geometry using a
common PSG and PSA was proposed. This is achieved by incorporating a Faraday rotator
with a given circular retardance in the polarization optics. Being a non-reciprocal device,
Faraday rotator allows generation of a complete set of polarizer, analyzer states for counter
propagating light paths. We showed that for such a configuration the determinant of the
measurement matrix becomes non-zero for appropriately chosen sixteen combinations of
orientations of wave-plates with fixed polarizer and circular retardance of Faraday rotator.
The best configuration (with condition number of ~6) was found to be the one that uses wave

plates with retardance in range 120°-135°.

66



2.8 References

. A. Ambirijan and D. C. Look, Opt. Eng. 34, 1651-1655(1995).

2. D. Goldstein and E. Collett, Polarized Light, 2nd ed., CRC Press(2003).

3. R. A. Chipman, Handbook of Optics (2nd ed.), ed M. Bass (New York: McGraw-

Hill) p 22.1 - 22.37(1995).

4. F. Le Roy-Brehonnet and B. Le Jeune, Prog. Quant. Electron. 21, 109-151(1997).

5. S. Yau Lu and R. A. Chipman, J. Opt. Soc. Am. A 13, 1106-1113(1996).

6. R. Ossikovski, A. De Martino, and S. Guyot, Opt. Lett. 32, 689-691(2007).

7. R. Ossikovski, J. Opt. Soc.Am. A 26, 1109-1118(2009).

8. S. Manhas, M. K. Swami, P. Buddhiwant, N. Ghosh, P. K. Gupta and K. Singh,

Opt. Exp. 14, 190-202(2006).

9. R. M. A. Azzam, Opt. Lett. 6, 417-418(1981).

67



10. E. Garcia-Caurel, A. De Martino and B. Drévillon, Thin Sol. Films 455, 120-

123(2004).

11. K. M. Twietmeyer, GDx-MM: An Imaging Mueller matrix retinal polaimeter,

Ph.D. dissertation, University of Arizona (2007).

12. M. H. Smith, Appl. Opt. 41, 2488-2493(2002).

68



Chapter 3

Linear Polarization Based Partial
Mueller Matrix Measurements for
Obtaining Polarization Parameters

In this chapter we describe schemes developed to obtain polarization parameters from a
partial Mueller matrix constructed using linear polarization measurements alone. For
depolarizing sample this could be achieved under the assumption that the depolarization of
linearly polarized light is independent of the orientation of the linearly polarized light at the
input. For non-depolarizing sample we show that the partial Mueller matrix can be converted

in to a complete Mueller matrix and conventional Lu-chipman decomposition can be applied.

3.1 Introduction:

Assessment of the polarization response of a linear optical medium requires a set of intensity
measurements over different polarization states of incident light and different analyzer
configurations. A most comprehensive characterization of polarization altering behavior can
be done provided all the sixteen elements of the Mueller matrix are known. This necessitates
the use of retarder elements in the polarization optics. As discussed in the previous chapters,
a minimum of sixteen intensity measurements along with appropriately chosen polarizer and

analyzer are required to achieve this. The polarizer and analyzer in this case comprise of

69



linear polarizers and retarders. The desired polarization measurements, in general, are
performed by varying the retardance or changing the orientation of the retarder as well as
rotating the polarizer. While the polarizers in general show good extinction over a large
spectral range (300-2200nm for Glan-Thompson polarizer), the retardance of a given wave-
plate varies significantly with wavelength. This makes it difficult to perform spectral
measurements over large range. Further the limited angular acceptance of retarders also leads
to errors for measurements on turbid samples. Partial Mueller matrix measurement can be
done in order to address these issues [1-3]. The simplest of the partial Mueller matrix
configuration can be achieved by using linear polarization measurements. Since the first three
elements of Stokes vectors can be written in terms of linear polarization measurements, the
corresponding elements in a Mueller matrix can be retrieved using linear polarization
measurements. Equation given below shows the nine elements (dotted box) of the Mueller

matrix that can be generated using linear polarization measurements.

IIH+II My Mggi My ) lq + 1y
-1y _ My, M23§ Mog || I - v
I -1, Maz Magi Mgy | -1y
Ul Mg Myz My JUlg-1
R™L

Further, since polarizers can be easily implemented on optical fiber tips, this configuration

also simplifies designs of compact probes [4].

In this chapter we discuss the development of different mathematical tools for the
interpretation of polarimetric information contained in the 3x3 matrix generated using linear

polarization measurements alone. We describe a decomposition scheme that can be used to
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obtain depolarization, diattenuation and linear retardance of the medium in backscattering
geometry (for which circular polarization effect can be neglected) under the assumption that
the depolarization of linearly polarized light is independent of the orientation angle of the
incident linear polarization vector. Studies conducted by us on various scattering samples
demonstrated that this assumption is valid for biological tissue where the depolarization of
polarized light primarily due to multiple scattering. The scheme however, cannot account for
circular dichroism which requires information about the elements in the last row and column
of the sixteen element Mueller matrix. This could be addressed at least for non-depolarizing
samples for which we developed a scheme to covert 3 x 3 matrix to 4 x 4 matrix utilizing the
interrelations between different Mueller matrix elements. This allows one to use the data

analysis and interpretation methods developed for 4x4 Mueller matrix.

3.2 Linear polarization based partial Mueller matrix

measurements

The measurement of a 3 x 3 matrix M, of a sample requires a minimum of 9 combinations of

input and output linear polarizer and analyzer states. This was done by generating three linear
polarization states for incident light with orientation angles of 0°, 45° and 90° w.r.t.
horizontal. The transmitted or back-scattered light was analysed using linear analyzers
oriented at 0°, 45° and 90°. The configuration gives a simple visualization of measurements in
terms of co-and cross polarization measurements. In this case the polarization state generator

(PSG ) and polarization state analyzer ( PSA) matrices are given as follows
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1 11

PSG=|1 -1 O
0 01 11
1 1 0

PSA=1 -1 O
1 0 1 )

The measurement matrix (M;) Where W is a 9 x 9 matrix given as Kroneker product of

PSA with transpose of PSG

W =PSA®PSG' 33
110 1 1 00 0 0
110 1-1 00 00
101 10 10 00
110-1-1 00 00
w=1-10-1 1 00 00O
101-10-10 00
1100 0 01 10
11000 O01-10
10100 0101 34

A schematic of the 3 x 3 Mueller matrix measurement set-up is shown in figure 3.1.
The collimated white light output (spot size ~ 0.5 mm) from a 1 kW Xe lamp (Science tech,
201-1K, Canada) was used to illuminate the sample S after passing through the polarizer P1
which is rotated about the optic axis to generates different input polarization states. The
scattered/transmitted light form the sample is analyzed by PSA optics which constituted by
rotating the analyzer. A multimode fiber patch cord with its distal end coupled to a

spectrometer (Avaspec—2048TEC —FT, Avantes, The Netherlands), was used to record the
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spectral profile. The experimental set-up was calibrated by carrying out measurements of
Mueller matrix on quarter wave plates and air (no sample in place). After obtaining
satisfactory results, the set-up was used to record 3x3 Mueller matrix from the samples

investigated in this study.

Spectrograph

To PC Polarizer (P2)

Polarizer (P1)

A

—

L=

Lens

Sample

Xenon Lamp

Figure 3.1: A schematic of the nine element Mueller matrix measurement set-up.

It is important to note here that although we used the orientations 0°, 45°, and 90°, the best
configuration has to be determined by maximizing the determinant and minimizing the

condition number for the measurement matrix [5].
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Fig. 3.2 shows the contour maps for the determinant and the condition number for the
measurement matrix. The maximum of the determinant of the measurement matrix and the
maxima of the inverse of the condition number both are obtained at the steps of orientation of
60° at the input and output. The two are independent of the initial value chosen for the

orientations of the polarizer and analyzer.

3.3 Decomposition of partial Mueller matrix

The interpretation of Mueller matrix in terms of various polarization parameters i.e
diattenuation, retardance and depolarization is done by using one of the many decomposition

schemes [6-7]. The Polar decomposition of Mueller matrix is one such widely used
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decomposition approach (Chapter 1) which relates the sample Mueller matrix with Mueller

matrices of a diattenuator (M ), a retarder (Mg ) and a depolarizer (M ). The determination

of diattenuator matrix relies on the Hermitain symmetry in the matrix. The separation of
retardance from the depolarization matrix is achieved utilizing the unitary property of
retardance matrix. While the Hermitian symmetry of diattenuator remains valid for the partial
configuration also allowing estimation of diattenuation matrix when only linear diattenuation
is present, the partial (3 x 3) retardance matrix is no longer unitary. In this case a symmetry

constraint has to be applied to the depolarizer matrix.

The diattenuation matrix Mp can be compute following the approach described in

chapter 2. After removal of di-attenuation the resultant matrix can be written as

M’=M,MgM;MM,, 3

Where 6 is the linear retardance and € is the orientation of the retarder, y is circular

retardance. The depolarization matrix has a general form given by

1 000

0 a00@o0
M,=

0 0b O

0 0 0c

3.6

The terms a, and b denote the linear depolarization coefficients for incident
horizontally polarized light and light polarized at 45° from the horizontal direction
respectively and c is the depolarization for circular polarization. In 3x3 representation the

depolarization matrix is given as
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1
M,=|0
0

o 9 O
o O O

3.7

The 3 x 3 retardance matrix (Mg) consists of both linear 0 with an orientation 6 and

circular retardance y can be written as

1 0 0 1 0 0
Mr=|0 05220 +sin®20 cos & sin 20 cos 20 (1-c0sd) [x| 0 cos2y  sin 2y

0 sin20cos20(1-cosd) sin>20+cos® 20coss) \O -Sin2y  cos 2y 33

For non-depolarizing samples (a = b =1), the linear retardance (0 ) and optical rotation (y )

can be directly estimated from the matrix M as

Y2
5= cos™ B(M;Z MG+ (M - My, )2} i 1}
39

3.10

For depolarizing sample, we have to first separate depolarization from total

retardance. To estimate the depolarization matrix we construct a matrix Mpg from the matrix

M’ such that

N
Mpr = M'(l\/l')T = MAMOMSM—GMW(M‘V) (MeMéM—e)T (MA)T 3.11

Which can be simplified to

T
MDR:MAMOMZSM—G(MA) 3.12
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If we assume a =b = A we can write eq. 3.12 as

MDR:MAZMGMZSM—G 313

It should be noted here that one of the Eigen values of the matrix My is always unity

for a normalized matrix. The other two Eigen values would be A’ and A? c0s®25
respectively. The depolarization matrix can be computed directly from the larger of the two

Eigen values as

1 00
M,=/0 4 0
00 4 3.14
The inverse of M ; is thereafter multiplied with M' to obtain the retardance matrix Mg
Mg =M"M’
R A 3.15

The retardance and diattenuation can be computed using the equation 3.9 and 3.10.
While the assumption a = b = A allows the decomposition it also imposes a physical
restriction on the sample types. For the proposed decomposition to be valid the depolarization

of linear polarization should be independent of orientation of linear polarization.

3.4 Conversion of 3x3 Mueller matrix to 4x4 Mueller matrix

In Jones matrix representation the polarization state of incident and scattered light in a given

direction is related by the four element matrix as [8]
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Eyo ‘]4 ‘]2 Eyi

Ey and E, are the field vectors along orthogonal axis represented by x and y and J;’s
(=1, 2, 3, 4) are the Jones matrix elements which are in general complex quantities. Subscript
i and o represent input and output states. In case of Mueller matrix representation the

transformation matrix is a 4x4 matrix

IO Mll M12 Ml3 Ml4 Ii
Q| _[Ma My My My 1Q 3.17
UO M31 M32 M33 M34 Ui
\A My M, M,; M,V

Where I, Q, U and V are the elements of Stokes vector and M;; (i=1, 2, 3, 4) are the
Mueller matrix elements which can be determined using intensity measurements alone.
Subscript 1 and o represent input and output states. The Stokes vector elements are related to

the field vector components by the following relations [9]

E,E +EES
E,E, —E,E’
E,E, +EE’

i(E,E-EE)

< CO -

For a non-depolarizing system Mueller matrix of the optical system is related to the

Jones matrix in the following manner [10]

33.% 33,% 3,3.% 3,0,%
J1J3* J1J2* J4‘J3* J4J2* -1
M=Url g gx g% g% 3.3+
3Y1 3Y4 2Y1 2Y4
J3J 3* J3J2* JZJS* ‘JZJZ*
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Where Ut is unitary transformation matrix given as

1 0 0 1

1 0 0 -1
U, =

01 1 O

Oi —-i O

3.20

Further, for depolarizing system equations 3.19 and 3.20 are not valid. In this case the
Mueller matrix cannot be converted to an equivalent Jones matrix and instead should be

written in terms of the time average of the terms in equation 3.18.

