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Abstract

Over the last few decades, light scattering techniques have become ubiquitous in a variety of
applications, such as characterization of biological tissues, detection and analysis of particles
and sediments in water, including sea water, and monitoring of air pollution. When light
interacts with matter, the phenomena of scattering and absorption occur, and the
characteristics of the interaction depend on the physical properties of the scattering particle.
The general aim of various light scattering methodologies is to use the measurement of
scattered light to obtain information about such scattering particles, especially in the case of a

turbid medium, which consists of suspended particles undergoing random motion inside it.

A turbid medium is characterized by scattering parameters—such as the interaction coefficient
Uy and the anisotropy parameter g—which describe the propagation of light inside the
medium. y, is proportional to the concentration of particles, and determines the amount of
extinction that light suffers while propagating through the medium, while g is a measure of
the angular anisotropy of the scattered light. These scattering parameters depend on the
properties of the scattering particles present in the medium, such as their shape, size, and
concentration. Currently, there exists several methods to characterize a turbid medium, i.e., to
determine the scattering parameters of the medium, from which various physical properties of
the constituent particles can be obtained. However, most of the reported methods to
characterize such media are either expensive or complex, which vary in accordance to the
desired accuracy and robustness for a given application. In this thesis, we present our
investigation on light scattering from turbid media using experimental measurements in
conjunction with analytical and numerical calculations, with the aim of establishing methods

which are relatively simpler, require fewer components, and are easier to implement.

Our methodologies involve the measurement of the scattered light from a turbid medium using
appropriately placed photodetectors, and comparing the measured power with numerically
obtained scattered power for different combinations of the scattering parameters. The

simulations are performed by using the Monte Carlo method, and the scattering parameter(s)
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for which the scattered power at the detector(s) match with the measured power are inferred to
be the correct scattering parameter(s) of the given turbid medium. In our studies, we first
apply the methodology to measure the scattered light from a given turbid medium at a
detector, for determination of the anisotropy parameter g of the medium. In the proposed
method, the interaction coefficient y; of a given sample is first determined from the
measurement of the unscattered light by using the Beer-Lambert law; then the scattered power
from the sample at an angle 6 is measured using a photodetector. The g of the medium is
estimated corresponding to the measured scattered power from a calibration curve relating the
scattered power to g, which is obtained from Monte Carlo simulations. It is also discussed that
the same methodology can be applied to obtain the particle size in the case of monodisperse
turbid solutions comprising spherical particles. However, it is seen that there are two possible
values of g (or particle size) corresponding to a single position of the detector. Subsequently,
we show that by using two detectors placed at two different positions to measure the scattered

power, the g or the particle size can be uniquely determined.

The estimation of u; requires the measurement of the undeviated transmitted light, for which
the corresponding detector has to be placed far away (=1 m) from the turbid sample. To reduce
the bulk of the experimental setups due to this requirement, we also propose the use of a pair
of parallel mirrors to multifold the transmitted beam from the given sample, to increase the
effective path length of the beam. This makes it possible to estimate y, accurately by keeping the
detector relatively close to the sample, leading to a compact setup. We further present a method
to determine the size of microspheres in a turbid solution by using analytical calculations instead
of simulations, with the restriction that the particles are concentrated within a very small region
inside the sample. The method requires two detectors placed close to the sample, to measure
the scattered power at two different positions; in the proposed scheme, the estimation of y; is

not required at all, which again leads to a compact setup.

Studies on mixtures are performed as well, where a mixture refers to a turbid medium
comprising different types of particles. From first principles, we arrive at a scheme to simulate

light propagation in a mixture using the Monte Carlo model, and then apply it to determine the
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concentrations of known type of constituents in a bidisperse mixture, by following a similar
methodology of comparing the measured scattered power to the simulated power for different
relative concentrations of the constituent particles. Finally, we make use of the Monte Carlo
simulations to simulate the calibration curve relating the scattered power to the particle size or
g for different operating wavelengths and detector positions, and show that our method can be
optimized in terms of the dynamic range and sensitivity by appropriately choosing these
physical factors in the experimental setup. We further show that the experimental setup can be
implemented using optical fibers to transport light to/from the sample, which provides
additional advantages like robustness, durability, and scope of telemetry for remote sensing

applications.
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in steps of 100 nm and 10 million photon packets were simulated for each
particle size. The experimentally obtained power at a particular detector may

correspond to the simulated power for more than one particle size, but only

one particle size corresponds to the measured power levels at both the detectors.

Simulated scattered power for the same medium as shown in Fig.5.6; the
particle size is changed in steps of 10 nm and 100 million photon packets are
simulated for each particle size. The left and the right axes represent the
powers at detectors D, and D,, respectively. The measured scattered powers
corresponding to the respective simulated powers give us the correct size of

the particles suspended in the turbid medium. ............... ... ... .. ....

a) A photon packet travelling a distance s; in a turbid mixture of volume V =
LA, which comprises multiple types of suspended particles. b) The distance
S1 = z;/l, is divided into m equal segments of length Az and volume AV.
c¢) Shaded cylindrical volume in which a particle must be present to scatter the

photon packet in that particular segment. . ................ ... ... ... ......

