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Abstract 

Application of light scattering and computational 

techniques for investigation of morphological properties 

of small particles using a designed and fabricated laser 

based setup 

Abstract 

Light scattering is one of the most powerful techniques for probing the 

properties of small particles, in various scientific disciplines. These particles 

may be aerosols, cloud particles, dust particles, etc. of different origin, and are 

normally suspended in the atmosphere, but may also be present in other types 

of media. An understanding of light s~attering behavior of isolated spherical 

or non-spherical particles, where the particles range from nanometer to 

micrometer size, are a vital requirement for investigating various physical 

characteristics (such as size, shape, refractive index etc.) and developing 

applications which depend on light scattering. Some of the processes and 

applications are optical diagnostics of industrial aerosols and combustion, 

applications in remote sensing with light detection and ranging (Lidar) 

systems, envi,ronmental issues like visibility and haze, astrophysical issues 

such as effect of interstellar dust on propagation of stellar radiation and 

applications in the area of Nano-science and Nano-technology etc. 

Knowledge of aerosol optical properties assumes significant importance in the 

wake of studies strongly correlating airborne particulate matter with adverse 

health effects. 

An exact way to characterize the scattering properties is to consider 

how the brightness and polarization of scattering depend on the wavelength 

A, of incident light and the geometry of observations (characterized mainly by 

the phase angle). For example, total intensity and polarization response are 

linked to the respective shape and size of scatterers. The properties of light 
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scattered by such particles or from a volume element containing aggregate of 

such particles depend on different parameters like: 

i. size and dispersion of size of particles 

ii. shape and dispersion of shape of particles 

iii. density of particles in a unit volume 

IV. structure of aggregates which may be fluffy, fractal, dense etc. 

v. optical properties like permittivity, absorption, isotropy etc. 

vi. quality of particle surfaces like smoothness, roughness, porosity, 

etc. 

The scattering properties of small particulate matter are determined not only 

by their own and the medium's refractive indices but also by state of 

polarization of the incident light. The angular scattering dependency of small 

particles is very important because it helps for better understanding of 

radiation transfer through the medium containing the scatterer. 

This field has become a subject of deep interest with its ever expanding 

importance as documented by the current research topics and increasing 

number of publications. Moreover, there are thousands of aerosols and other 

particulate matter which are of importance and yet to be studied. Light 

scattered by small particles can either be computed or measured in the 

laboratory. This subject is actively being pursued, especially for non-spherical 

particles. Optical measurements of small particulate matter in the laboratory 

are an important source for retrieval of information on light scattering since it 

is a non-destructive technique. The invention of laser made such studies 

feasible, so that detection and characterization of such particles can be done to 

a high level of accuracy. In 1950, Kerker and V.K.L Mer developed a method 

where they showed that by using either the polarization ratio or the phase 

angle of the scattered light as a function of scattering angle, they could 

determine information about the size of the particle. Ever since, other workers 

have continued with their efforts to design improved light scattering 
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instruments for better experimental observation of scattered light and 

calculate the scattering matrix elements with greater accuracy. On the other 

hand, using the existing theories on electromagnetic radiation or light 

scattering theories, theoretical predictions of the expected scattering patterns 

can be made by using assumed trial values of some important parameters of 

characteristic properties of such particles. In this regard, computer 

simulations using trial values and existing light scattering theories, have 

produced appreciable results. With the development of more sophisticated 

lasers and instruments for detection of scattered light, laser based 

characterization of particulate matter has become an area of very active 

research. Again, the fast development of computer hardware and software has 

made it possible to have faster data acquisition and do analysis of scattering 

patterns of particles with different morphological characteristics. 

The subject of light scattering is mainly governed by Maxwell's 

electromagnetic theory of light. There are various theoretical approaches 

which involves computational techniques to explain the experimentally 

observed light scattering pattern of small particles. These theories can be 

divided into volume-based theories, such as the integral equation and 

differential equation methods, and surface-based theories. Well known 

integral equation methods are the discrete dipole approximation (DDA) and 

the volume integral equation method (VIEM). One useful differential equation 

method is the finite difference time domain method (FDTD). Among surface 

based theories, both Mie theory and Waterman's T-matrix method provide 

solutions of Maxwell's equations on the boundary conditions of the scattering 

objects. While Mie theory provides closed solutions for spherical particles in a 

plane wave field, T-matrix method supplies numerical solutions for non

spherical, but most often rotationally symmetric particles. The crucial 

advantage of the T-matrix, relating the scattered and incident field 

coefficients, is that it can be computed very fast and in an easy manner. 

iii 
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The widely used Mie theory and T -matrix theory treats exactly the 

scattering of electromagnetic radiation by small particles and yields angular 

intensity distribution of scattered light and also the scattering and extinction 

coefficients. It takes into account the change of polarization state of the 

scattered light when light of some particular state of polarization is incident 

on a medium. The polarization state of the scattered light is related to the 

polarization state of the incident light by a 4x4 matrix. This matrix, frequently 

called the Mueller matrix and is a characteristic of the J.TIedium. 

The sixteen elements of the matrix are each functions of the scattering 

angle. In almost all practical cases, symmetry reduces the number of elements 

in the scattering matrix. For a system of randomly oriented particles, the 

number of independent parameters reduces to ten, and for spherical particles, 

for the general scattering matrix it reduces to four. 

To describe polarization states of scattered light, the formalism is based 

on the Stokes vector. The Mueller scattering matrix describes the relation 

between incident and scattered Stokes parameters if the individual particles 

have spherical symmetry. 

Again, computer simulation has become an important tool nowadays, 

which enables one to predict the behavior of complex systems which is 

otherwise not possible to calculate analytically. Simulation is a powerful 

technique that involves modeling, computer- programming and statistics for 

solving a wide variety of problems. Computer simulation of experiments 

provide better insight into the experiments done in laboratory, besides being 

relatively inexpensive, faster and easier method for performing an experiment 

on the computer. Moreover, for systems which involve thousands and 

thousands of variables, the complications caused by uncertainty are also very 

large. Thus, for such problems simulation becomes an essential tool for many 

researchers. It is worth mentioning that an approach that many workers have 

been pursuing to understand the phenomenon of light scattering better, is to 

iv 
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use computational models that simulate light propagation in scattering media. 

They used Monte Carlo algorithms that were based on the Stokes-Mueller 

formalism. The Monte Carlo method is used for simulating the light scattering 

patterns of small particles when illuminated with some source of light, for 

example, laser light. Using any of the theories of light scattering, Monte Carlo 

method simulates the elements of the Mueller matrix for any given particle or 

scattering volume element, which can then be plotted to yield the respective 

scattering patterns. In the recent years, various research groups have 

implemented Monte Carlo simulation in various computer languages. This 

technique has been used in many applications including diagnostic and 

therapeutic applications and atmospheric sciences. This simulation technique 

proved to be a very successful tool in verifying the experimental observations 

obtained by use of the different investigating instruments, as well as lending 

support and improving the current theoretical models, like Mie theory and T

matrix approach, for interpreting scattering phenomenon. 

Despite such advanced numerical techniques being available, the 

results of laboratory and in situ experiments do not completely fit with the 

existing techniques, especially for particles with complicated morphology. 

This is because of the limitations of such theories when applied to complex 

particles, and to some extent because of the imprecisions that may be present 

in the experimental setup. Combined efforts on improving and developing 

computation and experimentation can produce better results. Thus, an 

attempt was made to improve computation and instrumentation for light 

scattering investigations of small particles. In fact, this attempt is the basis of 

this thesis. 

We have designed and fabricated a laser based laboratory light 

scattering instrument. The system uses a photomultiplier tube detector (H 

5784-20, Hamarnatsu, Japan) and can be operated at three different 

wavelengths, 632.8nrn, 594.5nrn and 543.5nrn respectively. The sources were 

used alternatively for studying the scattering properties as a function of the 

v 
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scattering angle. The instrument was designed to carry out light scattering 

investigations of both natural and artificial small particulate matter to account 

for recording the volume scattering function pre) (which equals 511) and linear 

polarization ratio, pre) (which equals -512/511). The instrument could be used 

to measure scattered light signals from an angle of 10° to 170° for 8 (polar 

angle), and from 10° to 60° for <p ( azimuthal angle). The influence of <p is 

noticeable only for aligned particles. 

Light scattered from samples passes through optical components 

comprising of appropriate analyzers, and is sensed by the PMT detector. The 

signals are interfaced to a dedicated data acquisition system to store the 

recorded data. The data obtained from the experimental setup is then 

compared with the theoretical predictions based on established theories like 

Mie theory and T-matrix theory. The performance of any light scattering setup 

is evaluated by conducting experiments on perfectly spherical particles and 

then comparing the results with the theoretical Mie calculations. 

Test measurements were made on Polystyrene latex spheres at three 

different wavelengths followed by comparison with Mie calculations for such 

spherical particles to ensure the accuracy and reliability of the setup. The 

results of measured f(e) and pre) for these particles validated that the setup is 

efficient and reliable for performing light scattering investigations on small 

particulate matter. Thus, extensive experiments were performed on other 

particles also. 

Some of the particles investigated using the setup are semiconductor 

particles (in the form of micron-sized and nanoparticles) like CdS and ZnSe, 

particles like Titania ( Ti02) and ZnO, and also biological particles like 

Camellia sinensis dust ( tea dust), bacteria like Mycobacterium smegmatis and 

Staphylococcus aureus. As a mathematical and numerical basis for the analysis 

of observed data from experiments performed on the above mentioned 

particles, Mie theory and T-matrix theory were used. These theories are often 

vi 
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used for solving light scattering problems for homogeneous and composite 

particles having sizes not too large when compared to the wavelength of 

incident light. Light scattering investigations on all the particles showed very 

interesting results, especially for the biological particles. For characterizing 

size as well as morphology of the particles under investigation, we also used 

various analytical techniques such as Transmission electron microscopy 

(TEM) and Scanning electron microscopy (SEM). Energy dispersive X-Ray 

analysis (EDS) was also performed for composition analysis of some samples 

of special interest. The detailed results and discussions about quantification of 

light scattering measurements on all these particles are presented in this 

thesis. 

Again, a simulation program simscat.c, was developed to simulate both 

the scattering phase function and the degree of linear polarization. The 

program was based on Monte Carlo code and developed in standard C

language. Simulation of propagation and scattering of the laser light, after 

interaction with small particles were done for better understanding of the 

physical processes and verification of experimental results. The technique is 

used to calculate volume scattering phase function f3(fJ) and linear 

polarization ratio P(fJ). The closeness of agreement or disagreement between 

these results of all the simulated particles is discussed extensively in this 

thesis. Details of the source code of the program simscat.c and the results 

obtained for different particles by using this program, is a significant part of 

this thesis. 

The thesis is explicitly divided into six chapters. The background and 

motivation of our research work is contained in the introductory Chapter- 1. 

Chapter- 2 presents an overview of the established theories like Mie theory 

and T-matrix theory and its significant role in light scattering studies. The 

details of design considerations and fabrication of the laser based light 

scattering system and instrumentation is presented in Chapter- 3. 

Investigations, measurements and results by using the light scattering 
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instrument on different particulate matter are presented in Chapter- 4. In 

Chapter- 5, details about Monte Carlo simulation technique used for light 

scattering analysis of various small particulate systems are presented. The 

concluding Chapter- 7 highlights on the summary of the whole work and 

future prospectives of light scattering studies. 
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Chapter I: Introduction to Laser Based Light Scattering Sl{stem 

CHAPTER I 

Introduction to Laser Based Light Scattering System 

1.0 General Introduction 

Light is scattered by almost all objects in the known Universe. Hence, 

process of light scattering and its applications is a very important area of 

study and research. It is important to understand the mechanism and effects 

of interaction between light and matter. 

The way in which light is scattered by an obstacle is governed by its 

physical properties, therefore, in principle, it is possible to extract some or all 

information about the scatterer by analyzing the scattered light. This 

technique of extracting information about objects by observing and analyzing 

the light that is scattered by the objects is called the light scattering technique. 

The light scattering technique has been used to infer information about the 

size, shape, refractive index etc. of different types of particles in various 

scientific disciplines. The technique finds great importance it) scientific 

disciplines like atmospheric science, astronomy, oceanography, radar 

meteorology, colloidal chemistry, biophysics, geology, remote sensing, light 

detection and ranging (!idar) systems, environmental monitoring like 

visibility and haze, climate modeling, ocean optics, astrophysical issues, and 

nanoscience issues which are currently hot topics in science and technology. 

Areas of interest mostly hold for colloids, aerosols, hydrosols, bio-particles, 

macromolecules, astrophysical particles etc. [1 - 24, 263 - 267]. Many 

instruments based on this technique have been developed and used for 

characterizing such particles, spherical and non-spherical, ranging in size 

from nanometers to micrometers [2, 25 - 33]. As it is a non-destructive 

technique, it is very useful for routine measurements on such particles, 

especially the atmospheric, astrophysical and bio-particles, which are not 
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Chapter I: Introduction to Laser Based Light Scattering System 

easily accessible otherwise by other techniques [34 - 42]. This makes light 

scattering technique a vital diagnostic tool. 

The scattering of light may be thought of as the redirection of light that 

takes place when an electromagnetic (EM) wave (i.e. an incident light ray) 

encounters an obstacle or non-uniformity which is the scattering particle in 

this case (figure 1.1). When an EM wave is incident upon a particle, it 

interacts with the particle, and the electrons orbiting within the particle's 

constituent atoms and molecules, especially on the surfaces of the particle. 

The electrons are perturbed periodically with the same frequency (vo) as the 

electric field of the incident wave [43]. Fractional energy of these excited 

charges is reradiated in all directions as electromagnetic energy and results in 

secondary radiation which is the scattered light, and some of the energy 

contributes to the internal energy of the system, called absorption. Almost all 

the light scattered by the particle is emitted with same frequency (vo) of the 

incident light, a process referred to as elastic scattering. In general, scattering 

may be defined as: 

Scattering= Excitation + Reradiation 

Scattered wave (vo) 

Scattered wave (vo) 

lncidentEM 

wave (vo) 

Figure 1.1: Light scattering by an induced dipole moment. 
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Both scattering and absorption remove energy from a beam of light 

traversing the medium leading to attenuation of the beam. This attenuation is 

called extinction. We may define extinction as: 

Extinction== Scattering + Absorption 

The scattering is said to be elastic or coherent if the scattered light has same 

frequency with that of the incident light. Rayleigh scattering, Mie scattering 

are examples of elastic scattering. In the inelastic scattering the frequency of 

the scattered light is different from that of the incident light frequency. Raman 

scattering, on the other hand is an example of inelastic scatterings. 

1.1 Light Scattering theories 

Maxwell's equations are the basis of theoretical analysis and 

computational methods describing light scattering. Exact solutions to 

Maxwell's equations are only known for selected geometries, such as spherical 

particles. Light scattering by particles is a branch of computational 

electromagnetics dealing with electromagnetic radiation scattering and 

absorption by particles. In case of geometries for which analytical solutions 

are known (such as spheres, cluster of spheres, infinite cylinders), the 

solutions are typically calculated in terms of infinite series. In case of more 

complex geometries and for inhomogeneous particles, the original Maxwell's 

equations are discretized and solved. Multiple-scattering effects of light 

scattering by particles are treated by radiative transfer techniques (RTE)[44] . 