3.4.1 Interrelations between elements of non-depolarizing Mueller matrix:

In general Mueller matrix of a sample contains 16 independent parameters. However for non-
depolarizing samples since both Jones matrix and Mueller matrix can be used to represent the
polarization transformation characteristic the number of independent variables reduces to
seven. Many previous reports have laid down the interrelation between Mueller matrix
elements for non-depolarizing samples. In particular 9 bilinear constraints exist between the

16 matrix elements of Mueller matrix [11, 13].

(Myy + My, )" =(Myy + My, ) = (Myg + M, ) +(My, =M, ) 191
(Myy =My, =(My, =My, )’ = (Myg =M, )" + (Mg + My, )’ 3.2
(Mg + My, ) =(My, + My, ) =(Myg + My ) + (M, + My, )’ 393
(My; =My, )" =(My, =My, ) = (Myy =My, ) +(M,, =M, )’ 304
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(My + M) =(My + My, ) =(My, + My, ) +(My, +M,, )’
(Mg =My, )" =(My =My, ) = (Mg =My, ) +(My, —M,, )’
MM, — MM, = MMy, +M,M,,
M M, — MM, = M,M,, — MM,
MM, —My,M,, =M M, + M M,

Equation 3.23 and 3.24 can be solved to yield

My, + M, :i\/(M13+M23)2 _(Mll"' I\/|21)2 _(M12+ I\/|22)2 =*a

My =My, :i\/(MB_MZ?:)Z_(Mll_M21)2_(M12_M22)2 =+b

where A = a%b and A% = a_;b

3.25

3.26

3.27

3.28

3.29

3.30

3.31

3.32

3.33

We get four solutions which can be divided in two sets each having two possible

solutions with same numerical value but opposite sign. Only one set satisfies all other

equations. Similarly equation 3.25 and 3.26 can be solved to yield

M41+ M42 :i\/(Mll+ M12)2 _(M21+ Mzz)2 _(M31+ Maz)2 =1C
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M,, =+B?* +B' 3.37

This leads to two set of solutions for M4; and M 4. The set of solutions (having two
solutions with equal numerical value and opposite sign) that satisfies equation 3.29 is further
used to obtain M34, M43 and Mas. Apart from the 9 constraints noted above, Hovenier [12] has

discussed 30 interrelations between different Mueller matrix elements. One such relation is,

M11M44 :M14M41+M22M33_M23M32 3.38

This results in one valid solution for My4 since the product M4My; is independent of the

solution chosen for M4 and My,

Moo =My, = (Mg, + My, ) = (My, + My, ) —(My, +M,, ) = e 3.39
Moo+ My, = £(Myy ~ My, ¥ = (My, = My, ) — (Mg —M,, ) = £ 3.40
M, =+C'; £C? 3.41
M,, =+C? +C! 3.42

where C* = ? and C? _e-f

Using other interrelations provided in the reference [12] to verify the suitability of

calculated values, two 4x4 matrices are obtained.
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44 3.43

In ideal situations the calculation of the unknown elements of the Mueller matrices can be
done using the above mentioned procedure. However in real situation there is always some
noise present in the data. In such a case a simple approach is to choose the combination of
solutions which gives a Mueller matrix with minimum depolarization values. This is a valid
assumption as long as the noise in the data is small enough. Figure 3.3 a, b, ¢ and d shows the
average error in the retrieved values for retardance and diattenuation as function of the noise
added to matrix elements for different values of the retardance and diattenuation. From fig
3.3a & b one can see that while the error in the retrieved values for diattenuation increases as
the actual value of diattenuation is reduced to zero the error in retardance is not much
affected. The error in the retrieved values for both diattenuation and retardance are seen to
increase (fig 3.3c & d) for retardance values close to zero and m. This is to be expected
because in these cases a number of Mueller matrix elements are zero making the estimation

of other Mueller Matrix elements using the bilinear constraints sensitive to error.
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3.4.2 Polar decomposition of Mueller matrices:

The process for Polar decomposition of experimentally measured Mueller matrix into
Mueller matrices of a diattenuator (Mp), a retarder (Mg) has been described in [6, 7]. Briefly,
for a non-depolarizing system the sample matrix M can be written in terms of multiplication

of three matrices depolarizer (M,), and a retarder (Mg) as

M =M:M, 3.44

Linear and circular diattenuation are Dy and D¢ are given as follows

DL :\/M122+M123' Dc :M14 345

The total retardance (R) and the elements of the retardance vector R = [, ry, 12, 13] can be

written as
R=cos™ {m —1} 3.46
2
1 3
I = . (M, ).
i ZSiHRMZ:l uk( R)Jk 347

The total retardance matrix can be further divided in to circular retardance and linear

retardance part as follows
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1 0 0 0
0 co0s®20+sin*26cosd  sin26cos26(1—coss) —sin26sind

710 sin20cos20(1-cosS) sin?20+cos?20cosS  cos20sin S

0 sin26sino —C0s26sino C0So
1 0 0 0
0 cos2y sin2y O
"""" 0 —sin2y cos2y O
0 0 0 1 3.48
From equation 3.46 one gets
-1 2 2 5
R =cos {2 cos”(w)cos“ (=) —l}
2 3.49
From Mg the circular retardance component can be calculated as
l//=—tan‘l{ml? le}
mll + m22 3.50
MLR:MRM(;rle 351

The orientation of the fast axis of linear retarder with respect to the horizontal axis (0) can be

determined using the relationship

0= %tan1 {2}
" 3.52

As discussed above polarization parameters such as linear and circular retardance and
linear and circular diattenuation along with optic axis of linear retarder and optics axis of
linear diattenuator can be obtained by applying polar decomposition on a Mueller matrix.

Since in polar decomposition we consider the orientation 0 as the orientation of fast axis of
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retarder and the retardance is positive the matrices, in case of sample being pure retarder,
correspond to retarder having orientation 0 or 6 + mw/2. Further for the two matrices the
magnitude of circular diattenuation is the same with opposite signs. This degeneracy is the
result of the in-ability of linear polarizer to discriminate right and left handedness. The
calculation of circular retardance does not involve the last row and column of Mueller matrix
thus it is same for both the matrices. In eq. 3.46 the trace of My remains same for the two
matrices leading to same value of linear retardance also. The orientation of fast axis of linear

retarder is given as

0= ltan‘l{(M LR)42 — (M LR)24}
2 (MLR)34 _(M LR)43

3.53

It should be noted however that the true orientation could be 6 or 6 + 7/2.

3.4.3 Experiment:

To validate this approach we measured 3x3 as well as 4x4 Mueller matrices of a system
comprising of a circular diattenuator (a glass slab sandwiched between two broadband quarter
wave-plates oriented at 45° fig. 3.4 (inset)) followed by a wave-plate over a range of
wavelengths (500-700nm). Fig. 3.4 shows the schematic of 4x4 Mueller matrix measurement.
For 3x3 Mueller matrix measurement both the quarter wave plates in the input and output
arm were removed. Details of the experimental setup for 4x4 and 3x3 Mueller matrix are
discussed in reference 12 and 5 respectively. Briefly the intensity measurement matrix (M;) is

related to the sample Mueller matrix (M) as

M; = PSA.M,.PSG 354
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Figure 3.4: Schematic of experimental setup (Inset shows the sample configuration).

Where the PSG and PSA are 4x4 matrices having four input polarization state Stokes
vectors and four analyzer state Stokes vectors as there columns respectively. The Mueller

matrix for the sample (M) can also be written as 16 x 1 vector form.

Mivec = W.Mgyec 3.55

Where W is 16 x 16 matrix given as ‘Kronecker’ product of PSA with transpose of PSG [11]

W = PSA®PSG" 3.56

We term the matrix ‘W’ as the measurement matrix since its operation on a 16x1
column vector Mgy gives a 16x1 column vector (Mjy.) with measured intensity as its
elements. The PSA and PSG configuration for 3x3 Mueller matrix include three linear
polarization states which are: horizontal (H), vertical (V) and 45° from horizontal (M).
Whereas for the 4x4 Mueller matrices PSA and PSG are generated using 4 different

orientation (35°, 70° , 105° ,140° ) of waveplates at the input and output with fixed crossed
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polarizers. The retardance of waveplates at each wavelength is used to calculate the Stokes

vectors.

The 3x%3 matrix data was converted to 4x4 Mueller matrix using the approach
discussed above. Polar decomposition algorithm was used to obtain retardance as a function
of wavelength. Fig. 3.5 shows comparison of experimental values of circular diattenuation
and retardance of the sample obtained from experimentally measured 4x4 matrices (line) and
4x4 matrices obtained using our approach with 3x3 matrix taken from experimentally

measured Mueller matrices (circles).
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Figure 3.5: (a) Circular diattenuation obtained from 4x4 measurements (line) and 4x4 converted form
3x3 (circles), (b) Retardance obtained from 4x4 measurements (line) and 4x4 converted form 3x3

(circles).

It should be noted that polar decomposition can be performed for 3x3 matrices under

certain condition [5], however this is not valid when the M4 component is non zero this can
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happen for samples showing circular dichroism/diattenuation as well as for samples with
multiple retarders in presence of linear diattenuator. The scheme does not have this

limitation.

3.5 Conclusion:

In this chapter we discussed different mathematical approaches to interpret the partial
Mueller matrix data obtained using linear polarization measurement alone. We showed that
under the assumption that the depolarization of incident light with linear polarization is
independent of the orientation of linear polarization the partial Mueller matrix can be
decomposed to obtain polarization parameters such as linear retardance, diattenuation and
depolarization. We have also shown that for non-depolarizing samples the incomplete
Mueller matrix measurement performed using 9 linear polarization measurements, can be
converted in to the 4x4 Mueller matrix. Therefore, the polar decomposition algorithms
developed for the complete Mueller matrix can be used for determination of the polarization
parameters (retardance and diattenuation) of a non-depolarizing medium. The use of only
linear polarization measurements for the determination of the Muller matrix facilitates
measurements over a much larger wavelength range because of broader wavelength response

of polarizers as compared to wave-plates (required for full Mueller matrix measurements).
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Chapter 4

Mueller Matrix Measurements on
Turbid medium: Effect of Absorption
on Depolarization

In this chapter we describe the effect of the presence of absorption on the depolarization in
multiply scattering medium. The results show that for Rayleigh type scatterers, the presence
of absorber, as is expected due to truncation of multiple path photons, leads to a decreases in
the depolarization, however the effect was observed to reverse for larger sized particles for
which depolarization was observed to increase with increased absorption. It was realized
that this was due to the fact that polarization of backscattered light varies significantly with
angle for particle larger than the wavelength. The angular averaging in the detection
therefore can also cause depolarization. The fraction of photons contributing depolarization

due this phenomenon increases with increase in absorption.

4.1 Introduction

Polarized light scattering from turbid media has been explored extensively for characterizing
superficial and sub-layers in heterogeneous multiply scattering samples. In particular partially

polarized light backscattered from tissues has been shown to be containing information about
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morphological and biochemical characteristics of the sample [1, 2]. Many of recent research
articles in the field have focused on the use of the polarization parameters of the
backscattered light to monitor sickled red blood cells [3], tissue constituent such as collagen
[4-6], and glucose [7-10]. The backscattered light is in general has a significant fraction of
depolarized light. As discussed in the Chapter 1, the dependence of rate of depolarization of
linearly and circularly polarized light on the morphological and optical parameters (density,
size (and its distribution), shape and refractive index of scatterers) can provide useful
information about turbid medium [11-14]. However the dependence of these polarization
parameters on optical properties is quite complicated. In particular absorption, which is an
important optical and biochemical property for tissues characterization, severely affects
polarization characteristics of light. The effect of absorption on the behavior of polarization
parameters has attracted limited attention presumably because intuitively a decreased fraction
of long path photons in the backscattered light should lead to a decrease in the depolarization
[15-16]. In this chapter we show that with an increase in the absorption of the scattering
medium, the depolarization from a medium containing larger size (>A) scatterers increases
quite opposite to the behavior shown by medium comprising of small size scatterers
(Rayleigh scatterers) for which the depolarization shows the expected decrease with increase

in the absorption.