Experimental setup to measure the scattered power at an off-axis detector, D,
and to estimate y; by measuring the undeviated transmitted light at detector D,.
The setup is similar to the one shown in Figs. 3.1 and 3.5, but the geometrical

parameters are slightly different since the detector is placed arbitrarily.........
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6.3

6.4

6.5

6.6

7.1

Two monodisperse turbid solutions A and B with respective volumes V; and ;,
which comprise two different types of particles, are mixed together to form a
bidisperse mixture. n,,; and n,,, are the concentrations, and N; and N, are the

total number of particles, in samples A and B, respectively...................

Flowchart for Monte Carlo simulation of the experimental setup, to obtain the

fractional scattered power from the bidisperse mixture. .....................

Reference plots of the fractional scattered power vs p;s for two bidisperse
mixtures A and B (comprising polystyrene spheres), obtained from Monte
Carlo simulations. It can be seen that the variation is monotonic, i.e., there is
one-to-one correspondence between p;¢ and the scattered power. The
estimated value of p;; corresponding to the measured scattered power is
shown by dotted lines for both the mixtures. Error bars are not shown because

the variation in the scattered powers are negligible compared to the scale. ... ..

Variation of the fractional scattered power collected at the off-axis detector
with the anisotropy parameter g of the known solution in the mixture, when
the unknown sample has anisotropy parameter g’ equal to (a) 0.7 and (b) 0.5,
for different values of p;5. These curves have been obtained using the Monte
Carlo model for mixtures discussed earlier in the chapter, and the interaction

1 in the simulations. The curves

coefficient u; has been kept fixed at 0.1 cm™
intersect at the point where the anisotropy parameter of the known sample is
equal to g'. In the actual method which is being proposed, the calibration

curves will be obtained experimentally, and no simulations would be required. .

Measurement of scattered light from a turbid medium at an off-axis detector.
The particles in the turbid medium are polystyrene spheres; the medium is semi-

infinite and the interaction lengthisequalto lcm..........................

XiX

87

90

94



7.2

7.3

7.4

7.5

7.6

7.7

7.8

Simulated calibration curves relating the fractional scattered power to the
particle size for different values of off-axis displacement [ and wavelength A.

The particle size has been varied in steps of 50nm. ........................

The curves in Fig. 7.2 are shown separately to emphasize the variation of the
scattered power with [ and A. Figures a), b), and c) show the variation of the
curves with [ for different wavelengths, and figures d), e) and f) show the

variation with A for different values of . ......... ... . ...

Variation of anisotropy parameter g with particle size (diameter) for
polystyrene spheres suspended in water, corresponding to different
wavelengths. The particle size has been varied in steps of 50 nm. The
calculations have been performed using the MiePlot software by Philip Laven

[Laven, n.d.]. . ...

Simulated calibration curves relating the fractional scattered power to the
anisotropy parameter g for different values of off-axis displacement [ and
wavelength 4. g has been varied corresponding to the variation of the particle

sizeinsteps Of SO NM. . . ... ..

Variation of size parameter y with anisotropy parameter g for different
wavelengths. It can be seen that the value of y corresponding to a particular

value of g does not depend on wavelength. ...............................

Mie phase function corresponding to the three sizes of polystyrene sphere

particles at the different wavelengths listed in Table 7.2. ....................

A setup integrated with optical fibers used to measure the undeviated
transmitted— and the scattered light from a turbid medium. The proposed setup
is compact due to the use of components such as the laser diode and a pair of

parallel mirrors. .. ... o
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7.9

7.10

7.11

7.12

7.13

Measurement of the undeviated transmitted light from a turbid medium using
optical fibers. Light from a He-Ne laser is coupled into the input fiber using
a microscope objective (MO), and the output (light) of the fiber is collimated
using another MO, which is then incident on the turbid sample. The undeviated
transmitted light from the turbid sample is multi-folded at a pair of parallel
mirrors to increase the effective path length (L, = 113 cm in our case). A
convex lens (focal length 60 mm) is used to focus the undeviated transmitted
light into another fiber which carries the light to detector D;. The measurements

are also performed in the conventional bulk configuration at detector D, placed

far from the sample (total path length L = 115.5 cm), in order to verify the results. 105

Estimated values of p; from the measurements at detectors D; and D,, which
correspond to the optical fiber-based configuration and the conventional
configuration of the setup, respectively. The values match within the limits of

eXperimental CITOT. . ... ... ..ttt e e

Calibration curves relating the scattered power to particle size for different
values of wavelength A, off-axis displacement [, and numerical aperture NA of
the collecting fiber. It can be seen that the dependance on A and [ is the same
as was seen in Fig. 7.2, with an additional dependence on NA. Multiple values

of NA in a label signifies that the same curve was obtained for different values

Dependance of the calibration curve on numerical aperture (NA) for different
combinations of A and [. The label of each curve denotes the corresponding
value of NA used to obtain the curve. It can be seen that there exists a cut-off

value of numerical aperture, NA_, below which the scattered power decreases. .

Maximum angle subtended by a singly scattered photon packet at the collecting
fiber. The maximum angle is 8, = tan~1(1/4), from which NA, = sin 8, can

be calculated. . . ...

Xx1

106

108



A.l

B.1

B.2

Determination of scattering angle 8, corresponding to the detector position (x, z). 115

A schematic of the angle-selective optical filter based on a pair of mirrors for

multi-folding the laser beam (see Fig.5.1). ....... ... ... ... ... ... ... ...... 118

Determination of the lengths TD and PQ from geometry (Expanded view of Aa
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