If light traverses in perfectly homogenous medium, it is not scattered. 

Only inhomogeneities cause scattering. Scattering is usually divided into two 

types: single scattering and multiple scattering [45 - 49]. In single scattering, 

the number of particles in a scattering medium is sufficiently small and their 

separation is sufficiently large compared to the wavelength of the incident 

light. That is, in the neighborhood of any collection of particles, the total field 

scattered by all the particles is small when compared with the total external 
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field. The total scattered field is just the sum of the fields scattered by the 

individual particles, each of which is acted upon by the external field in 

isolation from the other particles. That is, light scattered by N particles is N 

times the light scattered by one particle. The mutual distance between each 

particle should be approximately 3 times the radius of a single particle to be 

recognized as single scattering [50]. Multiple scattering occurs if the density 

of particles is high, that is, if the particles are very close to each other 

compared to the wavelength. Each of the particles in the scattering medium 

not only scatters the incident light, but this scattered light also suffers 

successive scattering by the neighboring particles. There is multiple scattering, 

when an increase in the number of particles does not induce proportionally 

the same increase in the scattered intensity. Again, multiple scattering can be 

identified when the extinction increases faster than that expected from the 

number of particles in the scattering medium. 

The scattering laws do not depend directly on the size of the particle 

but rather on the ratio a/ A, where /I a" is the characteristic size of the particle 

and /I A" the wavelength of incident light. So, we take into account the size 

parameter in light scattering studies, which is x= ka= 2na/ A, where "k" is the 

wave vector. Each of these approximations corresponds to a particular type of 

scattering and is valid in a particular domain of size parameter and refractive 

index. Some such types of scattering are Rayleigh scattering, Rayleigh-Gans 

scattering, Anomalous diffraction, Mie scattering, Geometrical optics etc. 

Among the approximations the two important theoretical backgrounds for 

light scattering studies are Rayleigh scattering and Mie scattering. Rayleigh 

scattering was originally formulated and applied to explain light scattering 

from small, dielectric (non-absorbing), spherical particles. The theory of Mie 

scattering comprehends the general spherical scattering solution (absorbing or 

non-absorbing). In the present work, we have considered cases of single 

elastic scattering where the scattered light has the same frequency as the 

incident light. 
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In recent years, extensive work has been done by many researchers to 

study both spherical and non-spherical particles by light scattering technique. 

The earliest solution to the electromagnetic scattering problem based on 

symmetry assumptions is Mie's solutions for spherical particles. However, it 

cannot accommodate well for the description of non-spherical particles. For 

any lower degree of symmetry, the scattering problem needs to be resolved 

numerically [51 - 55], because retrievals accounting for particle non-sphericity 

are not well defined methodologically and technically. 

The convenient availability of Mie solution has resulted in the 

widespread practice of approximately treating non-spherical particles 

assuming as if they were spheres to which the theory is applicable, but the 

scattering properties of non-spherical particles differ both qualitatively and 

quantitatively from those of volume - or surface-equivalent spheres [46]. 

Among typical examples of complex scattering objects are clouds, aerosols, a 

particle suspension, tissue sample or isolated morphologically complex 

particle etc. Due to the complexity of theory for shapes other than spherical, 

similar computation (like Mie theory) became cumbersome [46, 47, 56, 57]. 

The fact became evident from the works reported during 1970's [46,47]. Since 

then, several attempts were made to develop numerical techniques based on 

semi-empirical approach through a modification of the Mie solution and ray 

tracing technique etc. [58, 59]. However, the approach failed to describe some 

noteworthy optical phenomena like halos, arcs, pillars and zenith-enhanced 

lidar backscatter observed for ice crystals [60], interstellar polarization caused 

by dust grains oriented by cosmic magnetic fields [61], single-scattering lidar 

and radar depolarization observed for cirrus clouds and precipitation for 

cirrus clouds etc. [62 - 65]. Over the past two decades, efforts have been made 

by many researchers to understand and demonstrate the effect of non

sphericity of particles on light scattering [66 - 71]. In fact, it became evident 

from the increasing number of reports on development of advanced 

numerical tools and approximations for computing the scattered 
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electromagnetic radiation by such particles. The scattering properties of non

spherical particles can now be computed theoretically to a fair amount of 

accuracy, although there are a lot of limitations in these new techniques. 

All exact theories and numerical techniques for computing the 

scattered electromagnetic field of non-spherical particles also are based on 

Maxwell's equations either analytically or numerically. All the numerical 

techniques for computing electromagnetic scattering by non-spherical 

particles mostly fall into two broad categories, Differential and Integral. 

Differential equation methods compute the scattered field by solving the 

vector wave equation in the frequency or time domain, whereas, Integral 

equation methods are based on volume or surface integral corresponding to 

Maxwell's equations [46]. Some of the approaches and approximations which 

are used for such non-spherical particles are Separation of Variables Method 

(SVM) , Finite Difference Time Domain Method (FDTDM), Finite Element 

Method (FEM), Point Matching Method (PMM), Method of Moments (MoM) 

or Volume Integral Equation Method (VIEM), Discrete Dipole Approximation 

(DDA), T -Matrix Method (TMM) etc. 

The above mentioned methods and approximations, in addition to Mie 

theory are applicable to particle having size comparable to the wavelength of 

light. The approaches, theories and approximation methods applicable to light 

scattering are briefly described below: 

• Rayleigh scattering: It is one of the first light scattering theories 

given by Lord Rayleigh. It is the elastic scattering of light by 

particles much smaller than the wavelength of the light i.e., a« 

A, and having size parameter, x= 2TTa/ A « 1. The particles may 

be individual atoms or molecules. It is usually applicable to 

particles that are optically "soft" (i.e. with a refractive index n :::::: 

1). In this type of scattering, it is assumed that the incident field 

inside and near the particle almost behaves like an electrostatic 

field and the internal field to be homogenous [48] .. 
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• Rayleigh-Gans scattering: It is also elastic scattering where the 

size of particle is large (larger than Rayleigh particles) but with 

small refractive index and small absorption. The size parameter 

ka is such that / n-1/« 1 and ka / n-1/« 1. It is possible to 

obtain relatively simple approximate expressions for scattering 

matrix elements using Rayleigh-Gans (RG) approximation. The 

method is valid for small polarizability contrasts and small 

phase shifts [72]. 

• Raman scattering: When light encounters molecules in the air, 

the predominant mode of scattering is elastic scattering, called 

Rayleigh scattering. It is also possible for the incident photons to 

interact with the molecules in such a way that energy is either 

gained or lost so that the scattered photons are shifted in 

frequency (usually lower than the frequency of the incident 

photons). Such inelastic scattering is called Raman scattering. 

Like Rayleigh scattering, the Raman scattering depends upon 

the polarizability of the molecules. For polarizable molecules, 

the incident photon energy can excite vibrational modes of the 

molecules, yielding scattered photons which are diminished in 

energy by the amount of the vibrational transition energies. 

Raman scattering can also involve rotational transitions of the 

molecules from which the scattering occurs. Studies on Raman 

scattering or Raman effect has been gaining popularity over the 

years since powerful monochromatic laser sources could 

provide the scattering power [73 - 75]. 

• Anomalous diffraction: Using the Huygens and Babinet 

principles, van de Hulst considered the problem of light 

scattering and extinction by a particle having size bigger than 

the wavelength of light but with small refractive index, i.e. / n

Il « 1. The range of applicability of the anomalous diffraction 

theory for the scattering amplitude is limited by small angles; 
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however the formulas for the cross-sections became good 

approximations for a wide class of particles. By using anomalous 

diffraction approximation (ADA), it was observed that the 

extinction efficiency as a function of size parameter, and for 

I n 1« 1.69, the ADA agrees well with the results predicted by 

Mie theory [76]. Thus, the ADA can be easily applied to non

spherical particles, and provide scattering information for 

nonspherical particles with intermediate size parameter and 

moderate refractive indices [8, 76, 77]. 

• Mie scattering: It is an elastic scattering where the size of 

particle is comparable to the wavelength of the incident light, i.e. 

a ~ A. It is an exact analytical solution to the Maxwell's equations 

for spherical particles [45, 48].The theory was proposed by 

Gustav Mie in 1908 [78 - 81], but before that, Lorenz in 1891 

studied this phenomenon [82, 83]. In fact, it is the first well

known theoretical framework to explain scattering and 

extinction of light by small particles embedded in homogenous 

medium. Mie theory is extensively used by many researchers to 

develop more accurate and approximate analytical solutions and 

calibrate new scattering instruments based on light scattering 

techniques, because of its simplicity, accuracy and efficiency. 

Mie's 1908 paper is a landmark in the development of 

electromagnetic theory, computation and measurement 

techniques which is evident from the number of citations (about 

4000 journals) [79}. In the recent years, major effort has been 

made to develop fast and comprehensive numerical algorithms 

and computer programs based on Mie theory [84 - 97]. Mie 

solutions are implemented in a number of codes written in 

different computer languages such as Fortran, C etc. These 

solutions are in terms of infinite series and include calculation of 

scattering phase function, extinction, scattering, absorption 
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efficiencies and other parameters such as asymmetry parameter 

or radiation torque. Computations have been made for 

scattering of poly disperse systems of spherical particles; 

however, limited work has been done for scattering from 

ensemble of homogenous spherical particles with very large size 

parameters [95, 98]. 

• Geometrical Optics Approximation (GOA): It is a method used 

for computing light scattering by particles much larger than the 

wavelength of light, i.e., a> .A. This approximation method is 

otherwise known as Ray tracing or Ray optics approximation 

[46, 99 - 105]. GOA is based on the assumption that the incident 

plane wave can be represented as a collection of independent 

parallel rays. The effect of each ray interacting with the surface 

of particle obeys the Snell's law and Fresnel's equations. Again, 

particles much larger than wavelength of light also scatters light 

by the phenomenon of diffraction and removes energy from the 

light wave diffracted by the particle. In the far field, this 

diffracted component of scattered light can be approximated by 

the Fraunhofer diffraction theory. The sampling of all the rays 

originating from geometric reflection, refraction and Fraunhofer 

diffraction on the particle projection yields a quantitative 

representation of the particle scattering properties. 

• Separation of Variables Method (SVM): This method is used to 

solve the electromagnetic scattering problem for a prolate or an 

oblate spheroid in the respective spheroidal coordinate system. 

It is based on expanding the incident, internal, and scattered 

fields in the vector spheroidal wave functions. The expansion 

coefficients of the incident fields which are known are computed 

analytically, whereas the unknown expansion coefficients of the 

internal and scattered fields are determined through the 

requirement of boundary conditions. The SVM for single 
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homogenous, isotropic spheroids was pioneered by Oguchi 

(1973) and Asano and Yamamoto (1975), and was significantly 

improved by Voshchinnikov and Farafonov (1993) [106 - 108]. 

The method was successfully applied to obtain exact analytical 

solutions of problems involving scattering of electromagnetic 

waves by core-mantle spheroids, optically active spheroids, 

coated spheroids, concentric multi-layered spheres, homogenous 

isotropic cylinders and spheroids, lossy dielectric spheroids etc. 

[46, 109 -114]. The main advantage of SVM is that it can produce 

very accurate results, particularly for spheroidal particles. 

• Finite Difference Time Domain Method (FDTDM): It is a 

numerical method which uses finite difference in time and space 

to solve the Maxwell's time dependent curl equations [115 -119]. 

In this method, the space containing a scattering particle is 

discretized by using a grid mesh and the existence of the particle 

is represented by assigning suitable electromagnetic constants 

like permittivity, permeability, and conductivity over the grid 

points. This method makes it possible to have the evolution in 

time of the electromagnetic field in space by iterative computing 

among the initial value of field. The FDTDM computes the near 

field in time domain, thus a special near to far field 

transformation must be pursued in order to compute the 

scattered field in the far field region. The method is one of the 

most efficient computational methods to analyse the interaction 

of electromagnetic waves with scatterers, particularly, those 

with complicated geometry and inhomogeneous compositions. 

In recent years, there has been wide application of this method 

in study of biological cells [120], human tissues [121], 

atmospheric non spherical particles, cirrus clouds etc. [123 -124]. 
, I 

• Finite Element Method (FEM): The finite element method is a 

differential equation method that computes the scattered time-
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harmonic electric field by solving numerically the vector 

Helmholtz equation (and not the Maxwell's equation as in 

FDTDM), subject to boundary conditions at the particle surface 

[46, 125]. In this method the scatterer is embedded in a finite 

computational domain that is discretized into many small

volume cells called elements with about 10-20 elements per 

wavelength. The unknown field values are specified at the nodes 

of these elements. Unlike FDTDM, where the scattering particle 

is discretized in a cubic grid leading to a staircase approximation 

of the shape of the particle, in FEM the particle shape can be 

discretized by using variety of elements of different shapes, such 

as triangular and rectangular for two-dimensional problems 

(2D) and tetrahedral for elements for three-dimensional 

problems (3D) [46, 126, 127]. The FEM computations are spread 

over the entire computational domain rather than confined to 

the scatterer itself. This makes FEM computations rather time 

consuming, limited to size parameters less than 10 

approximately and requires a lot of memory. Extensive work has 

been done in diverse fields using this method [46, 127 -131]. 

• Point Matching Method (PMM): In this differential equation 

technique, the incident and internal fields are expanded in 

vector spherical wave functions (VSWFs) regular at origin, and 

the scattered field outside the scatterer is expanded in outgoing 

V5WFs. The expansion coefficients of the incident field are 

known, whereas the expansion coefficients of the internal and 

scattered fields are found by truncating the expansions to a finite 

size matching the fields at the surface of the scatterer by 

application of appropriate boundary conditions. The method is 

accurate if the particle is not too large, and displays symmetry 

[50]. On the other hand, for large size parameters, it requires a 

lot of programming effort and computation time [132]. PMM has 
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been successfully used for particles like coated axisymmetric 

particles, spheroidal hydrometeors, etc. [46,50, 127, 132 -135]. 

• Method of Moments (MoM) or Volume Integral Equation 

Method (VIEM): This method is based on a volume integral. 

The total electric field is the sum of the incident field and an 

integral on the volume of the particle [46, 50]. Physically the 

internal field is represented at each point of the volume V by a 

sum of the incident field and the field induced by sources at all 

internal points including the self-point. The major advantage of 

VIEMs are that they automatically satisfy the radiation condition 

at infinity, and are confined to the scatterer itself; and can be 

applied to homogenous, anisotropic and optically active 

scatterers [135, 137]. However, the main drawback is its low 

computational accuracy. 