4.2 Materials and methods

The turbid scattering samples with given absorption behavior were prepared using aqueous

suspension of polystyrene microspheres (Bangs Lab., USA) with different mean diameters
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(0.20pm, 0.77pum, 2.0um and 5.7um) and black ink (used as a absorber with absorption peak
~ 627nm, fig. 4.1). Measurements were also performed on mixture of microspheres with
different diameter (0.77um and 5.7um) and combination of 20% intralipid with absorber
(ink). The measurements were performed at ~130° from the transmission direction. The

scattering and absorption coefficients have been specified at 532nm for all the samples.

0.4

0.3-

0.2

Absorbance

0.1+

500 550 600 650 700
A (nm)

Figure 4.1: Absorption spectra for black ink, which is used as absorber.

A schematic of the experimental setup used for spectral Mueller matrix measurements
in back scattering geometry is shown in fig 4.2. The collimated white light output (spot size ~
0.5 mm) from a 1 kW Xe lamp (Sciencetech, 201-1K, Canada) was used to illuminate the
sample S after passing through the fixed polarizer P; and rotatable QWP Q; (designed for
632nm), which act as a PSG. Scattered light from the sample is analyzed by PSA optics
which consists of rotatable QWP Q; (designed for 632nm) followed by a fixed polarizer P».

Polarizers (P, and P,) were kept crossed with respect to each other. A fiber optic probe, with
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its distal end coupled to a spectrometer (Avaspec—2048TEC —FT, Avantes, The Netherlands),

was used to record the scattering intensity.

Spectrograph

To PC €

Vertical
polarizer

Wave plate

Horizontal
polarizer

—
\ - Sample
/ Aperture Wave plate

Lens

Xenon Lamp

Figure 4.2: A schematic of the sixteen element Mueller matrix measurement set-up.

The polarization parameters were obtained using polar decomposition of
experimentally measured Mueller matrices (described in Chapter 1). The experimentally

measured Mueller matrices were first checked for their physical realizability using criterion

4 4 4
S2)'S:* for all input polarization states and checking m,* >> > m.* <4m* [17].
i=2

4.3 Result and discussions

Mueller matrix measurements on the diluted 20% intralipid and combination of the diluted
20% intralipid solution and black ink as absorber at two different concentrations were
performed in backscattering geometry (~130°). The polar decomposition of experimentally
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measured Mueller matrices was used to obtain the depolarization parameters, which are
shown in the fig. 4.3a. The results are in qualitative agreement with the previous studies [15,
16] which showed that in presence of absorber the wavelength dependent depolarization is
characterized by presence of a dip in the region of absorption band (~ 627nm). Since
absorption results in elimination of long path photons, which constitute the major part of the
depolarized light, the depolarization of light is expected to decrease with increase in the

concentration of absorber molecules in the medium.

In fig. 4.3b we show the result of corresponding measurements on aqueous suspension
of polystyrene microsphere of mean diameter 2.0um with and without absorber. The
concentration of the micro-sphere was kept same for both the suspensions. It can be seen
from the figure that in the region where the absorption increases (~ 627nm) the depolarization
from the suspension containing the absorber is larger. The behavior is opposite to the results

on depolarization from intralipid solution.

(a) (b)

1.0 -
—intralipid (u~5 mm") — —micro sphere (0.6 mm) + ink (7 mm™)
0.9 = =intralipid + ink (u~ 5 mm’, n~Ss mm’™) (0.84 — micro sphere (0.6 mm")
< I TS intralipid + ink (p~5 mm”, p~8 mm") <
= e e e = = N\ ™
g 08-"?.._?__'-(.”\ -y '-’" — é ~ - - r \
B ' - £ S 0.6 -7 \
= ~ 5 =
o o 4
= 0.6 = =
i 0.4
0.5 L} L) L) Lz T v T ad T v
500 550 600 650 700 500 550 600 650 700
Wavelenght A (nm) Wavelength A (Ilm)

Figure 4.3: (a) Depolarization curves for the intralipid and combination of intralipid and
absorber (ink) with different concentration (b) scatterer (microsphere with 2.0um diameters)

and combination of scatterer and absorber (ink).
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To understand this intriguing result experiments were also carried out with suspension

of different polystyrene microspheres of diameter (0.20um, 0.77um and 5.7um) and the

effect of adding absorbers to these suspensions on their depolarization behavior was

investigated. The scatterer concentrations were kept constant.
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Figure 4.4: Depolarization curves for the scatterer (microsphere) and combination of scatterer and

absorber (ink) (a) for scatterer of 0.77um diameter, (b) for scatterer of 5.7um diameter, (c) for

scatterer of 0.20um diameter and (d) for mixture of scatterer (1:1) of diameter 0.77 and 5.7um.

Dashed curve is for the combination (scatterer and absorber) and solid curve is for scatterer only.
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For microspheres of diameter 0.77um and 5.7um as well as for mixture of these the
depolarization was observed to increases in presence of absorption (fig. 4.4a, b and d).
However, for 0.20um microsphere the expected decrease in depolarization with increase in

absorber concentration was observed (fig. 4.4c¢).

In fig. 4.5 we show the behavior of depolarization for 2.0um diameter micro-sphere
with different concentration of absorber. At smaller concentration of the absorber the overall
depolarization curve remains below the depolarization curve for sample containing no
absorber. However the peak in the depolarization curves was observed close to the absorption
peak of absorber as against the corresponding dip observed in the case of intralipid solution.
This spectral feature remains same for the different concentrations however the

depolarization increases with increase in the concentrations of the absorber.

1.001 A A
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Figure 4.5: Depolarization curves for the scatterer (microsphere with 2.0um diameter) and

combination of scatterer and absorber (ink).
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There are two mechanisms responsible for depolarization of backscattered light in a
multiply scattering medium. One of the mechanisms of depolarization has its origin in the
multiple scattering and consequent randomization of the plane of polarization of the scattered
light. The other mechanism of depolarization has its origin in the variations of polarization
parameters (retardance, diattenuation) of scattered light as a function of scattering angle [10].
The retardation and diattenuation effects appear in scattered light as a result of the differences
in the phase and the amplitude of light scattered in orthogonal polarization states at a given
angle. The physical origin of this can be understood by considering large sized scatterers as
spherical cavity. For a large sized scatterer many spatial EM modes can be excited by an
incident beam. The angular variations observed in the scattered field of large scatterers are
due to the interference of light radiated by these modes at given angles. Since the modes have
different path hence the oscillations are observed as a function of angle. For a weak scatterer
(small refractive index difference with surrounding) the geometric path is a product of
refractive index and path travelled in the scatterer (which is just the distance between the
points of incidence and points of exit from the scatterer times the refractive index difference).
With increasing refractive index the approximation fails and modes inside the scatterers have
to be accounted for. The phase difference in interfering wave fronts results in retardance and
the polarization preference of these modes results in diattenuation. For a finite collection
angle, averaging of this polarization variation can lead to depolarization of light. Larger the
variation in polarization within the collection angle stronger the depolarization. Since the
angular variations of polarization parameters become more rapid with increases in the size of
scatterer, this mechanism of depolarization is expected to contribute more for large sized

scatterers. Further this mechanism starts dominating when the contribution of scattered light
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confined in the backward hemisphere (at least one back scattering event and series of forward
scattering events leading the photons to emerge in backscattering direction) has significant
contribution to the overall backscattered light. For small scatterers (Rayleigh scattering), the
angular variation of the state of polarization in single scattering event is a slowly varying
function of the scattering angle and for finite collection angle will not contribute significantly
to depolarization. The overall depolarization for such scatterers is a results of multiple
scattering leading to rotation of plane (and thus randomization) of polarization of scattered
light. Since increase in absorption decreases the contribution of multiple scattering, the
depolarization for Rayleigh scatterers also decreases with addition of absorbers to the
medium. Since for large sized scatterers most of the scattering is limited to small cone the out
of plane scattering effects leading to depolarization is limited and hence the long path
photons which are depolarizing for Rayleigh scattering are mostly polarization preserving.
The major contribution for large size scatterers arises from backscattering scattering events.
For large sized scatterers the polarization state of scattered light changes more rapidly with
scattering angle in the plane of scattering leading to depolarization for a finite collection
angle. While an increase in absorption leads to attenuation of large path photons resulting in
reduced depolarization from long path photons, it also leads to reduction in the polarization
preserving part. Also with increase in absorption a sharper polarization modulations as a
function of the scattering angle are observed the latter can lead to increased depolarization.
Because of these two processes at first an increase in absorption leads to the expected
reduction in depolarization however at higher absorption the large polarization modulation in

single scattering leads to enhanced depolarization.
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Figure 4.6: (a) Diattenuation curves for the scatterer (microsphere with 2.0um diameter) and
combination of scatterer and absorber (ink) (b) linear retardance curves for the scatterer (microsphere

with 2.0um diameter) and combination of scatterer and absorber (ink). (8 is in radian).

Fig. 4.6 a, b shows the behavior of oscillation of diattenuation and linear retardance,
obtained using polar decomposition of experimentally obtained Mueller matrices for different
concentrations of absorber. The oscillation, in both the linear retardance and diattenuation,
becomes more pronounced with increasing absorption. This suggests that at smaller
concentration of absorber the behavior of depolarization is mainly controlled by the long path
photons arising in the back direction as a result of multiple scattering however for larger
concentration single scattering polarization variation starts dominates the overall
depolarization. To validated it further the effect of collection angle was studied, for which
measurements were carried out on 2um sized particle. Fig 4.7 shows the depolarization from

samples for two aperture sizes. As expected the depolarization reduces on reducing the
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aperture size. The effect of absorption on depolarization remains qualitatively the same

however it becomes less prominent.
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Figure 4.7: Effect of aperture size on depolarization behaviour of 2um size polystyrene microsphere

(ta ~ 0.1cm™) with and without absorber (pt; ~ 2mm™).

4.4 Conclusions

We have shown that for Rayleigh scatterers an increase in absorption decreases the
contribution of multiple scattering thereby reducing the depolarization. On the other hand for
large size scatterers, depolarization was observed to increase with an increase in absorption.
This could be explained by realizing that, with an increase in absorption and hence decrease
in the fraction of multiply scattered photons the contribution of single scattering events
increases in the backscattered light. For large sized scatterers the polarization of scattered
light varies significantly with angle and would lead to depolarization when averaged over
finite angle. Since the contribution of single scattered photons to the depolarization increases

with an increase in absorption this would lead to an increase in the depolarization.
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Chapter 5

Mueller Matrix Measurements on
Turbid Medium: Deciphering the Size
Dependence of Depolarization

In this chapter we discuss the use of degree of polarization map based representation of
depolarization in segregating the effect of size of scatterers from that of presence of
absorption. The results show that while the depolarization maps show a significant

dependence on the size of scatterers, the patterns do not vary with absorption.

5.1 Introduction

The depolarization index obtained from the polar decomposition [1] of Muller matrix is a
single valued metric, interpretation of different factors (such as the size of the scatterers,
refractive index, absorption in the medium and the heterogeneity in the arrangement and
distribution of polarization altering tissue constituents) contributing to the observed
depolarization is not feasible. One approach to get more information is to carry out spatially
and spectral resolved measurements of polarization parameters. For example, due to the
differences in their penetration depth, wavelength dependent measurements can help obtain
information on depth dependence of tissue constituents [2]. Similarly, the spatial pattern of

the depolarization of the backscattered light can also be used to infer the scattering
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coefficient, the anisotropy factor, and the particle size [3]. This is usually done by analyzing
the radial decay of intensity and azimuthal lobe patterns. For these measurements the sample
is illuminated with a point beam and depolarization is measured for light emerging from
different points in the sample. This however assumes a homogeneous spatial distribution of
optical properties which is in general not true for tissue. For tissue like samples it would be
advantageous to have scheme that can make use of a point measurement to obtain the same
information. This would also allow spectral measurements with the help of a multi channel
detector. In this paper we show that the a map of depolarization as a function of input
polarization state [4], which can be obtained from a point Mueller matrix measurement alone,
shows scatterer size dependent patterns. The patterns are similar to that reported earlier for
backscattering Mueller matrix images and spatial depolarization patterns from turbid medium
[5] however they does not require an imaging measurement. These depolarization patterns do
not change significantly with the presence of absorption. On the other hand they show a
significant dependence on the presence of retardance and its order vis a vis depolarizer. This

can augment the information available in depolarization for tissue diagnosis and imaging.

5.2 Depolarization maps

Depolarization of light from scattering by a turbid optical media arises due to the temporal
averaging of the polarization states of the light, which travel different paths in the medium.
Since the depolarization depends on the input polarization state DeBoo et. al [4] suggested

the use of Degree of Polarization maps (DoP) or depolarization maps for visualization of
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polarization dependent variations in the depolarization

input polarization is given as

DoP_(8,sino) =1-

map

. The depolarization as a function of

5.1

Here 0 is the orientation of the ellipse corresponding to the input polarization state and o

phase retardance.

Where the normalized stokes vector of a completely polarized incident light is considered to

be

1
_ | cos(20) cos(¢)
| sin(26) cos(¢)
sin(¢)

0 and ¢ are defined as

6= 1tan - [ij
2 Q

And

o=tan? Vi

jQiz U i2

5.2

53

54

The subscript i and 0 represent in-put and out-put polarization states.
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In figure 5.1a we show a representation of different input polarization states in the
conventionally used coordinate system with 6 and sind as the axis for plotting depolarization
maps. We however chose sind*sinO and sind*cos0 as the axis in plotting since it allows
establishing the similarity with the polarization dependent back-scattering images as shown

in reference [5]. Different input polarization states in this representation are shown in figure

5.1b.
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Figure 5.1: Comparison of the two coordinate systems.

5.3 Material and Experimental methods

A schematic of the experimental setup used for spectral Mueller matrix measurements in

back scattering geometry is shown in figure 5.2.

108



Spectrograph

Vertical

To PC polarizer

Broad band
Quarter wave
plate

Horizontal
polarizer

m— w [
\ / Tpe!ure Bmaclzi—v band

Lens Quarter wave
plate

Sample

Xenon Lamp

Figure 5.2: A schematic of the sixteen element Mueller matrix measurement set-up.

Collimated white light output (spot size ~ 0.5 mm) from a 1 kW Xe lamp (Science
tech, 201-1K, Canada) was used to illuminate the sample S after passing through the fixed
polarizer P, and rotatable broad-band QWP Q;, which act as PSG. Scattered light form the
sample is analyzed by PSA optics which consists of rotatable broad-band QWP Q, followed
by a fixed polarizer P,. Polarizers (P; and P,) were kept crossed with respect to each other. A
fiber optic probe, with its distal end coupled to a spectrometer (Avaspec—2048TEC —FT,
Avantes, The Netherlands), was used to record the scattering intensity. The details of the
measurement procedure and calibration are provided in the chapter 2.

Aqueous suspension of polystyrene microspheres with mean diameter 2um and 5.7pum
(Bangs Lab., USA) and dilute (1:10) suspension of intralipid 10% were used as turbid
scattering samples. The tissue samples were taken from three mice organs viz. liver (low
birefringence), heart (collagenous with a varying orientation of aligned layers) and tail
(birefringent due to aligned collagen fibrils). The tissue samples were fixed in 10% formalin

solution (diluted in Phosphate buffer saline) for 24 hrs before use.
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5.4 Experimental Results:

Spectral Mueller matrix measurements on various samples were performed in back scattering

geometry (~400 from back-scattering). The measured Mueller matrices were used to compute
the depolarization maps for 16 equally spaced wavelengths in the range (450 to 750nm).
Figure 5.3 shows the DOP map for diluted suspension of intralipid 10 % which has a broad
size distribution of scatterers with a dominance of scatterers in the size range 100nm [6]. The
value of depolarization is smaller for the orientation of ellipse along vertical direction with
minimum value occurring for vertical linear polarization at the input. The maximum of

depolarization occurs for circular polarization.

05 0 05 1

sin(d)*cos(0)

05 0 05 1

sin(d)*cos(0) >

Figure 5.3: Depolarization map for diluted intralipid 10% suspension as a function of

wavelength. The colorbar shows the depolarization values.
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For the sample containing suspension of 2um diameter particles (fig 5.4) the

depolarization for circular polarization was observed to be lower as compared to linear

polarization with maximum depolarization occurring at 45°orientation from the horizontal.
With an increase in wavelength (decrease in size parameter) the pattern approaches that for

Rayleigh type scatterers (figure 5.3 b).

450 nm 470 nm

sin(8)*sin(0)

sin(&)*cos(0)

Figure 5.4: Wavelength dependence of depolarization map for 2um diameter polystyrene

microspheres.
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Figure 5.5: Wavelength dependence of depolarization map for 5.7um diameter polystyrene

microspheres.

In fig. 5.5 we show the depolarization maps for polystyrene scatterers ~ 5.7um size.
The depolarization map shows a large depolarization for all polarization states except for
linear and elliptical polarization states with major axis along horizontal or vertical. The

depolarization is minimum for linear polarization states along vertical axis.

Figure 5.6 (a) shows the spectral depolarization for mice liver tissue as obtained using
polar-decomposition of Mueller matrices. The depolarization is smaller in the wavelength
region with strong blood absorption and gradually increases as the wavelength increases. The
depolarization is constant in the 650 to 800nm wavelength range. The depolarization maps

(figure 5.6b) show a large depolarization for circular polarization.
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Figure 5.6: Wavelength dependence of (a) depolarization and (b) depolarization maps for mice liver

tissue.

The depolarization spectra and maps for the heart muscle tissue are shown in the fig.
5.7(a, b). It can be seen that the effect of blood absorption is more prominent in
depolarization spectra. The depolarization maps on the other hand are similar to that for the

liver tissue except for the fact the values are smaller in the absorption band.
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Figure 5.7: Wavelength dependence of depolarization map for mice heart tissue.
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The depolarization maps (fig. 5.8a and b ) for the mice tail shows a pattern similar to that for
the large size scatterers (large depolarization in general except for the incident polarization
along horizontal and vertical). With rotation of the sample about the direction of incidence by

45° the whole pattern was also observed to be rotating (fig. 5.8b).

1
05 0 05 1

670 nm
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sin(8)*cos(8)

Figure 5.8: Wavelength dependence of depolarization map for mice tail tissue (a) aligned to vertical

(b) rotated by 45°.

5.5 Discussion

The investigations performed on turbid media containing different size of scatters shows that
the depolarization maps changes significantly with the size of the scatterers. The results for
the intralipid suspension can be explained by considering the fact that the scattering from the
sample is primarily due to Rayleigh type particles for which differential scattering cross
section is maximum in the plane perpendicular to the direction of the major axis of the
polarization of incident light. Considering a horizontal scattering plane (plane of the

measurement system) and the fact that for horizontally polarized input light the scattered light
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would go predominantly in the perpendicular plane, it would require a larger number of
scattering events for the light to realign itself along the detection plane. This leads to a larger
depolarization. On the contrary for vertically polarized incident light the scattering occurs
predominantly in the detection plane with less probable out of plane scattering events,

resulting in lesser depolarization.

The results for larger sized scatterers (2 and 5.7um) are consistent with the fact that
for large sized scatterers the scattering angle dependent diattenuation and retardance effect
become significant [7]. The fast axis of diattenuation and retardance from scatterers lies in
the detection plane leading to a minimum polarization changes for the scattered light with
horizontal or vertical polarization of incident light. The maximum depolarization in this case
is observed for the incident polarization aligned at 45° to horizontal. There is also a
significant contribution from forward scattered light that can reappear in the backscattering
direction after a series of forward scattering events. This fraction is known to retain the
circular polarization more [8]. This contribution becomes less significant as the anisotropy
parameter increase with size i.e. for 5.7um particle and the depolarization is large for all

polarization states except for horizontal and vertical axis.

In tissue, apart from a large variation in scatterer size, shape etc. presence of other
polarization altering effects such as birefringence and diattenuation by local organized
structures also affect the depolarization behavior. The three tissue types (liver, heart and tail)
we considered differ in their collagen content and organization. While liver has random
arrangement of collagen in the intra cellular matrix, heart is characterized by a varying
orientation of layers of aligned collagen fibrils and the mice tail has a highly aligned network
of fibrils. The depolarization spectra of the tissue show a significant variation with
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wavelength in the blood absorption region. This is due to the absorption dependent truncation
of long path photons, which are responsible for the depolarization [7]. On the other hand, the
lack of any significant wavelength dependence in depolarization maps indicates that
depolarization maps are relatively insensitive to absorption. The depolarization maps for liver
(figure 5.6b) show a pattern indicating a mixture of large and small size scatterers with the
depolarization minima lying along vertical axis. The heart tissue also show similar pattern
except for the slight skewing of the pattern which can be ascribed to the small effective

birefringence present in the tissue.

The depolarization map for tail tissue shows the presence of retardance and the
diattenuation effect similar to that for large size scatterers which is consistent with the aligned
collagen fibers in the tissue. However the difference in the two cases is that for tail tissue the
principle axis is decide by the tissue orientation and not the scattering plane and as we rotate

the tissue the depolarization map also rotates (figure 5.9b).
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To understand the effect in presence of a layered system with separate depolarizing
and retarding layers we simulated the effect presence retarder with different orientations and
retardance before and after an intralipid layer. We observed that while for a retarder present
in front of the depolarizer the depolarization maps show dependence on both retardance and
orientation (figure 5.9a, b), for the reverse configuration the depolarization maps remain
unchanged. This can be useful in accessing order of separate birefringent and depolarizing
layers. Fig. 5.9a & b were obtained by pre-multiplying the experimentally obtained Mueller
matrix for intralipid solution at 530nm with a Mueller matrix for retarder with different
orientations (keeping retardance fixed at m/2) of its fast axis and different retardance values

(keeping orientation fixed at 45°).

5.6 Conclusion

Depolarization of light from tissue is an important optical property in context to biomedical
optical imaging and diagnosis. Its multi-parametric dependence makes it difficult to interpret.
Our results show that the depolarization map for a point Mueller matrix measurement have a
significant scatterer size dependence similar to that reported earlier for backscattering
Mueller matrix images from turbid medium. However, the depolarization map did not show
significant absorption. Further, it showed dependence on the presence of retardance and its

order vis a vis depolarizer.

117



5.7 References

1.

S.Y.Luand R. A. Chipman, J. Opt. Soc. Am. A 13 1106-1113(1996).

S. Demos, H. Radousky, and R. Alfano, Opt. Exp. 7, 23-28(2000).

B. D. Cameron, M. J. Rakovic, M. Mehriibeoglu, G. W. Kattawar, S. Rastegar, L.

V. Wang, and G. L. Cote, Opt. Lett. 23, 485-487(1998).

B. Deboo, J. Sasian, and R. A. Chipman, Opt. Exp. 12, 4941-58(2004).

L. Wang, L. Ming, X. Zhihai, F. Huajun, and Y. Chen, J. Opt. A: Pure and App.

Opt. 9, 15-19(2007).

H. J. van Staveren, C. J. M. Moes, J. van Marie, S. A. Prahl, and M. J. C. van

Gemert, Appl. Opt. 30, 4507-4514(1991).

M. K. Swami, S. Manhas, H. S. Patel, and P. K. Gupta, Appl. Opt. 49, 3458-

3464(2010).

N. Ghosh and I. A. Vitkin, J. Biomed. Opt. 16, 110801-29 (2011).

118



Chapter 6

Mueller Matrix Measurements on
Turbid Medium: Effect of Non-
spherical Nanoparticles Embedded In
the Medium

In this chapter we describe the results of our studies on the depolarization properties of non-
spherical nano-particles. We show that among different non-spherical particles nano-rods
exhibit maximum depolarizing ability and the depolarization is maximum for circularly
polarized incident light. Further, we show gold nano-rod can be used as a contrast agent in

turbid medium polarimetry with optical techniques have low depolarization background.