• Discrete Dipole Approximation (DDA): The method was 

originally derived by Purcell and Pennypacker in 1973. This 

method is another version of MoM. It is based on partitioning a 

particle into N number of elementary polarizable units called 

dipoles. In DDA, a scattering particle of arbitrary shape is 

treated as a three-dimensional assembly of dipoles. The 

electromagnetic field experienced by such dipole is the 

superposition of the external field and the fields scattered by all 

other dipoles [138 - 142]. DDA is applicable to arbitrary shaped, 

inhomogenous, anisotropic and optically active particles. The 

disadvantage of this method is that the numerical accuracy is 

low, and improves only with the increase in number of cells. 

• T-Matrix Method (TMM): The T-matrix method (TMM) was 

first introduced by Waterman in 1971 for single homogenous 

scatterers, and was subsequently generalized to multi-layered 

scatterers and arbitrary clusters of non-spherical particles and 

non-spherical chiral scatterers [143 - 147]. The TMM is based on 
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expanding the incident field in VSWFs regular at the origin and 

expanding the scattered field outside a circumscribing sphere of 

the scatterer in VSWFs regular at infinity. The expansion 

coefficients of the scattered field are related to the incident fields 

by transition matrix, and can be used to compute any scattering 

characteristic of a non-spherical particle. This method is also 

popularly known as Extended Boundary Condition Method 

(EBCM), Null Field Method (NFM), Schekunoff equivalent 

current method, or Ewald-Oseen Extinction theorem [148 - 158]. 

The main advantage of this method is that it is highly accurate, 

fast, and applicable to particles with equivalent-sphere size 

parameters exceeding 100 [159 - 161]. The elements of the T 

matrix are independent of the incident and scattered fields and 

depend only on shape, size parameter, and refractive index of 

the scattering particle and on its orientation with respect to the 

reference frame. Thus, T matrix needs to be computed only once 

and then can be used in computations for any direction of 

incident and scattered light. Conversely, the incident field can be 

fixed, and the particle can be rotated. The main drawback of 

TMM is the loss of efficiency for particles with large aspect ratio 

or with shape without axial symmetry. However, recent 

improvements on TMM has made the method applicable to 

particles having larger size parameter (exceeding 100), and the 

fact is reported in a current review [161]. Thus, TMM is a 

suitable approach to check the accuracy of GOA and its 

modifications at lower frequencies. The limitation of TMM is 

that the scatterer must be isotropic, and should have a linear 

response to the incident electromagnetic field. Among all the 

above mentioned techniques, the T -matrix method to calculate 

the 4x4 scattering matrix of both spherical and non-spherical 

particulate matter has led to successful interpretation of many 
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observations [162 - 167]. T-matrix method may be applicable to 

any kind of shape but the most practical applications are 

centered on spheroidal, cylindrical and chebyshev particles [163, 

166]. 

Theoretical approach does not involve expensive instrumentation, 

but accurate computation for realistic poly dispersions of irregular 

particles is practically difficult. Again, experimental measurements on 

both natural and artificial particles are possible; however, it is 

incapable of measuring all scattering characteristics simultaneously 

and accurately, and characterizing a sample precisely. Thus, it is clear 

that only a combination of theoretical and experimental approaches can 

lead to a better understanding of electromagnetic scattering by small 

particles, particularly non-spherical particles. 

In this entire thesis, we have considered the case of elastic scattering 

only (that is, the scattered light has same frequency as the incident 

light). Effects like Raman-effect, or any quantum transitions are 

excluded. 

1.2 Light scattering by small particles: a perspective 

Scattering and absorption of light by small particles is a very important 

tool for visualization and diagnostic applications. An understanding of the 

phenomena of light scattering by small particles (ranging from nanometer to 

micrometer scale), especially particles like aerosols, cloud particles, dust 

particles, etc. which are normally suspended in the atmosphere but may also 

be present in other types of media, is a vital requirement for investigating 

various physical processes and developing applications. The intensity of light 

scattered by a particle, or collection of particles is a function of the angle 

between incident and the scattered radiation, and the wavelength of incident 

light. The light scattering mechanism by such particles [2, 3, 152,168 - 171] or 

from a volume element containing such particles, also depend on the 
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characteristics of the particles themselves, or their collective properties. Small 

particles or volume elements containing such particles possesses a large 

number of characteristic properties like shape and dispersion of shape of 

particles, size and dispersion of size of particles, density, aggregate structure 

(fluffy, fractal, tenacious, dense, etc.), refractive index, absorption properties, 

the homogeneity of their internal structure and the quality of their surfaces 

like roughness, etc. In other words, the angular dependency is also a function 

of these characteristic properties. It is important to study angular scattering 

dependency of small particulate matter for retrieval of information about size, 

shape, refractive index etc., and better comprehension of the radiative transfer 

process. Special areas of its importance and application are discussed below. 

Atmospheric applications: Even if the air looks clear, it nearly 

contains millions of solid particles and liquid droplets, some of which 

we probably inhale every day. These pervasive iotas of matter are 

known as aerosols, and they can be found in the air over oceans, 

deserts, mountains, forests, ice, and every ecosystem in between. They 

float in Earth's atmosphere and range in size from a few nanometers 

(less than the width of the smallest viruses) to several tens of 

micrometers. True aerosols range from 10-7 to 10-4 cm in diameter, 

though turbule.nt media can keep particles 100 times larger in 

dispersion, as is often the case with fog, cloud and dust particles [2,30]. 

All these particles possess a distinct and very often complicated 

morphology. Aerosol is usually defined as a form of colloid, in which 

microscopic particles of highly polymerized aggregate of liquid or solid 

substances are lumped together and are dispersed in a gas. Despite 

their small size, they have major impacts on our climate and our health, 

and holds significant importance in the wake of studies strongly 

correlating airborne particulate matter with adverse health effects. 

Through the mid-1990s considerable attention was paid to study the 

scattering properties as well as the size, shape, and orientation of 
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aerosols having size greater than the probing wavelength (Visible or 

UV scattering) [2, 169, 170]. Key aerosol groups include sulfates, 

organic carbon, black carbon, nitrates, soot aerosols, volcanic ashes, 

snow or ice crystals, mineral dust, and sea salt. In practice, many of 

these terms are imperfect, as aerosols often clump together to form 

complex mixtures. The effects of scattering, extinction or polarization 

change by aerosols, cloud or haze on radar and satellite 

communications, meteorol,ogy, pollutant quantification etc. were 

broadly investigated by light scattering techniques [172 -178]. 

A large mass fraction of the Earth's atmosphere contains irregular 

mineral dust particles [179, 180], considerable fraction of cometary 

aerosols and aerosols of biological origin [177 - 200]. Changes in 

stratospheric ozone concentrations occur after major volcanic 

eruptions, like Mt. Pinatubo in 1991 and Eyjafjallajokul in 2010, where 

tons of volcanic aerosols were blown into the atmosphere [30]. The 

dispersal of volcanic aerosols has a drastic effect on the Earth's 

atmosphere. Following an eruption, large amounts of sulphur dioxide 

(502), hydrochloric acid (HCI) and ash are spewed into the Earth's 

stratosphere. Light scattering investigation of such aerosols is 

important for climate modeling, remote sensing and developing 

atmospheric correction algorithms [201, 202]. 

Again, an important constituent of Earth's atmosphere is water 

vapor. In recent years, measurements of water vapor droplets on 

controlled environment provided vital information about water droplet 

size distribution in air, and its importance in the formation of rain 

clouds [I, 38, 202]. Formation of clouds takes place when a volume of 

air becomes saturated with water vapor and excess water condenses 

rapidly on aerosol particles to form water droplets, which means the 

aerosol particles act as cloud condensation nuclei. The increment of 

such nuclei in the atmosphere affects the radiative properties of clouds 
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[38,47]. It is noteworthy to mention that clouds play an important role 

in Earth's atmospheric radiative balance [203 - 215]. An important 

constituent of clouds (cirrus clouds) are ice crystals. The scattering

phase functions are highly dependent on the crystal morphology and 

orientation. Proper information on scattering-phase function leads to 

developing reliable methods for optical and microphysical properties 

of ice clouds, based on bidirectional reflectance measurements from 

space, and remote-sensing applications [212]. The ice crystals present 

in cirrus clouds generally have hexagonal shapes, and are present in 

the form of aggregates and bullete rosettes. It is practically difficult to 

retrieve information of such complex particles, particularly for smaller 

sizes [213, 214]. However, studies on ice analogue crystals, which have 

same shape and refractive index as the real ice crystals, have produced 

appreciable results [24, 37, 215]. In other words, scattering, absorption 

and polarization data of cloud particles reveals essential information 

for climate modeling; Development of remote sensing techniques are 

required to gather knowledge of cloud optical depth, temperature, and 

size of ice crystals; Fluxes; Heating rates from air, ground, and space 

etc. [46,206,216]. 

Another type is the sea salt aerosol, which is mostly spread over the 

oceans and has been recognized as the dominant aerosol contributor to 

clear sky albedo over oceans [217]. It is produced by evaporation of sea 

spray induced by wind. Depending upon the aerosol optical properties 

and the surface albedo, aerosols may exert warming or cooling effect of 

the atmosphere [218]. 

Astrophysical applications: Light scattering technique is an 

essential tool for assessing the physical properties of small particles and 

aggregates in the solar system or the interstellar medium [169, 170, 

219]. Remote sensing observations of the linear polarization of light 

scattered by dust particles in cometary comae, diffused or circumstellar 
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dust clouds, interplanetary dust cloud, planetary rings, and asteroidal 

regoliths etc. are used to deduce physical properties of their constituent 

particles [181]. Again, properties of terrestrial aerosols are important as 

their properties are found to be similar to that of planetary regoliths, 

cometary dust etc. [220 - 222]. Terrestrial aerosols are considered as 

important contributors to light scattering in marine atmosphere, and is 

demonstrated by studies that found the presence of Sahara dust and 

volcanic ash in marine environment [223]. Most solid particles in the 

terrestrial and planetary atmospheres, and other solar system bodies 

like asteroids and comets, consist of irregular mineral particles. Some 

irregular particles like Hematite (Fe203), Graphite and Titania (Ti02) 

are currently an important topic of astronomical discussions [71, 196 -

200, 214]. Hematite is believed to be the main constituent for red color 

appearance of Mars. Investigations have revealed that rutile titania 

dust particles are thought to be the nucleation sites in oxygen-rich 

circumstellar shells, and is also an essential component of lunar 

regolith [214, 224]. Soot can also be an important component of 

atmospheric aerosols. Carbonaceous soot is believed to be one of the 

most prevalent contributors of particulates in atmospheres [225, 226]. 

Again, composition of cometary dust particles were investigated in-situ 

by the dust mass impact spectrometer (CIDA) onboard, the NASA 

spacecraft STARDUST, which substantiated that interstellar dust is a 

mixture of carbonaceous and silicate particles, irregular in shape and 

highly porous in nature [42, 227, 228]. The fragility, fluffiness, and 

complicated morphology of such particles make it a very difficult task 

to characterize the observed scattered light, even with ever-increasing 

computation models [46, 148, 229] or classical laboratory 

measurements. Yet, light scattering experiments in-situ, under 

micro gravity conditions has produced good results [31,41, 182 -184]. 
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Biological applications: The light scattered from bio-particles, 

particularly polarized light, carries information about the optical, 

geometrical, and even esoteric properties of these bio-particles. 

Changes in cell morphology, internal arrangement and metabolic 

activity causes change in radius, refractive index and absorption, 

thereby changing the scattered signal [34, 189, 190, 230 - 232]. It has 

been demonstrated by Bickel how the 16 elements of Mueller matrix, 

Sij, can type human blood cells, do autopsies, distinguish between 

different types of white blood cells, bacteria, and study life cycle and 

degradation as bio-particles undergoes biologically significant changes 

[34]. Again, light scattering technique has been used to study· red blood 

cells (RBC) by different workers, and produced interesting results [233 

- 236]. 

These bio-particles may be present in water or may remain 

suspended in the atmosphere as bio-aerosols as well. Natural water has 

different constituent of particles like bacteria, algae, virus, colloids, 

phytoplankton, ions etc., and are termed as hydrosols. Seventy percent 

of the surface of the Earth is covered by' water, which significantly 

effects the planetary albedo and climate [232, 237, 238]. A complex 

absorption spectrum and a significant amount of scattering is exhibited 

by the water molecules, when there is fluctuation in the refractive index 

due to small variations in the salt composition [239]. For example, 

backscattering by clean ocean water alone contributes as much as 

eighty percent of total backscattering coefficient in the blue spectral 

region. Whereas, during phytoplankton bloom, and atmospheric dust 

deposition in oceanic water, the backscattering coefficient is dominated 

by plankton species, and mineral particles (of atmospheric dust 

deposits) having high index of refraction [237]. The growth and decay 

of phytoplankton bloom, radiance from water bodies, marine 

environment, and similar ecological information are constantly 
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monitored and collected by satellite remote-sensing [240]. Therefore, it 

is important to know scattering properties of such constituent 

hydrosols in order to find information about the nature of scatterers, 

and predict the type of environment of light underwater [35, 232]. 

Recent studies on scattering, absorption, and backscattering efficiency 

of marine water, and hydrosols delivered tremendous information 

useful for interpreting satellite imagery, and to develop radiative 

transfer algorithms to study ecosystems [232, 241 - 250]. 

Again, spread of some pathogenic aerosols (bio-aerosols) in the 

environment may cause threat to human health, especially for 

respirable size of aerosols ranging between 1-10}lm [188]. In the area of 

fluorescence by particles the detection and identification of Bacillus 

subtilis subsp. niger (BG) bio-aerosol spores, and kaolin dust is a 

significant step forward [251]. In the fields of occupational hygiene and 

environmental monitoring, there is international recognition of the 

need for new techniques and instrumentation for the detection and 

monitoring of potentially hazardous respirable airborne particulates, 

especially in working environments. It requires advanced systems for 

such detections which are proficient in providing important 

information of such life-threatening aerosols. Among the several 

techniques developed so far, the sensors based on elastic scattering is 

quite promising as the technique could provide information about size, 

shape and quality of particle surface [34, 190, 252 - 258]. Optical

scattering techniques are widely used as a means of counting and 

sizing airborne particles on an individual basis and are personified in a 

number of commercial instruments. In general these instruments do 

not attempt to assess particle shape but rather attribute a spherical

volume-equivalent size to each measured particle, based on an 

empirical or theoretical calibration function [174]. Because of the 

possibility to describe more realistic scattering phenomena, light 
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scattering is now also used in new domains such as oceanography, 

colloidal chemistry, biophysics, among others. 

Nanosdence applications: Optical effects of small metallic particles 

and clusters have been a topic of great interest over more than three 

millennia, and have evolved from cluster science to nanoscience and 

nanotechnology in due course. The area of nanoscience and 

nanotechnology is gaining significant attention due to the interesting 

properties displayed by materials at this nano-scale [259, 261, 367]. In 

recent years, a lot of effort has been made in the development of science 

and technology at the nanometer scale, covering from growth and 

characterization of nanoparticles, to manufacturing devices with such 

particles. The shape and size of low-dimensional materials are crucial 

parameters to determine their physical, optical and electronic 

properties [262 - 267]. Nanosize particles are also used in chemical and 

biological sensor development. The sensitivity of these sensors to detect 

any physical or chemical change depends directly on the shape, size, 

size distribution of constituent particles, emphasizing the significance 

of nanoparticle characterization [259]. 

There are several methods for the characterization of nanoparticles, 

namely, Laser Light Scattering (LSS) techniques, Scanning Electron 

Microscopy (SEM), Transmission Electron Microscopy (TEM), Atomic 

Force Microscopy (AFM), Scanning Near field Optical Microscopy 

(SNOM) and Scanning Tunneling Microscopy (STM), Scanning 

mobility particle sizer, and centrifugal sedimentation etc. [481. Among 

these methods, light scattering techniques are some of the most 

versatile tec~iques for in-situ morphological measurement, size 

distribution measurement and determination of shapes of such 

nanoparticles (in some cases), especially when they are suspended in 

optically inactive solution [21, 264 - 269]. Recently, particle sizing on 

the nanometer scale by optical techniques, far exceeding the diffraction 
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limit of the UV radiation, have been reported [262]. On the other hand, 

some other'"workers have successfully investigated the sizes and shapes 

of nanoparticles using dynamic light scattering (DLS) techniques [263, 

270]. Experimental and theoretical work on identifying nanosphere 

sizes using LSS in the UV range (A - 250-390 nm) has also been 

reported [266]. Also, possibility of Mie scattering by nanoparticles with 

different particle sizes are being investigated [271 - 273]. Again, 

semiconductor and metal nanoparticles are potential candidates for its 

applications in sub-wavelength photonic, and optoelectronic devices; 

non-linear optics; optical data storage; bio-sensors etc. [269]. Light 

scattering studies is an imperative tool for in-situ monitoring and 

tuning such particles for proper applicability. Metallic nanoparticles 

are known to exhibit distinct optical phenomenon, especially Surface 

Enhanced Raman Scattering (SERS), relative to bulk form of metals at 

optical wavelengths [274 - 276]. The extremely large electromagnetic 

field enhancements associated with these plasmon resonances are of 

considerable importance for nanoscience [260]. Characterization of 

nanoparticles and structures has become crucial to understand and 

study nano self-assembly processes and bottom up building processes. 

The problem has interesting applications in characterizing micro 

structures on flat substrates and development of surface scanners [277]. 

Most of the previous work on particle characterization is concentrated 

on particles embedded in a dielectric medium rather than on particles 

interacting with an interface. 

Simulation techniques and applications: Another approach 

that many workers have been taking to understand the phenomenon of 

light scattering better is to use computational models that simulate 

light propagation in scattering media [278, 279]. They used Monte 

Carlo algorithms that were based on the Stokes-Mueller formalism. In a 

recent interesting paper, Monte Carlo simulation results of diffusely 
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backscattered intensity patterns that arise from illumination of a turbid 

medium with a polarized laser beam has also been reported. A Monte 

Carlo algorithm has also been developed which accurately models the 

single-scattering event according to Mie -theory and keeps track of the 

polarization state of individual photons in multiple scattering media 

[280]. There are also other reported works which showed the successful 

implementation of Monte Carlo simulation technique [233, 280 - 295]. 

Monte Carlo simulation of propagation of a short light beam through 

turbulent oceanic flow has also been reported [296]. Such Monte Carlo 

methods [279, 287, 288, 296] of solving light scattering problems have 

been proved to be very successful tools in verifying the experimental 

observations obtained by use of the different investigating instruments 

as well as lending support and improving the current theoretical 

models, like Mie theory and T -matrix approach, for interpreting 

scattering phenomenon. 

1.3 Motivation and Objectives 

There are various theoretical approaches and computational techniques 

which describe the experimentally observed scattering of light by small 

particles. Some such theories are mentioned in section 1.2. Variety of 

laboratory measurements, both in-situ and ex-situ of visible and infra-red light 

scattering were performed to determine the phase function and extinction, 

polarization and depolarization characteristics of natural and artificially 

generated cirrus cloud crystals [297, 298], scattering matrix elements of 

hydrosols [35, 232], backscattering Mueller matrix for atmospheric aerosols 

[30, 168, 299], etc. Still, the complete structure, size, composition and optical 

parameters of thousands of aerosols and other particulate matters are yet to be 

done. Many leading journals pointed the necessity of clear understanding of 

the radiative properties of aerosols for a wide variety of such applications. 

Again, natural particles are often complex (in terms of size, shape, size 

distribution, refractive index etc.) and show discrepancies between the 
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theoretical and experimentally measured results. Thus, it becomes difficult to 

characterize and model such particles. In order to overcome such 

discrepancies and to improve upon the performance, usefulness and quality 

of light scattering theories, we need to collect sufficient scattering data. 

Moreover, it is important to compare experimental measurements with 

simulations for understanding the results in a better way [300]. Despite such 

advanced numerical techniques being available, the results of such techniques 

do not completely fit with the results of laboratory and in-situ experiments, 

especially for particles with complicated morphology. This is because of the 

limitations of such theories when applied to complex particles, and to some 

extent because of the imprecisions that may be present in the experimental 

setup. Combined efforts on improving and developing computation, and 

experimentation can produce better results. 

In order to improve upon measurement techniques and 

computation involved in light scattering studies, we need to improve 

instrumentation, so that it can be used to characterize different 

particulate matter including nanoparticles. More precise experimental 

error reduction techniques should be followed during scattering-data 

collection. In order to yield a better result, it is necessary to find out 

complete morphology of particles based on high resolution microscopic 

techniques. Moreover, powerful and fast algorithms to compute light 

scattering pattern of complex shapes and extreme refractive indices is a 

prerequisite for obtaining improved results. Thus, in our work an 

attempt was made to improve computation and instrumentation, and 

its proper utilization for light scattering investigations of small 

particles. In fact, this attempt is the basis of this thesis. The objectives of 

this thesis are outlined below: 

• Design and fabricate an efficient and reliable laser based system 

using He-Ne and diode laser, for light scattering studies. 
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• Performance optimization of the setup by calibrating with 

standard sample. 

• Use the setup for experimental investigation of different 

particulate matter (aerosols, other suspended particles, bio

particles etc.) 

• Carry out simulations of light scattering by these particles, and 

comparing with established theoretical results and experimental 

results. 

As a mathematical and numerical basis for the analysis of the observed 

experimental data of small particulate matter, Mie-theory and T-matrix 

approach has been specifically used in our research, for spherical and non

spherical particles not too large compared to the incident wavelength of light. 

Remarks on the choice of Mie theory: 

There are several reasons for choosing Mie theory for light scattering studies. 

They are discussed below: 

• It provides complete analytical solution of classical scattering 

problem using Maxwell's equations (including the absorbing 

host medium). 

• It is the simplest, accurate and efficient method used for light 

scattering studies of homogenous particles. 

• It allows the calculation of the Mueller matrix elements. 

• Though Mie solution is presented for spherical particles, it acts 

as a guide to describe first order optical effects in non- spherical 

small particles also. 

• The theory can be further extended to study coated, clustered 

and stratified spherical particles. 

• It is a fast algorithm and requires less memory for its execution. 
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Remarks on the choice of the T -matrix approach: 

There are several reasons for our choice of the T -matrix algorithm for the 

numerical calculation. They are enumerated below: 

• It can be adapted to both spherical and non-spherical particles, 

most often to rotationally symmetric particles. 

• It allows averaging on all orientations of particles. 

• It allows the calculation of the Mueller matrix elements. 

• T -matrix approach allows multiple scattering modeling. 

• As the main part of the solution is analytically calculated, 

corresponding numerical errors are low. 

• It is a very fast algorithm, and can be adapted to different 

geometries. 

1.4 Instruments for light scattering studies 

There are several important components in a light scattering setup, for 

experimental observation of light scattered by small particles. During the past 

few decades, manual and automated methods have been developed which 

satisfy requirements of many scattering setups [253]. calculation of all the 16 

elements of 4x4 Mueller scattering matrix is possible by using a laser-based 

light scattering setup. This matrix operator completely determines the 

transformation of the incident light of any arbitrary polarization state after 

scattering, and in fact is a characteristic matrix of the scattering object. In 1950, 

Kerker and V.K.L Mer developed a method where they showed that by using 

either the polarization ratio or the phase angle of the scattered light as a 

function of scattering angle, they could determine information about the size 

of the particle [238]. B. S. Pritchard and W. G. Elliot did the first measurement 

of the scattering matrix elements by using a simple subtraction method [25]. 

The accuracy of measurement was significantly improved by implementing 

polarization modulation techniques [190, 301 - 306]. In the 1980's, a 

sophisticated, fully computerized setup was built by P. Stammes, F.Kuik, and 
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H. Volten, in the Department of Physics and Astronomy, Free University, 

Amsterdam to investigate laser light scattering and was later improved by J. 

W. Hovenier [2,46,47,304]. However, the standard light scattering techniques 

used to characterize the micron and sub-micron size particles do not have the 

fine resolution needed for characterizing nano-sized particles, for which 

exploration of nanoparticles by light scattering tools has not been realized yet, 

to their fullest potential. Again, in order to have a better understanding of 

interaction of light with matter in microgravity, for describing planetary 

formations and to understand the properties of scattering aggregates, several 

projects like PROGRA2 ( Proprietes Optiques des Grains Astronomiques et 

Atmospheriques) and the ICAPS (Interaction in Cosmic and Atmospheric 

Particle Systems) have been carried out by Levasseur Regourd, Hadamcik and 

Worms [31,41, 182 - 184, 219]. Since then, other workers have continued with 

their efforts to design instruments for better experimental observation of 

scattered light and calculate the scattering matrix elements with greater 

accuracy. Some such advanced light scattering setups were developed by D. 

Daugeron, M. T. Valentine, P. H. Kaye, Z. Ulanowski, O. Munoz and G. A. 

Ahmed, and used for its successful implementation [24, 27, 3D, 32, 38, 307]. 

The common instruments, with remote sensing capability, efficiency for 

providing realistic measurements in the atmosphere, and also incorporating 

laser sources, namely, the Nephelometer, the Transmissiometer, the Point 

visibility meter and the LIDAR (Light Detection and Ranging) systems are 

briefly described below: 

(a) Nephelometer 

An instrument for angular light scattering measurements is called a 

nephelometer [25, 301, 308 - 311], or a polar nephelometer, shown in 

figure 1.2. It comprises of some essential elements, like collimated light 

source, and an arm that can be rotated about the scattering sample. The 

detector system which collects the light scattered within a small solid 

angle, is mounted on the arm positioned on the scattering plane. The 
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light source may be a tungsten-halogen, high-pressure mercury or 

xenon lamp, or otherwise, a laser. The detector consists of a lens, 

followed by an aperture to limit angular acceptance of the detector. 

Light 
source 

Light Trap 

\ 
Filter 

Filter 

Figure 1.2: A polar nephelometer. 

Detector 

The scattering volume which consequently changes with the change in 

angular distribution is determined by intersection of the incident beam 

with the detector field of view. Since the arm containing the detector 

interferes with the incident beam, it is practically not feasible to make 

scattering measurements at angles close to 180°, with conventional 

nephelometers. Sometimes, angular light scattering measurements are 

classified as either absolute or relative. In an absolute measurement the 

ratio of scattered irradiance 1/# to incident irradiance Ii' which is directly 

related to a factor dCsca(B)/dfl, called the differential scattering cross 

section is determined. In a relative measurement the irradiance is 

referred to some arbitrary scattering angle, say 10°, so that, 
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Relative measurements are considerably easier to make and are the 

type most commonly reported. A nephelometer yields information 

regarding volume scattering coefficients and consequently information 

of shape and size of the sample under investigation. 

(b) Transmissiometer 

A common instrument used for measuring light transmittance is 

called a transmissiometer [25, 312]. In Earth's atmosphere, the 

transmission in visible portion of spectrum is mainly affected by 

scattering. Optical transmission of a particular medium is defined as 

the ratio of the initial intensity to the final intensity of light after it 

passes through the medium. The essentials of a practical 

transmissiometer are shown in figure 1.3. 

Light from a point source is collimated by a lens, if necessary, and then 

transmitted through the particulate sample, and finally focused by a 

lens onto a detector through a pinhole. In particular, light scattered in 

the forward direction only, is detected. The ratio of the final flux P in a 

light beam to the initial flux Po is the Transmzttance T of an optical path. 

For a homogeneous path of length 0, a transmissiometer gives the 

extinction coefficient a as 

T = e-aD 

This information is used to measure absorption, visibility and find 

number densities of the samples under investigation [25,312 - 317]. 
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light 
source 

lens particles 

Figure 1.3: An ideal Transmissiometer. 

(c) Point Visibility Meter 

0' "'-detector 

pinhole 

A compact instrument capable of measuring the atmospheric 

extinction coefficient, or otherwise, amount of light scattered along a 

particular forward direction is called the Point visibility meter (PVM)[ 

318]. The extinction coefficient a is found from the empirical law 

relating a to the scatterer at this angle [318, 319]. The schematic 

diagram of a point visibility meter is shown in figure 1.4. 

lens 
lens 

detector light 

baffle 

sample 

Figure 1.4: Block schematic of Point visibility meter (PVM). 

The particulate sample scatters the radiation emitted by the light 

source. A fraction of the radiation scattered in the forward direction is 

collected by the scattering detector D2 at an angle 8, and the unscattered 
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radiation is collected by the reference detector D1. The empirical law 

derived from the observations [38] of linear dependence of the 

extinction coefficient 0 on intensity of radiation scattered pCe) , that is, 

{3(8) == constant 
(J 

at an optimum angle between 30° and 40° is the basis on which the 

PVM is operated. 

(d) Lidar 

Lidar, which is an acronym for Light Detection And Ranging, is 

used for laser remote sensing of atmospheric properties from a single 

location [320]. It comprise of a laser source and a photo-receiver which 

measures the backward scattering of light. In this system, the projection 

of a short laser pulse is followed by reception of a portion of the 

radiation reflected from a distant target or from atmospheric 

constituents such as molecules, aerosols, douds, or dust, as shown in 

figure 1.5. The incident laser radiation interacts with the constituents of 

such matter, causing variations in the intensity and wavelength, 

according to the strength of this optical interaction and the 

concentration of the interacting species in the atmosphere. Accordingly, 

information on the composition and physical state of the atmosphere 

can be inferred from the lidar data. In addition, the range to the 

interacting species can be determined from the temporal delay of the 

backscattered radiation. 

I ia~:red I 
partial reflector 

L-_~_t_e_le_s_co_p_e-, ~/ 
detector effluent cloud 

Figure 1.5: Schematic of a lidar 
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By generating a light beam of high power and small angular 

divergence, it becomes an advantage of lidar over projector sounding 

systems which were used before. Moreover, as lasers are capable of 

producing powerful pulses of short duration, there is pOSSibility of 

measuring time-dependent measurements, which includes integral 

optical measurements of the medium, as well as their spatial 

distribution. The basic lidar principles outlined above may be 

expressed formally by the following lidar equation. 

where Pr is the instantaneous received power at time t, Po is the 

transmitted power at time to, c is the velocity of light, r is the pulse 

duration, p is the volume backscattering coefficient of the atmosphere, 

R is the range, Ar is the effective receiver area, and (J is the volume 

extinction coefficient of the atmosphere. 

as: 

There are different types of Udar systems, which are classified 

• Atmospheric backscatter lidar: In this type, the lidar transmits 

one laser wavelength and detects changes in the backscatter 

due to the aerosols, or dust in the atmosphere. 