6.1 Introduction

There exists considerable current interest in the use of noble metal nanoparticles (NPs) as
contrast agents for biomedical imaging [1-5]. While extinction is the most commonly used
parameter for obtaining the contrast, its use requires that the concentration of the
nanoparticles be large enough to overcome the background arising from the intrinsic
extinction of the biological samples. In addition to extinction, non-spherical nanoparticles can
also lead to a change in polarization of the scattered light due to the presence of spectral
overlap of multiple Surface Plasmon Resonance (SPR) peaks. In general each SPR mode
would lead to a polarization dependent amplitude and phase lag in the scattered light. While

the difference in the polarization dependent amplitude of light scattered from different SPR
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modes is interpreted as diattenuation or dichroism, the phase difference leads to retardance.
The polarization axis for these effects is determined by the symmetries in the geometry.
Hence a well aligned ensemble of these particles can be treated as a combination of an
imperfect polarizer and a wave-plate with all particles leading to same polarization of
scattered light at a given scattering angle. An ensemble containing randomly orientated
particles, on the other hand will show a strong depolarization in the scattered light due to
averaging of polarization states. Since intrinsic depolarization from thin tissue sections and
cells is expected to be rather small, particularly in the NIR region, depolarization induced by
NPs can be expected to provide a good contrast even at much lower concentrations than
required when using extinction as the contrast parameter. Indeed, a recent report using star
shaped NPs [5] have shown the promise of this approach. While depolarization
characteristics of rod shaped particles and colloids have been studied widely [6-8], the
information about other shapes is not available. Considering the promise of this approach we
have carried out a detailed measurement of the spectral depolarization properties of various
anisotropically shaped NPs (rods, tetra-pods, flowers and stars). It is important to note that
the use of depolarization from NPs as a contrast agent will be particularly suitable for
confocal imaging and optical coherence tomography based imaging, where the depolarization
background is small. However, since depolarization background in tissue is much larger than
cells, the use of depolarization of GNPs as contrast agent in presence of turbidity needs to be
investigated. NPs can modify the depolarization characteristics of a turbid media in three
ways (1) by the scattering of the GNPs, which adds to the scattering coefficient of the medium
leading to a increase in depolarization (ii) the absorption of the GNPs, which lead to a

truncation of long path photons and thus expected results in reduced net depolarization [9]
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and (iii) the depolarization properties of non-spherical GNPs, due to the polarization
dependent scattering amplitude and phase [6]. The interplay of these effects can alter the

depolarization of a turbid medium in a rather complex way.

6.2 Depolarization from non-spherical gold NPs

The various extremes in optical properties, such as high scattering and absorption
efficiencies, increased non-linear effects etc., that the metal NPs exhibit is a result of
collective excitations of conduction electrons in metals referred to as “plasmons”. The size
and shape dependent tuning of this phenomenon can be achieved due to the fact that in the
limit when the size of the particles approaches the electron mean free path, the dielectric
function deviates from that for the bulk values. For spherical metal NPs the polarization

dependence of these effects is not very different from that for a dielectric particle (fig. 6.1).
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Figure 6.1: Angular dependence of retardance and diattenuation from a 50nm diameter gold NP (red

dotted line) and a dielectric particle (back line with circles).
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On the other hand non-spherical particles show distinct polarization properties. When
preferentially oriented they exhibit anisotropic properties such as diattenuation, birefringence,
and orientation-dependent turbidity in scattered light whereas for randomly oriented particles,
a strong cross polarized component in the scattered light can be observed [8]. In-fact the
depolarization ratio, defined as a ratio of co to cross polarized scattered light for a vertically
polarized light at the input light, was observed to be much larger than the theoretical limit of
1/3 for randomly orientated dielectric Rayleigh particles with positive values of real and
imaginary parts [10]. Mathematically this can be correlated with variation of the
polarizability tensor near the SPR wavelengths. Physically this can be understood by the fact
that for non-spherical particles there exist at least two SPR modes separated in wavelength.
At intermediate wavelengths where more than one mode can be excited by a given
wavelength the difference in the phase and amplitude in the light scattered from individual
modes leads to strong diattenuation and retardance effects. This for randomly oriented
particles results in very large depolarization. A good measure of depolarization ability of such
particles can be obtained by calculating the retardance and diattenuation for such particles.
We used discrete dipole approximation to simulate these properties for gold NPs with

different shapes.

6.2.1 Polarization properties of gold nano-particles

Discrete Dipole Approximation (DDA) based simulations were used to compute the Jones
matrix for the particles considering different scattering angles. Numerical simulations were
carried out using the DDA code DDSCAT 7.1 [11]. Briefly in the DDA each particle is

modelled as an assembly of dipoles in finite cubic elements. Each of these elements is
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considered to be sufficiently small that the interaction between dipoles with the incident
electric field and the induced-fields in neighbouring elements only are considered. This
reduces the solution of the Maxwell equations to an algebraic problem of many coupled
dipoles. The solution for this is given by a system of 3N complex linear equations, where N is

number of dipoles

Z Aij Pj = Einc,i
= 6.1
Eea = eXp(lkr)[Zexp(—lkr rij )(rr—le)P:|
r 6.2
exp(| J) - ik, —1, .
i i 6.3

Where Pjis dipole moment per unit volume of cubic element, Ej,j is incident electric field at
rj, and Ajj is interaction matrix. Pjfor each cubic element is obtained by solving this coupled
equation and it is used to calculate the scattered electric field Eq, as a function of scattering
angle. The scattered field along with the incident field is used to calculate the 2x2 Jones
matrix elements f,,; (m, 1=0,1 where 0 corresponds to linear polarization parallel to scattering

plane and 1 corresponds to perpendicular polarization ) [12].

f, (h,0)=k Zﬁ“ -6 exp(—ikA-F ) 6.4

Here ng and | denote the direction of propagation vector and polarization of incident light
respectively. Similarly n and e, denote the direction of propagation vector and direction of
polarization of the scattered light. The Jones matrix is then used to obtain retardation and

diattenuation using following equations [13]

123



T+ 9 ryg-

B det J 6.5

n = 2ar cos —
2[Tr(3°J)+2[detJ|]
p_ P =F 6.6
P +P;

Where

5 1 . . > >y v2
P? =§(Tr(J -3)£{[Tr(37-3)] —4|det(I)} ) -

To ensure the convergence and the accuracy of the simulations we have kept the inter-
dipole spacing such that the product jmkd| < 0.1, where ‘m’ is relative refractive index of the
NPs to the surrounding medium and ‘k’ is propagation vector and ‘d’ is inter dipole
separation. The refractive index of water was taken as 1.33 and the wavelength dependent

refractive index of the gold were taken from Palik et. al [14].

To satisfy the convergence criteria inter dipole spacing was kept as 1nm for all the
particles. The effective radius, defined as 3*yolume" 3/4n, for rod was taken as a.g=12.35um,
while the aspect ratio (ratio of longer side to shorter side) was taken as 2.87. This corresponds
to number of dipole N =7893 and SPR of ~695nm. The parameters of tetra-pod were taken as
2./=9.740pum, N=3870 with SPR at ~675nm. For star radius of the core was taken as S§um,
while the length and radius of the six spikes as 17um, 8um respectively. The a.s in this case
becomes 11.339um, and N=6106. For simulating flower, we considered twenty-four spikes
(height 10pum and radius 3pum) over a spherical core of radius 15um. The resultant broad SPR

peak was at ~ 595nm.
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In fig 6.2a we show the calculated (using DDA simulations) spectral variation of

retardance (in radians) and diattenuation for a scattering angle of 90°. Fig 6.2b and 6.2c
shows the variation with the scattering angle in the scattering plane. Both retardance and
diattenuation shows large values in the spectral region containing SPRs. Further, the
polarization parameters vary significantly with scattering angle. The large values of these
polarization properties would lead to a significant variation in the polarization state of the
scattered light from different particles with random orientations. The averaging of these
polarization states at the detector would result in the depolarization.

For tetra-pods (fig. 6.3(a)) the wavelength dependence of the polarization properties is
similar to that for rods. However, the values for the retardance and diattenuation are lower
than that for the rods. For stars and flower shape particles (fig. 6.3(b) and 6.3(c)) the values
of the two polarization parameters are significantly lower than that for rods and the maxima
show a red shift with respect to the respective SPR peaks which is dominated by the spherical
core. Further the reduction in diattenuation is more as compared to the retardance. The
polarization properties also show strong wavelength dependence due to the presence of a

larger number of SPR modes as compared to rods.
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Figure 6.2: Simulation results for rod shaped gold nanoparticles (a) Retardance (in radians) and
diattenuation as a function of wavelength, (b) Diattenuation as function of scattering angle and

wavelength, (c¢) Retardance (in radians) as function of scattering angle and wavelength.
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6.3 Experimental setup and sample preparation

The spectral Mueller matrix measurement setup described in the chapter 2 was used for the
experiment. NPs of various shapes were prepared using the methods available in the
literature. CTAB-coated gold nano-rods were synthesized using the seed mediated growth
procedure [15]. The synthesis of gold nano-stars also followed a seed mediated approach, in
which the shape of gold nano-stars was achieved by controlling the type of seed and reaction
conditions [15]. Briefly, the seed solution was prepared by using 50ul of 0.1 M HAuCly
solution and 50pul of 0.1 M sodium citrate solution in 10.0 ml pure water. Subsequently, 0.6
ml ice cold sodium Boro-hydride solution (0.1M) was added and the solution was kept for
3hrs. The growth solution was prepared using 250ul of a 0.1 M HAuCly solution added to
10ml of 0.1 M CTAB, followed by addition of 50ul of a 0.1 M silver nitrate solution.
Subsequently, 15mM aqueous solution of ascorbic acid was added. Finally 1ul of seed
solution was added and the mixture was kept at 26°C overnight. The seed for tetra-pods was
prepared using 10ml solution of 75mM solution of CTAB, added to 0.25mM HAuCly4
solution [16]. After mixing the solution 0.6mM ice cold sodium boro-hydride was added. The
reaction mixture was stirred for 2 min and left for ~2.5 hrs. The growth solution was prepared
using 95mM CTAB solution added to 40um HAuCly, 6mM ascorbic acid. 0.125uM Au seed
was added to growth solution and mixed gently and kept overnight. Gold nano-flowers were
prepared by the rapid mixing of 20ml of a solution of 19.8mM ascorbic acid with 100uM
HAuCly at ice temperature with vigorous stirring. After the mixture turned blue 5 uM HSA
was added while stirring [15]. Spherical gold NPs capped with tri-sodium citrate were
prepared using Frens method [17]. The size of the particles was controlled by varying

[Au(IIT)]/[citrate] ratio during the reduction step.
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The measurements were carried out on a wide range of dilutions of Intralipid 10%, to
evaluate the effect of GNPs of different shapes and sizes on the depolarization properties of
the turbid medium. For all the measurements, samples were kept in cuvette with 1 cm path-
length. Further, the extinction for all GNPs at their surface plasmon resonance (SPR) peaks,
as measured using spectrophotometer, was kept fixed at 1.5cm™ to allow inter-comparison of
the results. For spherical nano-spheres, two sizes 8+2nm and 50+8nm diameter (measured
using dynamic light scattering) were used. This ensured different relative contributions from
absorption and scattering for a given extinction. While absorption is the major contributor for
the smaller size particles, the scattering contribution increases as the size increases. Gold
nano-rods (GNRs) with an aspect ratio of 2.5 and length 50nm were used to study the relative
contribution of all the three factors their depolarization, absorption and scattering.

Depolarization for a given input polarization state is given as,
Aol \S:+8S2+5;
S 6.8

Where the output polarization state is represented by S;, S», S3 and S4.