• Differential-absorption lidar (DIAL): It is a type of lidar which 

measures the concentration of a molecular species in the 

atmosphere by transmitting two wavelengths, only one of 

which is absorbed, and detects the difference in the intensity of 

the returns at the two wavelengths. 

• Fluorescence lidar: This type uses two wavelengths, just as in 

the case of DIAL system, but, in addition, uses spectrometric 

techniques to separate the wavelength-shifted fluorescence 

signal from the strong Rayleigh backscatter in the atmosphere. 
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• Raman and Doppler lidar: In this type, there is a single

wavelength laser, and sophisticated detection techniques to 

spectrally determine the wavelength shifted signal from the 

strong background due to Rayleigh or Mie scattering. 

Since the time of Fiocco and Smullin, who were the first to use a 

laser for atmospheric studies in 1962, Lidar technology has reached a 

high degree of sophistication. Udar plays an important role in remote 

sensing of the atmosphere and the related issues like multiple 

scattering, depolarization ratios, transmission effects, noise, 

atmospheric optical turbulence, and speckle, and are still open to 

research so that Udar systems can be further improved. Although lidar 

systems are very expensive, it is the most prevalent, and is used to 

explore different scientific disciplines. [321 - 325]. 

1.5 Introduction to the presented work 

In regard of the kind of light scattering systems mentioned in the above 

sections, the work in this thesis proposes the design considerations of a 

modified and improved version of laser based light scattering system. The 

system is coupled to a microprocessor linked data recording and processing 

unit. Primary focus was on the development of a fast, reliable, efficient, 

portable and far more accurate light scattering system. Successive effort was 

made to extend the applicability of this system to a variety of particulate 

matter. 

Chapter I of this thesis gives an introduction to the light scattering system and 

the associated instrumentation, and simulation. 

Chapter II of the thesis reviews the theories of extinction and scattering to 

bring forward the significance of the parameters monitored by the designed 

and fabricated light scattering system. It also emphasizes on the significance 

of light scattering theories like Mie theory and T -matrix method, which are 
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required to compute scattering matrix elements in order to support the light 

scattering system which was used in determination of two important elements 

of the scattering matrix. 

Chapter III of the thesis presents the design and instrumentation of the light 

scattering system and provides information of every unit of the system in 

detail. The data acquisition systems tested with the light scattering system is 

also discussed in this chapter. Technique applied for correction of systematic 

errors, and an overview of the data processing software used for the light 

scattering system are also presented in this chapter. 

Chapter IV of the thesis presents the results of the experimental investigations 

carried out in the simulation chamber on variety of particles using the light 

scattering system, and followed by method of comparison of experimental 

results with the theoretically derived results. Significant findings from the 

investigations are also laid down in this chapter. Here the reported works of 

other authors on the subject of extinction and scattering are also presented for 

relative assessment with the work presented in this thesis. 

Chapter V of the thesis presents details of Monte Carlo simulation technique 

which was developed and implemented for simulating the light scattering of 

some small size distributed particles. 

Chapter VI of the thesis lays down the conclusions drawn from the work 

presented in the thesis and gives suggestions for future improvements in the 

light scattering system as well as the simulation technique. 
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CHAPTER II 

Theory of Extinction and Scattering 

2.0 General Introduction 

Two important electromagnetic theories required for processing the 

data acquired from our designed and fabricated laser-based light scattering 

system is presented in this chapter. Section 2.1 presents basic Maxwell's 

equations required for presenting the Poynting vector in a form required for 

developing the Stokes parameters. In Section 2.2, relation between incident 

and scattered fields and the Stokes parameters are developed, and presented. 

Combination of this relation and the Stokes parameters lead to the formation 

of the Mueller matrix for scattering, and the first two elements of which are 

assessed by the light scattering system. In Section 2.3, the cross-sections of 

extinction, absorption and scattering are derived and are then used in forming 

the theory for extinction co-efficient. In Section 2.4, we present the Mie theory 

to explain the angular variations of the scattered light, as the theory 

successfully explains multitude of scattering observations for spherical 

particles. We have considered Mie theory for explanation of most of the 

experiments. In Section 2.5, we present the numerical method of T -matrix 

approach, which was also used in our work. An overview of the computer 

program based on Mie theory and T-matrix method which were used to 

calculate theoretical values of scattering coefficients over size distributions, 

and which may be co-related with experimental results are also presented in 

the end of this section. Thus, this chapter presents the original efforts in the 

thesis at measuring the scattering matrix elements in a format compatible with 

the light scattering system, together with molding the established theory of 

scattering coefficients suitable for automation. 
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2.1 Maxwell equations and its importance 

The analytical and numerical basis for describing scattering properties 

of media composed of small discrete particles is formed by the classical 

electromagnetic theory. We start by formulating the Maxwell equations and 

constitutive equations to derive the simplest plane-wave equations, which 

will lead to the introduction of fundamental quantities like the Stokes 

parameters. The mathematical depiction of all classical optics phenomena is 

based on the following set of Maxwell equations for electromagnetic field at 

interior points in matter. 

VV =p 

VxE = -c5f3lot 

VB = 0 

VxH = J+ (00 lot) 

2.1.1 

2.1.2 

2.1.3 

2.1.4 

where, t is the time, E is the electric field, H is the magnetic field, B is the 

magnetic induction, 0 is the electric displacement, p is the macroscopic free charge 

density and J is the current density. The continuity equation which is inherent in 

the Maxwell's equations is given by 

(op lot) + VJ= 0 2.1.5 

and can be derived by using equation 2.1.1 and equation 2.1.4. The vector 

fields in equations 2.1.1 - 2.1.4 are related by electric displacement and the 

magnetic field, given by 

0= £oE+ P 

H= (1lflO) (B-M) 

2.1.6 

2.1.7 

where, P is the electric polarization or average electric dipole moment per unit 

volume, M is the magnetization or average magnetic dipole moment per unit 

volume, £0 is the electric permittivity, and flO is the magnetic permeability of free 

space. Since equations 2.1.1 - 2.1.7 are inadequate for unique determination of 
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electric and magnetic fields, they must be supplemented with so-called 

constitutive relations, given by 

J= aE 

B= flH 

p= foXE 

2.1.8 

2.1.9 

2.1.10 

where, a is the conductivity, fl IS the permeability, and X is the electric 

susceptibility. The constants a, rt, and X, depend upon the medium under 

consideration, and are termed as material constants. We assume all these 

material constants to be independent of field, position and direction 

respectively, which mean a condition satisfying linearity, homogeneity and 

isotropy, throughout the thesis. It is noteworthy that Maxwell equations are 

strictly valid only for points in the neighbourhood of which the physical 

properties of the medium, as characterized by a, ]1, and X vary continuously. 

However, if there is an interface separating one medium from another, then E, 

D, Band H may be discontinuous. The boundary conditions at such an 

interface can be formulated by using integral equivalents of Maxwell 

equations [47]. For the boundary conditions, the equations are as follows: 

(i) There is a discontinuity in the normal component of 0: 

(Dz - DJ.f.i = Ps 2.1.11 

where, n is the unit vector directed along the local normal to the 

interface separating media 1 and 2 while pointing towards media 2, 

and Ps is the surface charge density. 

(ii) There is a discontinuity in the tangential component of H: 

2.1.12 

where, Is is the surface current density. However, media with finite 

conductivity cannot support surface currents, so that 

2.1.13 
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(iii) The normal component of B and the tangential component of H 

are continuous: 

2.1.14 

2.1.15 

The boundary conditions are useful in solving the Maxwell equations 

in different adjacent regions with continuous physical properties and 

then relating' the partial solutions to determine the fields throughout 

the space. 

2.2 Scattering matrix and scattering coefficients 

The Maxwell equations [45, 74] for the electromagnetic field in a region 

where free charge density PF = 0 and current density J F = 0 are given as 

I7.E = a 

VxE = -p. (oH/ot) 

v'H=O 

VxH = e (oE/ot) 

2.2.1 

2.2.2 

2.2.3 

2.2.4 

where, p. and E are the permeability and permittivity respectively of the 

medium. Thus, it follows that if the refractive index of the medium is given as 

n = n' + in", then 

E =: Eo e( - k". x) e( I k'.x - U:iJt) 

H =: Ho e( - k". x) e( I k', X.- lGJt) 

2.2.5 

2.2.6 

where, k = k' + ik" and (i) are the wave vector and angular frequency 

respectively. The Poynting vector S specifies the magnitude and direction of 

the rate of transfer of electromagnetic energy at all points of space, given by 

5 = (1/2)Re{(E/p.)1!2(E.E*)}€ 2.2.7 

where, E* is the complex conjugate of E and e is the direction of propagation. 

Assuming the wave with wavelength A to be moving in the z direction, the 

above equation becomes 

38 



Chapter II: Theory of Extinction and Scattering 

5 = (k/2GJ]J) I Eo 12e(-47r II "z/A)e 

This gives the modulus of S as 

I 5 I = (k/2GJ]J) I 

2.2.8 

2.2.9 

Here, I denote the irradiance with dimension of energy per unit area and time. 

As the wave traverses the medium, the irradiance may be given from 2.2.8 

and 2.2.9 as, 

I =Io e(-I1'z) 2.2.10 

where, 

a l = 41Cn ll/.it 2.2.11 

is the absorption co-efficient and 

2.2.12 

is the irradiance at z = O. Also if there is no absorption in the medium then nil 

= 0 and 2.2.9 becomes 

2.2.13 

The equations 2.2.12 and 2.2.13 are now in a form that can be used for 

development of the Stokes parameters, which in turn can be used in 

developing the Mueller matrix for scattering. When a beam of incident light 

interacts with an obstacle, there is a modification in the intensity and state of 

polarization of the incident light, in addition to change in the direction of the 

incident beam after scattering, along any polar (8) or azimuthal angle (cp). The 

direction of propagation of the incident light is taken as the z-axis. Any point 

in the particle is chosen as the origin of a rectangular Cartesian co-ordinate 

system (x,y,z),where x and y axes are orthogonal to the z-axis and to each 

other but are otherwise arbitrary. The orthogonal basis vectors ex, iy, ez are in 

the directions of the positive x, y and z axes. The direction of scattering may 

also be given in terms of er , ee and eip which are the orthonormal basis vectors 

associated with the spherical polar co-ordinate system (r, 8, cp). 
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Figure 2.1: Scattering by a particle 
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Here e is the scattering angle and ir and ez defines the scattering plane. 

The scattering plane is distinctively determined by the azimuthal angle cp 

except when er is parallel to the z-axis. In these two instances, that is er = ± ez, 
any plane containing the z-axis is a suitable scattering plane. The incident field 

Ei, which lies.in the x-y plane can be resolved into parallel component E// i, and 

perpendicular component E.1i with respect to the scattering plane, thus leading 

to the relation 

2.2.14 

again, 
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e.ll = sincp ex - coscp ey 

e.ll = - ecp 

elll = sine er + case eo 

2.2.15 

2.2.16 

2.2.17 

2.2.18 

2.2.19 

The x and y components of El may be denoted by EXI and EYI' which leads to 

E II' = coscp EXI + sincp EYI 2.2.20 

E.J.I = sincp EXI - coscp EYI 2.2.21 

In the far field region where kr»1, the scattered field Es is nearly transverse 

(er.Es =0) and has the asymptotic form [353] 

Es - (eikr/-ikr)A kr»1 2.2.22 

where, er.A = 0 and A is the 8 and cp dependent vectorial scattering amplitude. 

Again, Es in the far field region can be written as 

also, 

2.2.23 

2.2.24 

2.2.25 

2.2.26 

where, the basis vectors ells and e.J.s are parallel and perpendicular to the 

scattering plane respectively. Thus, considering the equations 2.2.14 to 2.2.26 

the required relation between incident and scattered fields in matrix form may 

be given as 
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2.2.27 

where the matrix elements S, (j=1,2,3,4) depends on e and cpo The matrix is the 

resulting amplitude scattering matrix. The amplitude scattering matrix 

describes the transformation of e and cp components of the incident plane

wave into the components of scattered plane-wave. The amplitude scattering 

matrix depends on the direction of incident and scattered light as well as on 

the size, morphology, orientation of the scattering object with respect to the 

coordinate system. The matrix also gives the total field, thereby providing 

complete description of the scattering pattern. 

The relation between the incident and scattered fields is an essential 

part in the development of the Mueller matrix for scattering, and is derived by 

taking the case of scattering by a single particle, as shown in figure 2.1. The 

intensity and polarization of a beam of light can be completely defined by 

Stokes vector 1= (I, Q, U, V), where I is the total intensity, Q is the difference 

between the polarization intensities at 00 and 900 to the scattering plane, U is 

the difference between the polarization intensities at +450 and -450 to the 

scattering plane, and V is the difference between left and right circular 

polarization intensities [45 - 47]. 
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Figure 2.2: Schematic of setup for finding Stokes parameters. 

In order to derive the Stokes parameters, a series of hypothetical 

experiments which can be performed with an arbitrary monochromatic beam, 

a detector, and various polarizers, in a non-absorbing medium are considered, 

and shown in figure 2.2. The detector responds to irradiance independently of 

the polarization state, and the polarizers are assumed to be ideal. The electric 

field E is referred to horizontal and vertical orthogonal axes, ell and e.1 
respectively, and Eo is given as 

Eo = E"e" + EJ.eJ. 2.2.28 

Case 1: With no polarizers. 

If there is no polarizer in the beam, the irradiance I recorded by the 

detector is given by 

I = I" + IJ. 

or using 2.1.12 and 2.1.13 by, 

I = (k/2(j)fLo)(E"E,,' + EJ.EJ.·) 
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Case 2: With horizontal and vertical Polarizers. 

Let P be a horizontal polarizer as shown in figure 2.2; the amplitude of 

the transmitted wave is E"and the irradiance I"recorded by the detector is 

(k/2CiYflo)E"E,,·. Again, let P be a vertical polarizer; then the amplitude of the 

transmitted wave is E1. and the irradiance 11. recorded by the detector is E1.E1.·. 

The difference between these two measured irradiances is 

2.2.31 

Case 3: +450 and -450 polarizers. 

A 

e.l 

Figure 2.3: Schematic representation of the basis vectors. 

An orthonormal set of basis vectors e+ and e- , which are obtained by 

rotating ell by +450 and -450 , as shown in figure 2.3 may be introduced. Since, 

2.2.32 

2.2.33 

Therefore, electric field Eo may be written as 

2.2.34 

where, 
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E+ = 0/2)1/2 (E,,+ E.J 

E- = (1/2)1/2 (E Jr E.J 

2.2.35 

2.2.36 

Now if P is a +450 polarizer as shown in figure 2.2, then the amplitude 

of the transmitted wave is 

2.2.37 

Again, if P is a -450 polarizer then the irradiance of the transmitted wave is 

The difference between these two irradiances is 

Case 4: With circular polarizers. 

Another set of basis vectors eR and eL are defined as 

eR = 0/2)1/2 (ell + ie.J 

eL = (1/2)1/2(el/ - ie.J 

2.2.38 

2.2.39 

2.2.40 

2.2.41 

These basis vectors represent right-circularly and left-circularly 

polarized waves and are orthonormal in the sense that eR.eR * = I, h.eL * = I, 

eR.eL * = 0 and eL.eR * = O. Thus we may write the incident field as 

is 

where, 

ER = 0/2)1/2(EI/ - iE.J 

EL = 0/2)1/2(EII + iE.J 

2.2.42 

2.2.43 

2.2.44 

Now if P is a right-handed polarizer, then the transmitted irradiance IR 
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2.2.45 

Again if P is a left-handed polarizer, then the transmitted irradiance It 

is 

2.2.46 

The difference between these two irradiances is 

2.2.47 

Therefore the required Stokes parameters I, Q, U, V are 

2.2.48 

2.2.49 

2.2.50 

2.2.51 

Now, a physically realizable Stokes vector must satisfy the condition ]2 

~ Q2+ U2+ V2 [74]. This inequality can be expressed as 

2.2.52 

where, P is the degree of polarization of the scattered light [45]. When P equals 1, 

the light is entirely polarized. Again, the degree of linear polarization, and 

circular polarization are given by respective equations 

2.2.53 

p = ~ < 1 
cp [ 2.2.54 

where, .JQ2 + u2 + v 'l , .JQz + U 2 , and V represents the intensity of the total 

polarized, linearly polarized, and circularly polarized light respectively. When 

U= 0, the degree of linear polarization takes the form 
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2.2.55 

Moreover, for U= 0, we can express Pip as [45,47], 

p __ Q _ I.L - In 
lp - I - 1 2.2.56 

or, 2.2.57 

where, III and L are the intensities of scattered light parallel and 

perpendicular to the scattering plane respectively. 

Now, in case of scattering of the incident field by a particle the time 

averaged Poynting vector 5 at any point in the medium surrounding the 

particle can be written as the sum of three terms. 

2.2.58 

where, 

51:::: (l/2)Re(E, x HI') 2.2.59 

Ss:::: (l/2)Re(Es x Hs ') 2.2.60 

5e:tt :::: (l/2)Re(E, x Hs' + Es x Hz') 2.2.61 

where, 51 is the Poynting vector associated with the incident wave and is 

independent of position if the medium is non-absorbing. 5s is the poynting 

vector of the scattered field and 5e.l.t is the poynting vector arising because of 

interaction between the incident and scattered waves. E, and H, represents the 

incident with and Es and Hs represents the scattered field. If a suitably 

collimated detector of detector area M is placed at a distance r from the 

particle in the far field region, with L1A aligned normal to er, and If er is not too 

near the forward direction ez(B = 00), the detector will record a signal 

proportional to 

2.2.62 
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on condition that LlA is sufficiently small such that Ss does not vary greatly 

over the detector. From 2.2.22, and 2.2.59 to 2.2.60 it follows that 

S .e L1A = _k_IAI2 LlQ 
s r 2 k 2 milo 2.2.63 

where 

LlQ = LlA/r2 2.2.64 

is the solid angle subtended by the detector. Hence it is possible to obtain 

1 A 12 as a function of direction, to within a solid angle LlQ by recording the 

detector response at various positions on a hemisphere surrounding the 

particle. By incorporating various polarizers in front of the detector and 

proceeding in a manner identical to the method used in finding relations 

2.2.48 to 2.2.51, the Stokes parameters of the light scattered by a particle is 

obtained as 

2.2.65 

2.2.66 

2.2.67 

2.2.68 

Thus relations 2.2.27, 2.1.48 - 2.1.51 and 2.2.65 - 2.2.68 yields 

I, Sll SI2 SI3 SI4 II 

Q, 1 S21 S22 S23 S24 QI 
= 

V, k 2r2 S31 S32 S33 S34 UI 
Vs S41 S42 S43 S44 V, 2.2.69 

where 

2.2.70 

2.2.71 

48 



Chapter II: Theon, of Extinction and Scattering 

521 = (1/2)( 1521 2 - 151 12 - 1541 2 + 1 531 2) 

522 = (1/2)( 1 521 2 + 1 51 1 L 1541 L 1531 2) 

2.2.72 

2.2.73 

2.2.74 

2.2.75 

2.2.76 

2.2.77 

2.2.78 

2.2.79 

2.2.80 

2.2.81 

2.2.82 

2.2.83 

2.2.84 

2.2.85 

Thus the required 4x4 scattering matrix is represented by equation 

2.2.69, and is the Mueller matrix for scattering by a single particle. The 

Mueller matrix represents the transformation performed on the incident 

Stokes parameters by the particles in the scattering volume, as a result of 

single scattering event [47]. The elements of the matrix carry the signature of 

the scatterer and this scattering information can reveal the characteristics of 

the scatterer. It is possible to calculate each element of the matrix as a function 

of the scattering angle, along with proper adjustment of the delivering and 

collection optics combinations as shown in figure 2.4 [354]. In this figure, the 

scattering matrix elements of a particle is measured by using an arrangement 

of polarizer to select the state of polarization of the incident light, an analyzer 
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to pass the desired state of polarization of the scattered light for detection, and 

a photo-detector which should essentially be insensitive to the polarization. 

L p 
B 

Figure 2.4: Schematic diagram of arrangement for determining of Mueller matrix 

arrangement. L: Randomly polarized incident laser beam; P: Polarizer; S: 

Scatte~g centre; B: Beam stop; A: Analyzer; D: Polarization insensitive 

photo4etector. 
\ 

The equivalent mathematical expression of the arrangement in figure 2.4 is 

given by 

2.2.86 

where, Is and Ii are the Stokes vector of the scattered and incident light 

respectively, e is the scattering angle, SA and 5p are the Mueller matrices of the 

analyzer and polarizer respectively [239]. 

The elements 511 and 512 are related to the measurements made by the 

designed and fabricated light scattering system. When equation 2.2.69 is used 

in developing the Mie theory, one can realize the possibility of measurements 

of these elements. If the individual particles have spherical symmetry, the 

Mueller matrix which is a function of the scattering angle e (given by equation 

2.2.69) reduces to a form containing eight non-zero elements out of which six 

elements are independent [45]. The angular dependence of various elements 

of the scattering matrix either provide a direct measure of the physical 
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properties of the scattering medium, or are indicative of their physical 

properties such as size, shape, surface morphology, and also optical properties 

such as refractive index etc.[46].The elements may be described in the table 

below. 

Table 2.1: Scattering matrix elements and their interpretation. 

511 Transformation of total intensity of incident light; element is 

proportional to the phase function; provides information about the 
general size. 

512 Depolarization of linearly polarized light parallel and perpendicular to 

the scattering plane (521 is the reverse case); dependent on size, shape 

and complex refractive index of the scatterers. 

513 Depolarization of linearly polarized light ±45° to the scattering plane(531 
is the reverse case); orientation effects can cause non-zero elements. 

514 Depolarization of circularly polarized light (541 is the reverse case); 

presence of optical activity indicated by presence of non-zero element; 
helical structures; circular intensity differential scattering (CIDS) 

measures (-514/511); most' often zero for non-oriented ensembles of 

particles. 

522 Transformation of linearly polarized incident light (±900) to linearly 

polarized scattered light (±900); deviation from 511 is an important 

indication of presence of non-spherical particles. 

523, Transformation of linearly polarized incident light (±45°) to linearly 
532 polarized scattered light (±900)(532 is the reverse case); non-zero element 

indicates presence of non-random orientation of particles. 

524 , Transformation of circularly polarized incident light to linearly 
542 polarized scattered light (±900)(542 is the reverse case); non-zero element 

indicates presence of non-random orientation of particles. 

534, Transformation of circularly polarized incident light to linearly 
543 polarized scattered light (±45°)(543 is the reverse case); element is 

strongly dependent on size and complex refractive index of the 

scatterers. 

533, Transformation of linearly polarized incident light (±45°) to linearly 
polarized scattered light (±45°); deviation from 544 is an important 

indication of presence of non-spherical symmetry. 

544 Transformation of circularly polarized incident light to circularly 
polarized scattered light; deviation from 533 is an important indication of 
presence of non-spherical symmetry. 
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2.3 Extinction, Absorption and Scattering: An overview 
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Figure 2.5: Extinction by a single particle. 
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Figure 2.6: Extinction by a collection of particles. 
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When one or more particles are placed in a beam of electromagnetic 

radiation, electromagnetic energy received by a detector D downstream from 

the particles (shown in figures 2.5 and 2.6), and the rate at which the energy is 

received by the detector may be denoted by U. If the particles are removed, 

the power received by the detector is Uo, where Uo> U. Thus, the presence of 

the particles results in extinction of the incident beam. If the medium in which 

the particles are embedded is non-absorbing, the difference Uo - U is 

accounted for by absorption in the particles, and scattering by the particles. This 

extinction depends upon the chemical composition of the particles, and their 

size, shape, refractive index, orientation, the surrounding medium, density, 

polarization state, and frequency of the incident beam. 

Let us now consider the case of extinction by a single arbitrary particle. 

In order to investigate extinction by a single arbitrary particle embedded in a 

non-absorbing medium, and illuminated by a plane wave, an imaginary 

sphere of radius r is constructed around the particle as in figure 2.5. Then the 

net rate Wa at which electromagnetic energy crosses the surface Aspll of this 

sphere is 

Wa =- J S.erdA 2.3.1 
Asph 

where S is the Poynting vector. If Wa>O, energy is absorbed within the sphere. 

But the medium is non-absorbing, which implies that Wa is the rate at which 

energy is absorbed by the particle. Because of the Stoke's parameters 2.2.48-

2.2.51 and Poynting vectors 2.2.58-2.2.61, Wa may be written as the sum of 

three terms 

w, = - J S I .e r dA 2.3.2 
Asph 

Ws = J Ss·erdA 2.3.3 
A,ph 

and 
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Wex/ = - f Sex/·er dA 
Asp/> 

2.3.4 

Now, W; vanishes identically for a non-absorbing medium. Ws defines the rate 

at which energy is scattered across the surface Asp". Therefore Wext is the sum 

of the rate of energy absorbed and scattered. Thus, 

Wext = Wa + Ws 2.3.5 

The incident electric field El = Eex is taken to be x-polarized for convenience. 

As the medium is non-absorbing, Wa is independent of the radius r of the 

imaginary sphere. Therefore r may be chosen to be sufficiently large such that 

it is in the far-field region where 

e,k(r-z) 

E - XE 
S _ ikr 

2.3.6 

H -~e xE s r s 2.3.7 
OJJl 

and er . X = O. As a reminder that the incident light is x-polarized, the symbol 

X is used for the vector scattering amplitude. As kr-w) the limiting values of Wext 

becomes [45] 

Wext = Ii (4lfjk2) Re{(X.ex)e=o} 2.3.8 

where Ii is the incident irradiance. Now, the cross-section of extinction, Cext 

,which has dimension of area becomes 

Cext = Wext/ I, = (4:rcjk2) Re{(X.ex) e =o} 2.3.9 

By the analogy of equation 2.3.5, Cext may be written as the sum of Cabs, the 

cross-section of absorption, and Csca , the cross-section of scattering. 

Cext = Cabs + Csca 2.3.10 

where 

Cabs = Wabs/ Ii 2.3.11 
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and 

Cea = Ws/ I, 2.3.12 

From 2.2.2-2.2.4 and 2.2.6-2.2.7 we have, 

Csca 

2.3.13 

The quantity 1 X 12/ k2 is the differential scattering cross-section and dCseo/dQ 

physically specifies the angular distribution of the scattered light, that is, the 

amount of light for unit incident irradiance scattered into a unit solid angle 

about a given direction. 

Now if N is the number of particles per unit volume of the medium 

through which extinction of light is taking place then the irradiance is 

attenuated according to the expression (2.2.10) , which can be represented 

using 2.3.10 - 2.3.13 as 

I = Iae-az 2.3.14 

where 

(J = NCext = NCabs + NCsca 2.3.15 

IS the extinction co-efficient. The extinction co-efficient for a mixture of 

different particles may be represented as 

2.3.16 

where N, is the number of particles of type j per unit volume and Cext, , is the 

corresponding extinction cross-section. 
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2.4 Mie theory 

Mie theory is most suitable for investigation of small particulate matter, 

and to successfully explain extinction and scattering by such particles, which 

are mostly spherical at the detectable levels [45,48, 74]. In this thesis, Rayleigh 

and Raman scattering are left out as the particles being investigated were 

neither very small nor possessed the appropriate density to be explained by 

these two theories. 

It is noteworthy that scattered radiation behaves as a spherical wave in 

the far-field zone, and thus the problem of light scattering is solved in 

spherical coordinate system. Now, because of the linearity of Maxwell 

equations, the electric fields (incident field Ei, scattered field Es , and inner 

field Eill) can be expanded in vector spherical harmonics, generating complete 

set of linear combinations. Mie theory begins by expanding the incident plane 

x-polarized wave given by 

2.4.1 

And expressed in spherical polar co-ordinates as 

2.4.2 

where 

ex = sine coscp er + cose coscpee - sincpecp 2.4.3 

Ei is expressed in vector spherical harmonics as, 

ex> ex> 

E, = L L (aemnMemn + aomnMomn + bemnN emn + bomnN omn) 2.4.4 
m=On=m 

Es is expressed in vector spherical harmonics as, 

co co 

E s = I I (p emn M emn + P omn M omn + q emn N emn + q omn N omn ) 2.4.5 
m=On=m 

and Eill is expressed in vector spherical harmonics as, 
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0:> 0:> 

Em = I I (cemnMemn + ComnMomn + demnNemn + domnNomn) 
m=On=m 

with the vector spherical harmonics being given by the relations, 

2.4.6 

- m. m A dP m (cos e) A 

Memn = -.-smm¢Pn (cose)zn(p)e(J - cosm¢ n zn(p)e" 
sme de 

2.4.7 

m ;/, m e) A • dpm (cos e) A 

Momn = -.-cos m'f'Pn (cos Zn (p)e() - sm m¢ n Zn (p)e" 
sme de 

2.4.8 

;/, dPn
m 

(cos e) 1 d [ ()]A + cosm'f' -- PZn P e() 
de pdp 

. ;/, Pn
m 

(cos e) 1 d [ ()]A - m sm m'f' -- pz p e 
sine pdp n " 

2.4.9 

. ;/, dPn
m 

(cos e) 1 d [ ()]A + sm m'f' - - pz p e() 
de pdp n 

;/, Pn
m 

(cos e) 1 d [ ()]A + mcosm'f'. - PZn P ell 
sme pdp 

2.4.10 

where, PI:nare the Associated Legendre Polynomials of degree nand 

order m, ZII is a Bessel function, p = kr, k being the propagation constant, is a 

dimensionless parameter. aelllll , a01ll1l , belllll and b01ll1l are the expansion co

efficient of the incident field, pelllll , POIllIl , qell1l1 and qO/1I11 are the expansion co

efficient of the scattered field, and Celllll , COl/l/1 , delllll and dOmll are the expansion 

co-efficient of the inner field respectively. The orthogonality of all the vector 
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spherical harmonics implies that the expansion co-efficients in 2.4.4 are of the 

form 

21nr 

f fE,.M emn sinBdBd¢ 
00 

a emn = "":2-'lT IT'-----2-----

f flMemnl sinBdBd¢ 
o 0 2.4.11 

with similar expressions for a01l1ll , bel/l ll and bOI/l Il • It follows from 2.4.3,2.4.6 and 

2.4.9, together with the orthogonality of sine and cosine, that ael/llJ = b01/l1J = 0 for 

all m and n. Moreover, the remaining co-efficients vanish unless m=l for the 

same reason. 