6.4 Results and discussions

6.4.1 Depolarization properties of non-spherical gold nanoparticles

In fig. 6.4 we show the measured SPR spectra for the different NPs used in the experiments.
The wavelength dependence of the depolarization index as obtained from polar
decomposition of the experimentally measured Mueller matrices is shown in the fig. 6.5. The

depolarization for rods and tetra pods is seen to be larger than that for star and the flower
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shaped particles. This is to be expected because while the retardance is determined only by
the polarization dependent phase lag between the light scattered from different SPR modes;
diattenuation will be strongly affected by the shape of the particle. In case of star and flower
shaped particles, because of the presence of a spherical core the diattenuation is much lower
compared to that for rods or tetra-pods. Similarly the retardance values are also expected to
decrease due to the increased symmetry in the structure and lead to a smaller phase difference
in the scattered light between orthogonal polarization components resulting in a smaller

contribution to the depolarization.
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Figure 6.4: (a) Extinction spectra of nanoparticles, Inset shows the TEM images of the particles.
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Figure 6.5: Depolarization spectra for nanoparticles.

Fig. 6.6 a, b, ¢ and d shows the measured depolarization for linearly polarized light
(averaged over input linear polarization states having orientation from 0° to 180° w.r.t
horizontal) and depolarization for circularly polarized light for different NPs. It can be seen
that for circularly polarized light the depolarization is about a factor two large than the
depolarization for linearly polarized light for all types of particles. The depolarization from a
suspension of rod shaped NPs shows a maximum value at a wavelength in between transverse
surface plasmon resonance (TSPR) and longitudinal surface plasmon resonance (LSPR)
peaks. The same trend is observed for the tetra-pods with depolarization being maximum in
between the wavelengths corresponding to major SPR peaks. For star and flower shaped
particles individual SPR peaks are not distinguishable and add up to a single broad peak with

major contribution from SPR corresponding to the spherical core. The depolarization in this
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case shows a red shift with respect to this SPR peak which indicates that depolarization is

mainly due to SPR peaks towards higher wavelengths.
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Figure 6.6: Comparison of depolarization for linear (L) and circular (C) polarization states for (a) rod

(b) terta-pod (c) flower and (d) star shaped nanoparticles. The black line shows the SPR peaks.

Since the depolarization from a scattering sample depends on the polarization altering
properties of the scatterers. The polarization change can be brought about by two effects.
First is the diattenuation by the scatterers, i.e. differential scattering/absorption of light and

second by the retardance characteristics of the scatterers that leads to a change in the
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ellipticity of the polarization in general. In a suspension of NPs, different particles will
exhibit different diattenuation and retardance since these parameters are sensitive to the
orientation or the angle of scattering vis a vis the direction of incidence. A larger
depolarization of circularly polarized light is thus expected because the circularly polarized
light will excite the different plasmon bands of the NPs irrespective of their orientation with
respect to the direction of incidence. Since particles oriented differently will exhibit different
diattenuation and retardance these will lead to depolarization of the light scattered by them.
In contrast for linearly polarized incident light finite fraction of nanoparticles will have their
retardance/diattenuation axis aligned with the input polarization state and will therefore will
not change the polarization in the scattered light. These photons contribute to the polarization

maintaining part leading to a reduced depolarization.

6.4.2 Effect of GNPs on depolarization from turbid medium

Wavelength dependence of depolarization index for intralipid is shown in the fig. 6.7 a. For a
given intralipid concentration the depolarization is observed to decrease at longer
wavelengths. This is to be expected because the scattering coefficient of intralipid reduces
with increasing wavelength (~x*%) [18].  The depolarization however shows weaker
wavelength dependence than the scattering coefficient of intralipid. This is because the
number of scattering events after which a photon is backscattered does not directly scale with
the scattering coefficient and also depends on the scattering anisotropy. The relatively higher
depolarization of circularly polarized light as compared to linearly polarized light (fig.6.7 b)
is because for scattering medium with Rayleigh type scatterers, while the depolarization of
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linearly polarized light is primarily due to randomization of the plane of polarization in a
series of in and out of plane scattering events, for circularly polarized light the polarization of
scattered light varies with the scattering angle, accentuating the depolarization in presence of
multiple scattering medium. The depolarization for left and right circular polarizations is the
same, while for linear polarization it is slightly more if polarization is in the measurement

plane than if polarization is perpendicular.
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Figure 6.7: (a) Depolarization for different concentrations of intralipid. The pg at 532nm for the

concentrations used is indicated. (b) Depolarization of linear and circular polarization.

This is due to the Rayleigh scattering nature of the particles in intralipid (average size
90nm). As we know that for Rayleigh type scatterers the scattering is dipolar in nature for
which the scattered light goes in the plane perpendicular to the polarization of the incident
light. Further the polarization of the scattered light is same. In contrast, for circularly

polarized incident light the polarization of the scattered light varies both in the scattering

134



plane as well as with azimuth (fig. 6.8). This corresponds to a rapid depolarization in

presence of multiple scattering, even if the number of scattering events is same.
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Figure 6.8: Polarization states of light after scattering from a Rayleigh scatterer for a circularly

polarized incident light.

Fig. 6.9 shows the wave length dependence of the depolarization in presence of
spherical gold NPs of two different sizes (8 and 50nm, both having the same extinction
coefficient (tex = 1.5cm™). Due to the symmetrical shape of spherical GNPs the orientation
effect of polarization properties is not present and these can influence the depolarization from
intralipid solution only by their absorption and scattering properties. The dip observed in the
depolarization pattern at the corresponding SPR wavelengths (520nm and 540nm) results
from the elimination of long path photons which contribute to the depolarized fraction in
back-scattered light [9]. The smaller magnitude of the dip observed for the larger sized

particle can be ascribed to the fact that for a given extinction the absorption will be less and
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the contribution of scattering to the extinction increases with size (inset fig 6.9a.). It is also
important to note here that in the presence of the spherical GNPs the difference between
depolarization of circular and linearly polarized light increases (fig. 6.9b) as compared to that
for intralipid (fig. 6.8b). This arises because the depolarization of linearly polarized incident

light is dominated by long path photons, which reduces more with absorption.
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Figure 6.9: (a) Depolarization in presence of spherical gold NPs (b) Depolarization of linear and
circular polarization in presence of 8nm spherical NPs. Inset: Mie scattering cross-section of gold NPs

normalized with their respective extinction cross-sections at SPR.

For non spherical particles, apart from their absorption and scattering, the depolarization
resulting from polarization dependent scattering will also influence the observed
depolarization. Our earlier measurements on depolarization form suspended GNPs such as
nano-stars, nano-flowers, tetra-pods and nano-rods have shown that the maximum
depolarization occurs in presence of rods [19]. For this study we therefore used GNRs. fig.
6.10 shows the depolarization spectra of GNRs suspension (extinction ~ 1.5cm™,

Longitudinal-SPR (LSPR) ~ 635nm). For the single scattering approximation valid for such
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dilute suspension of GNPs the strong depolarization observed is a result of random
orientation of GNRs. The orientation dependent diattenuation and retardance of individual
GNRs leads to an averaging over different polarization states resulting in depolarization of
the scattered light. The depolarization estimated using polar-decomposition of Mueller

matrices is maximum (~ 60%) at ~600nm (fig. 6.10 a).
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Figure 6.10: (a) Depolarization from a suspension of GNRs and its SPR (circles) (b) Depolarization of

linear and circularly polarized light.

It can be seen from the fig. 6.10 b that even in single scattering conditions, there is a
significant difference in depolarization for circularly and linearly polarized light. This
happens because the diattenuation of rods changes the polarization state of circularly
polarized to approximately linearly polarized light with the polarization vector along the long
axis of the rod. Randomization of the polarization occurs because of the random orientation
of the rods. In contrast, for the linearly polarized light, the rods aligned with the incident
polarization vector of the input linearly polarized light do not contribute to the depolarization.

Similarly for the retardance also the rods aligned with the incident linear polarization have no
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effect on polarization in the scattered light whereas for circular polarization all rods
contribute to randomization of polarization through the variation of the orientation of the fast

axis of retardance.
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Figure 6.11: Effect of addition of intralipid to GNRs suspension on depolarization.

The effect of the addition of intralipid to the suspension of nano-rods on their
depolarization behavior is shown in fig. 6.11 a, b. While initially the depolarization decreases
and maintains a similar spectral dependence as that for the GNRs, with further increase in the
concentration of intralipid (fig. 6.11 a) the depolarization increases and the spectral signatures
of the GNRs is washed out. For rods with an extinction coefficient of ~ 1.5cm™ (scattering
coefficient ~ 0.15cm™ @ SPR peak 635nm) the depolarization contribution of the rods
remains significant up to a scattering coefficient of 5 cm™ for the intralipid suspension. At
much higher scattering from intralipid (fig. 6.11 b) while the contribution of their
depolarization is not evident, the absorption induced reduction in the depolarization is clearly

visible in the form of two dips at the SPR resonances in the depolarization spectra.
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These observations can be explained by noting that at the lower concentration of
intralipid the backscattered light has more contribution from single scattering. Since the
single scattering from spherical Rayleigh scatterers of intralipid will not cause significant
depolarization, addition of intralipid contributes a polarization maintaining fraction to the
backscattered light thereby leading to reduced depolarization. With an increase in the
scattering coefficient due to further addition of intralipid, multiple scattering contributions
start to increase leading to an intralipid dominated depolarization. For intralipid concentration
corresponding to ps of ~ 8 cm™ the effect of absorption due to the transverse SPR can be
observed while the effect of a much stronger longitudinal SPR is absent. This is due to the
small depolarization at TSPR, whereas for wavelengths close to LSPR the Ilarge
depolarization from GNRs compensates absorption caused reduction in the depolarization
(fig. 6.10a). With an increase in the scattering coefficient of intralipid solution the multiple
scattering effects start dominating the net depolarization and a dip in depolarization spectrum

1s observed at both TSPR and LSPR.

6.5 Conclusion

We showed using spectral Mueller matrix measurements that the depolarization from a
suspension of anisotropic NPs varies significantly with input polarization state. The
depolarization for circularly polarized light was observed to be a factor of two larger than that
for linearly polarized input light. The depolarization for flower and star shaped particles were
lower than that for rods and tetra-pods. Further, the wavelength corresponding to the
maximum depolarization was observed to be off-resonant with the SPR. While for the rod
and tetra-pod shaped particles the wavelength for maximum depolarization was blue shifted

139



with respect to the major SPR peak, the same for the star and flower shapes showed a red
shift vis. a vis. the SPR peak. The observation corroborates well with the simulation of
polarization properties of the particles which show a red-shifted spectrum of diattenuation
and retardance viz. a viz. SPR for star and flower shaped particles. The results suggest that
the use of rod shaped particles and circularly polarized input light will lead to best
depolarization contrast. Further, we evaluated the effect of the presence of three different
gold NPs on the depolarization behavior of a turbid medium. The depolarization effect of
smaller sized gold nano-spheres is dominated by their absorption characteristics and for
larger sized particles both scattering and absorption contribute to the net depolarization of the
turbid sample. For the GNRs, which are intrinsically depolarizing, the depolarization is
dominated by their depolarization in the low scattering regime whereas for highly scattering
medium the absorption effects dominate. The results indicate that the use of depolarization
contrast could be useful in imaging techniques such as polarization sensitive optical
coherence tomography and in confocal microscopy, for which the multiple scattering

contribution is small.
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Chapter 7

Mueller Matrices Spectral
Measurements for Optimization of
Twisted Nematic Spatial Light
Modulators

In this chapter we describe the use of spectral Mueller matrix measurements for
characterizing the polarization properties of twisted nematic liquid crystal spatial light
modulator (TN-SLM), a commonly used liquid crystal based device for beam steering and
shaping applications. The characterization was used, for obtaining the optimum polarization

optics configuration that would enable use of TN-SLM in phase only modulation mode.

7.1 Introduction

Liquid crystal (LC) spatial light modulators are widely used in optical processing systems for
dynamical control of amplitude and phase of light wave fronts. A large variety of applications
such as diffractive optical element in holographic optical tweezers [1], optical storage [2],
dynamic lenses [3] and adaptive optics [4] require it to work in phase modulation regime with
a linear phase modulation of 2r with respect to the addressed gray level of SLM. This can be
conveniently achieved with parallel aligned (PA) liquid crystal SLM where all the liquid

crystal molecules are aligned parallel to each other. In this case application of electric field
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across the liquid cell results in a change of refractive index in response to the tilt of the LC
molecules, which leads to phase modulation with no intensity modulation. On the other hand
in twisted nematic (TN) type SLM’s, the optic axis (director of the LC molecule) of LC cell
layers is helically aligned across the LC cells. In case of TN-SLM, apart from the tilt of the
molecules along the axis there is also a twist of molecules about the axis of SLM. This leads
to coupled amplitude and phase modulation. Since TNSLM are cheaper and more readily
available (mass production motivated by its display applications) there has been interest in
characterization of the polarization parameters and finding optimum configuration of the
polarization optics at the input and output to achieve phase only modulation. This can be
done in two ways; one approach [5] is to measure amplitude and phase modulation response
of the TNSLM for each configuration generated by the various combinations of the input and
output polarization optics. But this method is time consuming and will be more complex if to
more effectively decouple intensity and phase modulation response, quarter wave-plates
(QWP) are also included for generating elliptic polarization state [6]. The other approach [7-
12] is to first model the optical behaviour of the TNSLM and then use this model to find out
the optimum orientation of the PSG and PSA for phase only response. For determining the
polarization parameters of TNSLM, 2x2 Jones matrix has been used. Based on the Jones
matrix polarimetry, an alternate way [11, 12] have been presented which can be easily
visualized and used for optimization of the TN-SLM in terms of the equivalent parameters
(equivalent retarder-rotator approach). However the applicability of Jones matrix formalism
is questionable since TN-liquid crystal based systems generate 2-9% depolarization in the
output beam as has been reported by Wolf et. al [13] and Chipmann et.al [14]. Mueller matrix

description is therefore more appropriate for the characterization of polarization parameters
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of TNSLMs and has indeed been used to characterize the transmitive type TNSLM’s [6].
Since the reflective type SLM’s are receiving more attention due to the fast response as
compare to transmitive type, there have also been some attempts [15,16] to characterize
reflective type TNSLMSs at normal / quasi normal (~ 2°-5°) incidences. However for many
beam shaping applications including that for holographic optical tweezers (HOT), it would be
useful if oblique incidence is used as it provides more space for the set up and also allows
free access to place the polarization optics for different operating modes of the TNSLM.
Further, the use of reflective type TNSLM’s in oblique incidence geometry offers two other
important advantages first, polarization sensitive cubic beam splitter is not required to
separate the incident and reflected laser light that is required for normal incidence geometry
and secondly the retardation optics can be placed independently in the input and output path

for minimizing intensity modulation [17].

In this chapter we show a Mueller matrix approach based characterization of
polarization properties of reflective type TNSLM at oblique incidences of the beam and an
optimum combination of polarization optics for achieving phase only modulation. We also
studied the dependence of the diattenuation, depolarization, linear retardance and rotation on

the angle of incidence of the laser beam using polar decomposition [18].

7.2 Experimental method

The schematic of the experimental set up used for the measurement of the Mueller matrix
parameters of a Twisted Nematic SLM (LC- R 2500, Holoeye Photonics, Germany) is shown
in fig. 7.1(a). The TN-SLM is a 45° twisted nematic type spatial light modulator based on

LCoS display, with XGA resolution (1024x768 pixels), having square pixels of 19um pixel
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pitch and fill factor of 93%, with digitally controlled 256 (0-255) gray levels and a response
time of typically 16ms. For measurements at single wavelength the output from a frequency
doubled diode pumped Nd: YVO, laser (532nm, cw Verdi, Coherent Inc., USA), was used to
illuminate the TNSLM after passing through a fixed polarizer P1 and a rotatable
QWPI1(532nm) which act as a PSG. The polarization state analyzer, comprising of a rotating
QWP2 (532nm) followed by a fixed polarizer P2, was used to analyze the reflected light form
the TNSLM. A power meter (Coherent Inc., USA) was used to measure the intensity of the
laser light coming from PSA. For studying the behaviour of the TNSLM at oblique

incidences the TNSLM, PSA and power meter were mounted on a rotational stage.
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Figure 7.1: Schematics of the setup for (a) Mueller matrix measurement at varying angle of incidence
of the input beam and (b) Phase modulation measurement of the reflective type TNSLM for 45° angle

of incidence for the laser beam.

For spectral Mueller matrix measurement, collimated white light output from a 1 kW Xe
lamp (Sciencetech, 201-1K, Canada) was used to illuminate the TNSLM. For these

measurements the QWPs designed for 632nm were used in both PSG and PSA. A fiber optic
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probe whose distal end was coupled to a spectrometer (Avaspec—2048TEC —FT, Avantes,
Netherland) was used to record the reflected intensity. The measurement scheme is same as

described in chapter 2.

The Mueller matrix measurements were done at 16-evenly spaced address voltages (0,
16, 33, .....) spanning the entire range of TNSLM gray level. For the spectral measurements
Mueller matrix at each wavelength was calculated by adjusting the PSG and PSA to account
for the wavelength dependent retardance of wave plate at each wavelength in the range 450 to

700nm.

7.2.1 Minimum intensity modulation computation

The intensity modulation response of TNSLM with different possible configurations utilizing
polarizer and wave plate on both sides of the TNSLM were estimated by using Mueller
matrix measured at 16-evenly spaced address voltages. The output polarization state of the

system after the PSA can be written as
So =Mpo Mqgo M; Mq1 Mp; S;

Where S; and So are the input and output state stokes vector. Mpo, Mqo, My, Mqr and Mp; are
the Mueller matrix of output polarizer, output QWP, TNSLM, input QWP and input polarizer
respectively. The input state polarization was taken as un-polarized. The intensity modulation
for a given configurations was characterized by calculating variance of the first element of So
as a function of gray scale value with different combination of input and output polarization

states spanning whole range of orientations of polarizer/analyzer and QWPs.
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In all, for studying the intensity modulation of TNSLM at oblique incidence, three
orientations 15°, 30° and 45° were considered. The orientation angles (denoted by ‘o’ in fig.
7.1a) are the angle of incidences of the beam with respect to the normal at the surface of
TNSLM. In each orientation of the TNSLM four configurations comprising different possible
combination of polarizer, analyzer and QWP’s were studied; (a) Polarizer-TNSLM-Analyzer
(b) Polarizer-QWP-TNSLM-Analyzer  (c) Polarizer-TNSLM-QWP-Analyzer and (d)

Polarizer-QWP-TNSLM-QWP-Analyzer.

The phase modulation was measured for the configuration with minimum intensity
modulation using two-beam intereferometric method. The schematic of the set up is shown in
fig. 7.1 (b). The beam was expanded using suitable lens combination and thereafter split in
two parts by a two pinhole aperture (TPHA). For the phase shift measurement Phase cam
software from Holoeye Photonics, Germany was used. With the help of this software the
entire TNSLM region was vertically divided in two parts; the address voltage of half plane,
considered as reference plane, is fixed and the address voltage of the other half plane is
varied by varying the gray level from 0-255 by the software. Both parts of the incident beam
coming from TPHA were made to incident on TNSLM in such a way that one part of the
beam falls on reference plane and the other part on rest half of the plane. Both part of the
beam after getting reflected from the TNSLM passed through the PSA and was focused by
lens (L3). A 10X microscope objective was used to magnify the interference image. The

images were recorded using a CCD connected with a computer.

149



7.3 Results and discussions

7.3.1 Intensity modulation at oblique incidences

For all possible combinations of QWPs and polarizer orientation angles (denoted as
‘Bi’ and ‘Bo’ for polarizer and analyser; y; and vy, for input side QWP1 and output side QWP2
respectively onwards) in all configurations the intensity modulation minima was calculated at
15°, 30° and 45° angle of incidence (a) of laser beam using the equation (vii) and result is
tabulated in table 7.1. Among all the configurations (a-d) studied, the intensity modulation
minima for 45° orientation of TNSLM was obtained when a polarizer followed by a QWP
was placed at the input and a QWP followed by an analyzer was placed at the output of the
TNSLM. Fig. 7.2 shows intensity modulation when TNSLM was oriented at 45° with respect
to the incident beam and in the configuration QWP’s were used on both the sides of TNSLM.

In this configuration a total of four intensity modulation minima were observed.
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Table 7.1: Optimum configuration for different angle of TNSLM

Orientation| Configuration QWP | QWP | Polarizer |Analyzer| Minimum
(degree) of before | after | (degree) | (degree) Intensity
TNSLM TNSLM| TNSLM Bi Bo Modulation
a (degree)| (degree) (%)
Yi Yo
15 Only polarizers 124 88 15
30 -do- 43 104
45 -do- 141 110
15 QWP before 36 56 94
TNSLM
30 -do- 47 154 100 4
45 -do- 58 160 107 1.5
15 QWP after TNSLM 18 7 74 4
30 -do- 48 17 14 1.5
45 -do- 78 21 108 2
15 QWP on both side 10 23 103 84 2.5
of TNSLM
30 -do- 16 46 107 10 1.5
45 -do- 22 52 18 2 0.5
160
® 140 15
o
o 120
©
o 100
(o))
& 80 1o
g
> 60y
© f \ \
< 40 \ 5
20} AN RPN \
i | |G\
m-\' N g d T WA o J
20 40 60 80 100 120 140 160 180

Polarizer angle ( degree )

Figure 7.2: Contour plot of Intensity modulation from the TNSLM at different polarizer, analyzer
angles when QWP1 was at 22° and QWP2 was at 52°.
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The Poincare sphere depiction of intensity modulation by TNSLM allows
visualization of the role of QWP’s and polarizers in achieving optimum configuration for
phase only modulation mode. The state of polarization before the output polarizer is defined

as
St = Mqo M; M1 Mp; S;

The intensity transmitted through the polarizer which is represented by a point on the
equator is given as cos*(L/2). Where L is the length of the curve joining the two points (the
first point representing the polarization state ‘S;’ and the second point representing the output
polarizer orientation on the Poincare sphere) along the surface of Poincare sphere. Keeping
the polarizer, QWP1 and QWP2 at the optimized orientation, output polarization states were

generated for the 16 evenly spaced gray levels spanning the whole range of TNSLM.

(a) o (b)

o
(V8]

Figure 7.3: Poincare sphere presentation of the intensity modulation in (a) optimized orientation (b) a

random orientation of the polarizer, analyzer and quarter wave plate.
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In fig. 7.3, the output states are shown (circles) for optimized orientation and for some
randomly chosen orientation of P;, QWP1 and QWP2. In case the polarizers QWP1 and
QWP2 are not in the optimized orientation, the distance of the output state (S;) from the
analyzer state is varying which means that the intensity of the light coming out of the
analyzer will not be same as the component of polarization states along the analyzer axis will
not be the same. Where as in the optimized case all the 16 state have nearly equal distance
from the analyzer i.e. the component of polarization states along the analyzer axis has small
variation. So effectively by using polarizer, QWP1 and QWP2 we are trying to generate the
output polarization states which will be symmetric to some point on the meridian of the
Poincare sphere and the analyzer orientation will be that point on the meridian. Since the
intensity modulation minima occurred when we used one QWP between polarizer and
TNSLM and the other one between TNSLM and analyzer for 45° angle of incidence of the

laser beam, further studies were concentrated only for this orientation of the TNSLM.

7.3.2 Phase Modulation measurement

Phase modulation measurement was pursued only at the four intensity modulation
minima observed in configuration (d) at 45° orientation of the TNSLM and is shown in table
7.2. Among the four optimized polarization state of the PSG and PSA, two cases when the
polarizer was at 18° and analyzer was at 2° and 92°, the linear phase modulation was > 2x
with £1 % intensity modulation. It is pertinent to note here that 2n or more phase modulation
can be achieved with the help of combination of polarizer and analyzer only however the

intensity modulation would be larger.
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Table 7.2: Phase modulation for different optimized configurations.