The expansion coefficients that finally remain after calculation are 

and 

.nE 2n + 1 a =1 
oln 0 n(n+l) 

b 'E ·n 2n + 1 
eln == -l ol 

n(n + 1) 

2.4.12 

2.4.13 

Now since the incident field is finite at the origin it is required that, from the 

two spherical Bessel functions [355] 

2.4.14 

and 

2.4.15 

where J v and Y v are the Bessel functions of first and second kind, 2/1 in the 

vector spherical harmonics be the spherical Bessel funtion jlJ(p) as it is well 
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behaved at the origin, Since the spherical Bessel function satisfy the recurrence 

relations 

2n + 1 
zn_1 (p) + zn+1 (p) = zn (p) 

P 2.4.16 

and 

2.4.17 

from the first two orders, 

jo(p) = (sinp)/p and jdp) = sinp/p2 - cos p 

yo(p) = -(cos p)/p and yJ(p) =-cos p)/p2 - (sin p)/p 

higher order terms can be generated, Hence the superscript (1) is appended to 

vector spherical harmonics involvingjip), The expansion of the plane wave in 

spherical harmonics finally takes the form 

E = E ~ in 2n + 1 (M(I) - iNti) ) 
I 0 ~ ( 1) oln eln 

n=1 n n + 2.4.18 

and the corresponding incident magnetic field is obtained from the curl of 

2.3.18 as 

H = - k E ~'n 2n + 1 (M(I) 'N(I) ) 
I 0 ~ 1 ( 1) "In + 1 "In 

(j)Jl n=1 n n + 2.4.19 

When the plane x-polarized wave is incident on a homogeneous, isotropic 

sphere of radius a, the fields inside the particle are given as 

00 

Em = I En (cnM~}/n -idnN~II~) 2.4.20 
n=1 

and 
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2.4.21 

where, En = in Eo (2,;n+1) ,fl1 is the permeability of the sphere and ell and dll are 
n(~+l) 

the expansion co-efficients. In case of the scattered field the expressions 

arrived at are 

'" 
Es == LEn(ianN~~~ +bnM~~~) 2.4.22 

n=1 

and 

H - k ~ E ('b N(2) (2)) 
s - -L.-J n 1 n oln + anMe,n 

OJ/-i n=1 2.4.23 

where an and bn are the expansion co-efficients and the superscript (2) 

appended to the vector spherical harmonics indicate that the Bessel function 

Zn in these harmonics is the spherical Hankel function 

h
n 
(kr) ~ ....:....( -......:.~)_e '_kr 

lkr kr»n2 2.4.24 

For simplifying the vector spherical harmonics it is found to be convenient to 

define two functions 

and 

pi 
1r == _n_ 

n sine 

in == ~PI de n 

2.4.25 

2.4.26 

which can be computed by beginning with .7l'o=O and .7l'1=1 since they follow the 

recurrence relations 
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2n-l n 
1! = -- 1I1! - --1! n 1 r n-I 1 n-2 n- n-

2.4.27 

2.4.28 

where ]i.= case 2.4.29 

2.4.30 

2.4.31 

and Jrll + Til and Jrll - Til are orthogonal 2.4.32 

The vector spherical harmonics 2.4.7 - 2.4.10 with m=l in the expansions of the 

internal fields 2.4.20 and 2.4.21 and the scattered fields 2.4.22 and 2.4.23 can 

now be written in a more concise form as 

N o1n = sin¢n(n + 1) sin B 1!n (cos B) zn(P) c
r 

P 

2.4.33 

2.4.34 

+ sin ¢ 'n (cos B) [p zn (p)]' Co + cos ¢ 1!n (cos B) [p Zn (p)]' c; 
p p 

N e1n = cos¢n(n + l)sinB1!n(cosB) zn(P) c
r 

P 

2.4.35 

+ cos ¢ 'n (cos B) [p zn (p)]' Co - sin ¢ 1!n (cos B) [p Zn (p)]' c; 
p p 

2.4.36 

where the prime indicates differentiation, a process that is aided by the 

identity 

d n zn_1 - (n + l)zn+1 
- Z = -.:.:..-....:..--'---'-----.:.:...~ 
dp n 2n + 1 2.4.37 
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Now the boundary conditions at the boundary between the spherical particle 

and the medium are given as 

2.4.38 

2.4.39 

and may be written in component form as 

2.4.40 

2.4.41 

2.4.42 

2.4.43 

Hence from the orthogonality of sincp and coscp, the orthogonality relations 

2.4.32, the boundary conditions 2.4.40 - 2.4.43, the expansions 2.4.18 - 2.4.23 

and the expressions 2.4.33 - 2.4.36 for the vector spherical harmonics, four 

linear equations are eventually obtained in the expansion coefficients as 

2.4.44 

2.4.45 

2.4.46 

2.4.47 

where the prime indicates differentiation with respect to the argument in 

parenthesis and the size parameter x and the relative refractive index mare 

2trNa 
x=ka=--

A 2.4.48 

2.4.49 
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and NJ and N are the refractive indices of particle and medium, respectively. 

Solving the four simultaneous equations 2.4.44 - 2.4.47, the scattering 

coefficients are obtained as 

2.4.50 

b = PI in (mx) [xin (x)]' - Pin (x)[mxin (mx)]' 

n PI in (mx) [xhn (x)]' - phn (x) [mxin (mx)]' 2.4.51 

These coefficients are further simplified by introducing the Riccati-Bessel 

functions [48] 

4Jn(p) = P jll(p) 2.4.52 

and ~Il(p) = P hl1 (p) 2.4.53 

with ~/1 also represented as, 

2.4.54 

where Xn(p = -PYll(p) is a Ricatti-BesseI function with yll given by 2.4.15. If the 

permeability ]11 and ]1 of the particle and the surrounding medium, 

respectively, is the same, then 2.4.50 and 2.3.51 become 

2.4.55 

b = If/n(mx)If/~(x) - mlf/n(x)If/~(mx) 

n Ifn (mx)~~ (x) - m~n (x)lf/~ (mx) 2.4.56 

Since the series expansion 2.4.22 and 2.4.23 of the scattered field is uniformly 

convergent, the series can be terminated after nc terms and the resulting error 

is arbitrarily small for all kr if nc is sufficiently large. Now if kr»nc2, 

substituting the asymptotic relation 2.4.24 and its derivative, 
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dp p 2.4.57 

which is obtained by using the identity 2.4.37, in the truncated series of 2.4.22 

and 2.4.23, yields the transverse components of the scattered electric field as 

and 

where, 

and 

e 'kr 

Ese - Eo -=--kr coSIjJ S 2 (cos B) 
- 1 

e'kr 

Es; - -Eo ----:--kr sin¢ SI (cos B) 
- 1 

2.4.58 

2.4.59 

2.4.60 

2.4.61 

and the series are terminated after nc terms. The relation between incident and 

scattered field amplitudes therefore becomes 

o )(EIII) 
SI E..LI 2.4.62 

From this relation 2.4.62 and using the 4x4 Mueller matrix for scattering from 

2.2.69, the relation between incident and scattered Stokes parameters follows 

as 

Is SII S12 0 0 I, 

Qs 1 S12 SII 0 0 Q, 
=--

Us k 2r 2 0 0 S33 S34 Ur 
v., 0 0 - S34 S33 V, 2.4.63 

64 



Chapter II: T1teont of Extinction and Scattering 

where, 

2.4.64 

2.4.65 

2.4.66 

2.4.67 

If the incident light is unpolarized then due to relations 2.2.48 - 2.2.51 the 

Stoke's parameters of the scattered light in 2.4.63 become 

2.4.68 

2.4.69 

Is=(1jk2r2) S11 II 2.4.70 

Thus, 511(8) characterizes the scattered light intensity as a function of 

scattering angle 8 , and is related to the scattered intensities 1/1 and L by the 

relation 

2.4.71 

There is no role of orientation on the light scattering properties of 

homogenous spherical particles. In case of optically inactive homogenous 

spherical particles, 511= 522 and 533= 544. Out of the six non-zero elements of the 

matrix depicted by equation 2.4.63, the measurements of 511 and 512 requires 

randomly polarized incident light. Therefore, these two elements are the most 

important ones for study of atmospheric, interplanetary, biological and 

cometary particles which scatters randomly polarized incident light like 

sunlight [354]. 

It is worth mentioning that according to the theory of self

preserving size distribution [356] which suggests that in a unit volume of 
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natural aerosols, the sizes of the particles is given by a distribution function. 

For volume of particles having gamma distribution, the distribution is given 

by 

N(a) = p aYe -lJa 2.4.77 

where a is the radius of the particle and p, y, Yf are parameters of the 

distribution related to the density of scattering particles N iol by 

Niol = PYf -(y + 1 ) f( Y + 1 ) 2.4.78 

where again y and Yf are related to the particle modal radius ac corresponding 

to the peak of the distribution by 

ac = y/Yf 2.4.79 

Hence, if the particle density Niol is fixed, the gamma distribution 2.4.77 

is completely specified by the index y and the modal radius ac. Since the 

Stokes parameters of the light scattered by a collection of randomly separated 

particles are the sum of the Stokes parameters of the light scattered by the 

individual particles, therefore the scattering matrix for such a collection is 

merely the sum of the individual particle scattering matrices, provided linear 

dimension of the volume occupied by the scatterers is small compared with 

the distance at which the scattered light is observed. Thus, for an ensemble of 

axially symmetric, and randomly oriented particles illuminated by 

unpolarized light, the volume scattering coefficient P(B) [356] is obtained by 

integrating S11 as given by 2.4.70 over the size distribution N(a) and is given 

as, 

1 O'J 

P(B) = -3 f SII (B)N(a)da 
k 0 

2.4.80 

Again, for an ensemble of particles, the degree of linear polarization 

which was originally defined by equation 2.2.57 is expressed by the form 

pce) = _ (512 (9)) = '.cIa 
{5u (9) lJ. +1, 

2.4.81 
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Thus it is evident from equations 2.4.69, 2.4.70 and 2.4.80 that experimental 

measurements of Is and II (scattered intensity and incident intensity of light) 

using unpolarized light source will yield experimental PCG) and p(G) values, 

a fact that is consistently used in the light scattering system. 

2.5 T -matrix method 

The T-matrix method was originally introduced by Waterman for 

computing electromagnetic scattering by single, homogenous and arbitrary 

shaped particle based on Huygen's principle [46]. The method is based on 

expanding the incident and the scattered waves in appropriate vector 

spherical wave functions and relating these expansions by means of a 

transition matrix or T -matrix. An interesting feature of this method is that it 

reduces exactly to Mie theory when the scattering particle is a homogenous or 

layered sphere composed of isotropic materials. The I-matrix method is the 

most convenient approach to evaluate optical properties of very complex 

irregular particles, like fluffy aggregates [4, 41]. 

It has been already shown in equations 2.1.1 - 2.1.4 and equations 2.1.11 

- 2.1.15 that the linearity of Maxwell equations and boundary conditions 

enables one to find the solution of electromagnetic scattering problem for 

spherical particles in a form of expansion of incident and scattered fields into 

vector harmonics. Thus, because of this linearity, there exists a relational 

matrix which relates the incident waves to scattered waves (equation 2.4.62). 

The T -matrix method is also based on the same principle. But, in addition to a 

very simple spherical geometry that is applied to Mie theory, this approach 

degenerates the electromagnetic field on basis of functions adapted to more 

complex geometries of scatterers. I-matrix is an exact method in which the 

incident, scattered and internal fields are expanded into vector spherical 

harmonics, just like Mie theory. Mathematically, the fields are given by 

equations 2.4.1 - 2.4.6 and representing a set of linear equations. Since it is a 

differential equation of second order there exist two independent solutions. In 

case of Mie theory, they are formulated in the form 

67 



Chapter II: Theonl of Extinction and Scattering 

2.5.1 

where, subscripts e and 0 denote even and odd respectively. The complete 

solution is given by a linear combination as 

2.5.2 

In order to simplify any further derivations, equation 2.5.2 can be replaced by 

the linear combinations of complex functions e imrp and e- im
.., as 

2.5.3 

where, Cm and C-m are, in general complex numbers. Thus, the even and odd 

expansions are reduced to only one coefficient, and equations 2.4.4 - 2.4.6 of 

section 2.4 takes the form 

eX) n 

E I = L L (a mn M mn + b mn N mn ) 2.5.4 
n",l m"'-n 

eX) n 

Es = L L(PmnNmn + qmnNmn) 2.5.5 
n",l m"'-n 

ct) n 

Em = L L(cmnMmn +dmnN mn ) 2.5.6 
n=l m=-n 

Inserting the generating functions ljIsmn and lPomn (after combining the odd 

and even components into one equation, that is IPmn ) into the vector function, 

we can write the vector harmonics M and N as [47] 

2.5.7 

2.5.8 

68 



Chapter II: Theonl of Extinction and Scattering 

Figure 2.7: Cross section of an arbitrary shaped, finite scattering object. 

where k is the wave number and r> is the radius of the smallest circumscribing 

sphere of the scatterer centered at the origin of the laboratory coordinate 

system, as shown in figure 2.7. In the above equation 2.5.8, 

(n-m)! 