Polarizer angle Analyzer angle Phase modulation
(Bi) (Bo)
18° 2° 2.1m
18° 92° 207
108° 2° 1.0m
108° 92° 0.1n

7.3.3 Depolarization behaviour of TNSLM

In the liquid crystal based devices depolarization is assumed to be mainly arising from
the scattering due to the orientation fluctuation of the molecules. The other causes are the
spatial averaging of the retardance within each pixel, electric field variations, and edge
effects in pixels and disclination in the liquid crystal [18]. The polar decomposition of the
experimentally measured Mueller matrix shows that the depolarization of TNSLM follows
the variation in linear retardance as shown in fig. 7.4. This suggests that among the different
depolarizing factors variation in linear birefringence is the dominant factor for the
depolarization effect caused by the TNSLM. Since the birefringence fluctuation is expected
to grow in amplitude as birefringence increases, the depolarization is expected to follow the
birefringence curve. Other studies [12] have also pointed out towards fluctuation of
polarization state in time for light scattered from the SLM resulting from electric field

fluctuations, which results in birefringence fluctuations.
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Figure 7.4: Depolarization and the linear retardance of TNSLM.

7.3.4 Dependence of polarization parameters on the angle of incidence

Fig. 7.5 shows the diattenuation and depolarization for different angle of incidences (15°, 30°,
45°) for 16 gray levels equally spaced from 0 to 255 gray levels. The diattenuation decreases
with the increase in the angle of incidence of the laser beam whereas the depolarization is

large for larger angle of incidence of the laser beam.

155



1.0 o 1.0

(@ =15 (b)
—e—30°
0.8 —a—45° 0.8 —=—15°
—e—30°
c g —a—45°
S 0.6 2 064
et
S N
§ 0.4 % 0.4-
3 &
o
el 0 0.2
s S e i =~ =) 0.04 W
0-0 T T T T T T 1 T T T T T 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Gray level of TNSLM d Gray level of TNSLM
(©) (d)
3.5-
—a—15° 3.0
- 3.0 4 o—30°
T 0
—h 2.5
£ 25 45 5
o © i
2 20- e
8 5
g 1.5 = bt
o 0
2 510 "1
L 1.0 (14 —e—30°
0
_E 0.5 05 —A—45
i
0.0 0.0

o

0 50 100 150 200 250 300 50 100 150 200 250 300
Gray level of TNSLM Gray level of TNSLM

Figure 7.5: Polar decomposition results of the Muller matrix of TNSLM measured at different angle
of incidences (a) of the laser beam (a) Diattenuation (b) Depolarization (c) linear retardance and (d)

Rotation.

The possible reason for the large depolarization at higher angles could be explained as the
beam interaction with the number of liquid crystal cells increases with the increase in angles
(o). So the birefringence fluctuation will be large to the beam coming at large incidence angle
and will result in large depolarization. The depolarization is high in the range of 50 to 170
gray levels for all the angle of incidences. The depolarization maxima shifts from 100 gray
level range for a=15° to 150 gray level range at o=45°. From fig. 7.5¢c, we observe that the
maximum of the linear retardance is decreasing with the increase in the angle of incidence.

Quite contrary to this, the rotation (also known as circular retardance) value (1.75-3.25) is
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low at small angle of incidence (o=15°) and high at large the angle of incidences (o=30°,
45°). As the depolarization values (max. 7%) and diattenuation values (max. 10%) are
negligible and the linear retardance and rotation values (0.5-3.05, 0.15-2.6 respectively) are
high so we can treat TN-SLM as a system consisting of the linear retarder followed by rotator
(causing circular retardance) at large oblique incidence of the laser beam. It is important to
note here that at small angles the linear retardance is more whereas at large angle of
incidences the rotation value is large. So the TNSLM behaves mainly as a linear retarder at
low angle of incidences and as a linear retarder followed by rotator at large angle of

incidences, in agreement with available report [21].

7.3.5 Wavelength response of the TNSLM

TNSLM is widely used in adaptive optics systems which require it to be characterized for the
large wavelength range [22]. Wavelength dependence of TNSLM makes it difficult to use the
same combination of polarization optics optimized for any particular wavelength to use for
other wavelengths in the spectral range for which the TNSLM can give ~2n phase
modulation. We, therefore, studied the intensity modulation characteristics of TNSLM
between the spectral range 450 to 700nm to find out the wavelength regions where the
TNSLM can be efficiently used in phase only modulation mode for 45° angle of incidence of
the laser beam. For this we used the spectral Mueller matrix measurement method to
calculate the Mueller matrix for wavelengths in the wavelength range 450 to 700nm at a step
size of ~5nm. For each wavelength studied, the optimized orientations of the polarizers and

QWP’s for minimum intensity modulation were calculated and are shown in fig. 7.6. When
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only polarizers were used, the intensity modulation was 4-16% whereas in case a QWP was
used at one side of the TNSLM, the intensity modulation was better (~4%) and more

uniform.
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Figure 7.6: Intensity modulation of TNSLM in different configuration for multiple wavelengths.

Further, some applications of TNSLM with pulse laser systems require it to behave uniformly
for the spectral bandwidth of the pulsed lasers systems. So the broad band wavelength
response of the TNSLM was studied from 450nm to 700nm at step size of ~5nm. To achieve
the minimized broadband intensity modulation, the suitable configuration of polarization
optics were calculated for each wavelength and thereafter for each optimized orientation the

intensity modulation was calculated for the whole wavelength range (450-700nm).
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Figure 7.7: The wavelength response of the TNSLM for the case (a) when only polarizers were used
on both side of TNSLM (b) when QWP was used before the TNSLM along with the polarizers and (c)
when QWP was used after the TNSLM along with the polarizers. Here ‘optimized orientations of
polarizers and QWP’ represented by numbers. Each number is representative of one optimized

combination of polarizes and QWP’s for minimum intensity modulation for one wavelength.

Fig. 7.7 shows the broad band response of the TNSLM for different configurations (a-
c) for 45° angle of incidence of the laser beam. In case we used only polarizers, the intensity
modulation minima (~5 %) corresponded to ~20nm bandwidth as shown in fig. 7.7(a). Fig.

7.7(b) and 7.7(c) show that the intensity modulation response of the TNSLM is improved
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when we used QWP on either side of the TNSLM. In case QWP was used before the
TNSLM, the intensity modulation minima corresponded to ~20nm bandwidth where as in
case QWP was used after the TNSLM the intensity modulation minima corresponded to ~
10nm bandwidth with intensity modulation of ~2% in both the cases. To have uniform
intensity modulation of the TNSLM for a given wavelength range, we need to excite it with a
polarization close to Eigen polarization state of TNSLM. It is known that the Eigen
polarization state of the TNSLM are elliptic [24], so the elliptic polarization state will be
more suitable as compared to the linearly polarized light. When QWP is used before the
TNSLM, the input for the TNSLM is elliptically polarized light where as in case we used
QWP after the TNSLM; the input for the TNSLM is linearly polarized light. We also studied
the configuration having two QWP one on each side of the TNSLM. Though in this
configuration the intensity modulation minima were lower than other configurations, the
minima had lesser wavelength spread. So this configuration is not suitable for broadband

application of the TNSLM with laser systems having spectral bandwidth of a few nm.

7.4 Conclusions

We have shown the use of Mueller matrix description of TNSLM for the optimization and
polarization characterization of TNSLM. The 16 experimentally measured Mueller matrices
corresponding to different address voltages of the TNSLM were used to estimate the
minimum intensity modulation configuration employing quarter wave-plates and polarizers.
The 45° orientation of TNSLM corresponds to intensity modulation minima among the other

oblique incidences in configuration having polarizer and QWP on both sides. Our studies on
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the depolarization response of the TNSLM (using polar decomposition of Mueller matrices)
suggest that the pixel to pixel linear retardance fluctuations to be the major contributor to the
depolarization. We show, from the study of parameters like diattenuation, linear retardance,
rotation and depolarization of the TNSLM using polar decomposition of the matrices, that
diattenuation decreases at large angle of incidences. Multi wavelength measurements were
performed to see the suitability of the combination of polarization optics for minimum
intensity modulation. We showed that the configuration with QWP at either side is better
among different configurations for the broadband applications. This method can be used at

any oblique incidence of the laser beam with respect to the TNSLM front surface.
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Chapter 8

Summary

In this thesis we have addressed some of the aspects of Mueller matrix polarimetry viz.
measurement schemes, data analysis methods etc. which can help enhance the utilization of
spectral Mueller matrix polarimetry for applications in biomedical imaging and diagnosis.
One of the important problems addressed by us is the measurement of Mueller matrix
backscattering geometry with same set of polarization optics in PSA and PSG. This geometry
will facilitate combining Mueller matrix measurements with optical coherence tomography or
confocal microscopy to improve the information content in these imaging techniques.
Towards this, a previous attempt (Opt. Lett. 6, 417-418 (1981)) made use of two Faraday
rotators with variable circular retardance, however the scheme had difficulties in practical
implementation. We proposed a much simpler and practically suitable scheme which makes
use of just one Faraday rotator in addition to wave-plates and polarizers. The scheme also
eliminated the need for varying the circular retardance, a requirement leading to the practical

difficulties in the previous scheme.

Another important outcome of the thesis is the development of mathematical methods
for characterizing the polarization parameters from partial Mueller matrix measurement
performed using linear polarization measurements alone. The partial Mueller matrix
measurement with linearly polarized light has an advantage that no wave-plates are required

hence it can cater to a much larger spectral range. In addition a reduction in the required
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number of components and intensity measurements make the system simpler. We showed
that under the assumption that the depolarization of incident light with linear polarization is
independent of the orientation of linear polarization the partial Mueller matrix can be
decomposed to obtain polarization parameters such as linear retardance, diattenuation and
depolarization. We also showed that for non-depolarizing samples the incomplete Mueller
matrix measurement performed using 9 linear polarization measurements, can be converted in
to the 4x4 Mueller matrix. Therefore, the polar decomposition algorithms developed for the
complete Mueller matrix can be used for determination of the polarization parameters

(retardance and diattenuation) of a non-depolarizing medium.

Studies were also carried out on the use of depolarization properties of turbid medium
for obtaining useful optical parameters. One of the interesting observations was that while for
turbid medium containing Rayleigh scatterers increase in absorption leads to an expected
decrease in depolarization due to truncation of long path photons, for large size scatterers a
counter intuitive trend of increase in depolarization with an increase in absorption is
observed. This was explained by realizing the fact that an increase in absorption causes
decreases in the fraction of multiply scattered photons thereby increasing the contribution of
the single scattered photons in the backscattered light. For large sized scatterers the
polarization of scattered light varies significantly with angle and would lead to depolarization
when averaged over finite angle. The contribution of single scattered photons to the
depolarization increases with an increase in absorption and leads to an overall increase in the
depolarization. Further we showed that depolarization map, which can be constructed by
plotting depolarization for different elliptically polarized light Stokes vectors, shows

significant scatterer size dependence while showing no significant absorption dependence.
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The use of nanoparticles for imaging is generating a lot of interest. The polarization
properties of non-spherical nanoparticles are of particular interest since these can provide
good contrast with relatively low concentration of nanoparticles. Our studies on different
gold nanoparticles showed that the depolarization for circularly polarized light is a factor of
two larger than that for linearly polarized input light. The results suggest that the use of rod
shaped particles and circularly polarized input light will lead to best depolarization contrast.
Further, we evaluated the effect of the presence of gold NPs on the depolarization behavior of
a turbid medium. The results indicate that the use of depolarization contrast could be useful in
imaging techniques such as polarization sensitive optical coherence tomography and in

confocal microscopy, for which the multiple scattering contribution is small.

We also used spectral Mueller matrix polarimetry to characterize reflective type
twisted nematic spatial light modulators (TNSLM). The TNSLM have a fast response and are
cheap due to large scale commercial production as compared to the transmitive type SLMs.
The characterization was used to arrive at a combination of polarization optics that would
allow use of the TNSLM as a phase only modulation device for beam shaping and beam

steering applications in microscopy.

The work presented in thesis show the potential of the spectroscopic Mueller matrix
polarimetry for biomedical applications. While we have demonstrated a way of measuring
backscattering Mueller matrix that can be used to develop a combined optical coherence
tomography/ confocal and Mueller matrix polarimetry, a practical implementation was not
achieved. This would be a worthwhile exercise as this would allow combining depth
resolution capabilities of these systems with polarization characterization capabilities of
Mueller matrices. Further, since the use of depolarization maps can provide information on
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the size of scatterers it can be a promising approach for epithelial tissue considering that an
increased a nuclear size is a definitive signature of malignancy. The utilization of rod shaped

GNPs for biomedical imaging also seems to be a useful preposition.
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