(-n+-m)l 

is a normalization factor originating from 

and 

p-m (cosO) = (_l)m ~p'm(cosO) 
n n+m}! Il 

d = n 

c (e,cp) = [6 I.m pm(cose)-@~rll(c:os(1)J elm.., 
mn s:n9 1'1 cJ.9 t~ 

B (B~qJ) = [G.E... P'ffl(cosB) + 4)- I.m pm(cosB)], emup 
ml~ d(} n sm(} n 

2.5.9 

2.5.10 

2.5.10(a) 

2.5.11 

2.5.12 

2.5.13 

In analogy with equations 2.4.18 and 2.4.22 the electric fields of incident and 

scattered waves are 
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E, (r) = f f[amnRgMmn (kOU, r ) + bmnRgN mn (kou, r )] 2.5.14 
n=l m=-n 

00 n 

Es(r) = L I (PmnMmn (kOU, r ) + qmn N mn(koU/r)] 2.5.15 
n=l m=-n 

The symbol Rg means that the Hankel function h~l) is replaced by spherical 

Bessel function ZII. The functions RgMnm and RgNmn are regular (finite) at the 

origin, while the use of outgoing functions Mmn and Nmn in equation 2.5.15 

ensures that the scattered field satisfies the so-called radiation condition at 

infinity (i.e., the transverse component of the scattered electric field decays as 

l/r, whereas the radial component decays faster than l/r with r ---+ 00). The 

requirement that r > r> in equation 2.5.15 means that the scattered field is 

expanded in the functions Mnm and Nmn only outside the smallest 

circumscribing sphere of the scatterer (figure 2.7). It can be shown that the 

expansion coefficients of the plane incident wave are given by simple 

analytical formulas as follows [46] 

2.5.16 

2.5.17 

Owing to the linearity of Maxwell equations and constitutive relations, the 

relation between the expansion coefficients of scattered and incident fields 

must also be linear. Thus we may write 

00 n' 

P mn = I I [a m'n' T ~!m'n' + b m'n' T ~~m'n' ] 2.5.18 
n'=1 m'=-n' 

00 n' 

qmn = L I[am'n,T;~m'n' + bm'n,T;~m'n'] 2.5.19 
n'=l m'=-n' 

or in matrix form, it can be expressed as 
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[ P] = T [a] :=: IT 11 T:Il2] [a] 
q b T21 T Z2 b 

2.5.20 

where T is the so-called transition matrix or T-matrix, and is the cornerstone of 

T-matrix approach. It can be seen that the column vector of the expansion 

coefficients of the scattered field is obtained by multiplying the T-matrix and 

the column vector of the expansion coefficients of the incident field. For the 

asymptotic behavior in the far field zone [47] we have 

2.5.21 

And therefore equations 2.5.7 and 2.5.8 are transformed into the forms: 

2.5.22 

2.5.23 

Substituting the asymptotic formulas 2.5.22 and 2.5.23 m equation 2.5.15 
yields 

2.5.24 
Finally using equations 2.5.16-2.5.19, 2.5.22 and 2.5.23 yields 

2.5.25 

where, S(uscanrnc) represents another form of amplitude scattering matrix 

and yields the elements of the amplitude scattering matrix are as follows: 
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Sl1(fisea nin.e) = 

:1 L:=1 1::'/ =1 E:l= -nE~' =-nr am'nmln/ [T~~m' n' Jrrnn,(vSCQ)nmlr;l1 (Vine) + 
r 21 

I', (vSCQ)n I I (vine) + T12 I ,''IT (Vsca)'T / I (vine) + 
mn"l n mn m '1'1 mn'm 11 m'1J m "n 

T!!m' fl~Tm'l'I (vseG)'m/itl' (vine)] exp [i(mcpSCQ - m''Pinc:)] 

S21(iiiseC2nin.e) = 

1 ~<X! ~C>:! ~n ~n/ [T 11 ( SCQ) ( ~nc) + 
;; ""'n=l4in' =1 -'-m= -n -'-m' =-nl amnmlnl 'mnm/ n'T-mn V nmln,1 V 

1 

r21 1 11£ (Vsea )1r / / (Vine) + -r12 / IT (VseQ)'T I 1 (Vine) + 
mn m n mn m VI mn. m n mn rn '11 

T!!m' n~1rm-n(VseG}Tm/'n' (Vine)] exp [i(m(jlsea - m"(jlinC)] 

Saz(iliSeGlnin.c) = 

: ~=1 ~:' =1E~=-fl E:, =-'nl am.tun/nl [rl~~m' n''irmn (Vsca}rmlnf (V i
'
11e

) + 
1 

T Z1 
I liT: (V.s:ea,), I / (vine) + T12 I ~T (vsea')iT: I I (v in.e) + 

mnm n 1l1n m n rnn'm n mn m'l1 

T~~mlnf7rm-n(V.sc;a)'ITmrn/(vinC;)] exp [i(mtpSGa _ m'tpi1loC)] 

where, 

~ 

amnnvn, 
_ in'-n-:l(l)m+1n1 [(211+1)(271'1+ 1)]; 

1!(n +1)nl(n +i) 

= md~m(v) 
sinv 

() 
d.d~m (\I) 

~ml1 V = 
dv 
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The scattering characteristics of any particle can be computed if the amplitude 

matrix is calculated. Specifically, the Stokes phase matrices are given by 

equation 2.2.70 [46]. Alternatively, equations 2.3.9, 2.5.24, 2.5.16 and 2.5.17 

yield 

2.5.33 

Furthermore, the formula for the scattering cross section follows from 

equation 2.3.13, and the condition of orthogonality and normalization 

conditions for vector spherical harmonics as 

2.5.34 

2.5.35 

An important feature of T-matrix approach is that T-matrix depends only on 

the physical and geometrical characteristics of the scattering particle such as 

size parameter, shape, refractive index, and orientation with respect to the 

laboratory frame of reference, whereas completely independent of the 

direction of propagation and state of polarization of the incident and the 

scattered fields. This leads to the fact that T -matrix needs to be computed only 

once and can be used for calculation of any direction of incident or scattered 

field, and any state of polarization the fields [45,46,92,101, 166]. 

In this chapter we have presented an overview of the two important 

theoretical approaches, Mie theory and T-matrix method, which were used in 

our light scattering studies. We have used established computer programs 

[97,357, 358] to compute scattering matrix elements for different ensemble of 

homogenous spherical and non-spherical particles having different size 

parameter, incorporating subjective values of incident wavelength, radius of 

particle and refractive index. The programs were used to correlate and 

analyze the results obtained from our experimental measurements on 
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different particles. We have used Mie theory for light scattering investigation 

of particles like Cadmium sulphide (CdS), Zinc selenide (ZnSe), Zinc oxide 

(ZnO), Staphylococcus aureus, Mycobacterium smegmatis and Camellia sinensis; 

and T -matrix method for Titanium dioxide (Ti02), which will be presented in 

Chapter IV of the thesis. 
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CHAPTER III 

Design considerations of the laser based light scattering 

system and instrumentation 

3.0 General Introduction 

This chapter presents the design aspects of the laser based light 

scattering system and describes the instrumentation. Section 3.1 gives 

complete description about the light scattering system in detail. Section 3.2 to 

Section 3.8 deals with the individual components of the light scattering 

system. Section 3.9 presents the data reduction procedure which was used to 

eliminate the error in the measurement of scattering and linear polarization 

phase functions and gives the method of rectification of this error. Section 3.10 

presents description about the validation of the light scattering setup. Finally, 

section 3.11 presents an overview of the software for processing the data 

obtained with the light scattering system which yields extinction coefficients 

and scattering coefficients. 

Here the basic parameter measured is the variations of light intensity 

due to scattering or absorption with the intensities, after being converted to 

electrical signal, obtained in units of voltage. The technique of measurement 

used in this research work is (i) to observe the scattered intensity of light from 

different angles, (ii) to compute the scattering coefficient. These are the basic 

considerations through which the light scattering setup was developed and 

verified by precise observations of light scattering behavior of different types 

of small particles like CdS, ZnSe, Ti02, ZnO, Stapphylococcus aureus, ~amellia 

sinensis and Mycobacterium smegmatis. 

Light scattering investigation of CdS particles were carried out by 

using an existing earlier light scattering setup comprising of 16 static silicon 

detectors [327]. 
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Laser 

Computer Interface wIth 
data acqulsltlon software 

Detectors 

Dehvenng Optics 

Data acquIsItIon card 
(Vlnytlcs. PCI-9812) 

Turn Table 

S - Sample 

Figure 3.1: Schematic diagram of the existing earlier light scattering setup. 

This setup consists of a He-Ne laser source (Melles Griot), controlled 

sample holders, arrangements of 16 photo detectors, each separated by an 

angular distance of 10°, data acquisition system and associated 

instrumentation. Light beam from the He-Ne laser source passes through the 

delivering optics. The laser light is scattered by the sample when it is placed in 

a sample holder positioned at the center of the circular disc. The scattered 

light intensity could be sensed by the arrangements of 16 static Si detectors 

(BPW34), each of which has a large sensitive area of 7.5mm2 mounted on the 

circular disc. This arrangement is further connected to a high gain, low noise 

OP AMP (LM 301 AN) based amplifier circuit. The amplified signals are 

interfaced to a dedicated data acquisition system having 12 bit resolution. The 

whole array of the 16 detectors can be rotated simultaneously about an axis 

perpendicular to the plane of the circular disc. Analyzers used for the He-Ne 

laser wavelength determines the state of polarization of the light scattered 

from the particles after it is sensed by the detector. 
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On the other hand, light scattering experiments for ZnSe, Ti02, ZnO, 

StapphyloFoccus aureus, Camellia sinensis and Mycobacterium smegma tis were 

carried out by using a modified version of light scattering setup [253]. Figure 

3.2(a) shows a schematic diagram of this setup. This modified and improved 

setup, used for the measurement of the scattering properties of small particles 

was designed and fabricated in the Optoelectronics and Photonics Research 

Laboratory, Department of Physics, Tezpur University, Assam, India. The 

modified light scattering setup uses a photomultiplier tube detector. Here, the 

plane of reference is the scattering plane, i.e., the plane containing the incident 

and the scattered light. The arrangement of polarizers was optional and was 

used specifically in the experiments while measuring the pola~ization phase 

function. Light scattered from samples passes through arrangement of 

collection optics comprising of appropriate analyzer. The laser light get 

scattered by the particles of sample placed at the scattering centre held by a 

mechanical support. The scattered light intensity signal was sensed by the 

photomultiplier tube (H 5784 - 20, Hamamatsu, Japan) which is movable 

along both polar and azimuthal angles, 8 and cp respectively. The signals are 

interfaced to a steadfast data acquisition system to store the recorded data. 

The system could be used to measure scattered light signals from an angle of 

100 to 1700 for 8, and from 100 to 600 for cp, to subsequently account for 

recording the volume scattering. However, we know that the dependence on 

cp plays a vital role and is taken into account for aligned particles. The whole 

setup is enclosed in a box painted black from inside to cutoff electromagnetic 

noise, and beam stop is used to minimize the intensity of stray reflections at 

tactical points.In the present work, the design and instrumentation of the 

modified and improved setup constitute a significant part in this thesis. 
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3.1 Light scattering setup 

K 

r---------~---~ 
I 

;f7'J::'~", .- "~2~'!"/ y 

/ f '\ \ 

I ( \ \ 

I (p c \\\ 
~ . - ~ ::::::::::3 l-! __ a_.' J 

L---L_~ 
o 

o --~~~~ \ B 

I ' 

---------------------------- - ------------ -~~ 

T 

Figure 3.2(a): Schematic diagram of the light scattering setup. 
L: Laser; J: Beam splitter; D: Delivering optics; R: Reference detector; M: Stepper motor; 

P: Photomultiplier tube; C: Collection optics; S: Scattering centre; B: Beam stop; 

I: Data acquisition card; Q: Computer interface with the Data acquisition software and 
Stepper motor; K: Simulation chamber; T: Turn table. 
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Figure 3.2 (b): Photograph of the light scattering setup. 

L: Laser; J: Beam splitter; R: Reference detector; P: Photomultiplier tube; S: 

Scattering centre; M: Stepper motor; Q: Computer interface with the Data 

acquisition software and Stepper motor; K: Simulation chamber; B: Beam stop; T: 

Turn table; U: UPS; Z: Mechanical jack. 

Figure 3.2(c): Close side view of the light scattering setup. 
L: Laser; J: Beam splitter; R: Reference detector; P: Photomultiplier tube; S: 

Scattering centre; H: Pinhole. 
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Figure 3.2(d): Close side view of the light scattering setup. 

L: Laser; J: Beam splitter; R: Reference detector; P: Photomultiplier tube; 

s: Scattering centre with sample; A: Associated instrumentation. 

Figure 3.2(e): Top view of the light scattering setup. 
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The essential components of the setup are a laser source, beam splitter, 

reference photodetector, delivering and collection optics, scattering center 

with controlled sample holders, a photomultiplier tube detector, data 

acquisition system and associated instrumentation and beam stop, shown in 

figures 3.2(a) to 3.2(d). The top view of the light scattering setup is shown in 

figure 3.2(e). Inside the simulation chamber K, the beam from the laser source 

L is split by the beam splitter I, gets scattered by the sample 5, and suffers 

extinction and scattering due to the constituents of the scattering volume 

inside the sample holder, while the reflected beam enters the photodetector R 

which is meant for reference. The scattered light intensity signal passes 

through the collection optics system C, and is sensed by the photomultiplier 

tube P. The angles of optical elements are measured counterclockwise when 

looking in the direction of propagation of the light. The particular 

configuration of the optical components used in the setup allows to measure 

first two matrix elements 511(e) and 512(e) of the Mueller scattering matrix 

given in equation 2.2.69 in Chapter II, in order to measure the volume 

scattering function pee) and degree of linear polarization pee). The scan of 

other elements of the Mueller matrix in principle, can be obtained by 

incorporating different configurations of the optical components [2]. The 

signal from P is fed via the data acquisition card I (analog-to-digital converter 

unit) to the computer Q. The stepper motor controlled unit M is also 

connected to Q. The following sections describe the individual components in 

detail. 
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3.2 He- Ne Laser source 
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Figure 3.3: Intensity profiles of the laser beams measured at 
200 mm for 543.5, 594.5 and 632.5 nm laser wavelengths. 

Three He-Ne laser source (L in figure 3.2 (a) and 3.2(b) ) (Jain Laser

Tech, Mumbai, India) emitting at light at wavelengths 543.5 run, 594.5 run and 

632.8 run with an output power of 0.35m W, 0.35 m W and 2.0 m W, 

respectively, were alternately used as incident light sources. It was observed 

that the diameter of the beam cross-section was approximately 1 mm. The 

distance between the source and the scattering center was 200mm. The beam 

intensity was observed and it was found to be almost homogeneous (figure 

3.3). The intensity was also monitored for 60 seconds and there were no 

fluctuations in the intensity observed for all the three wavelengths and the 

beam intensity was almost flat top in the case of 632.8 run, whereas it was 

Gaussian in the case of 594.5 and 543.5 run as shown in figure 3.3. Moreover, 

all our samples under investigation showed negligible non-resonant 

absorption at these wavelengths as verified from UV-vis absorption spectra. 

The laser source is mounted on a fabricated stand whose base can be leveled 

by screws for alignment of the beam. 
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3.3 Simulation Chamber 

The essential components of the light scattering setup like the laser 

source, scattering centre, optical components like polarizers and analyzers, 

detectors are installed inside an alluminium enclosure, The enclosure is 

painted in matt black colour from inside. The beam stop B, is held fixed to the 

wall of the enclosure which faces the direction of propagation of the laser 

beam. This ensured minimizing stray reflections and reducing unwanted 

electromagnetic noise. The enclosure was 100 cm in length, 57 cm in breadth 

and 50 cm in height. Other necessary components like data acquisition 

system and associated instrumentation are placed outside the enclosure for 

convenience (figure 3.2(b)). 

3.4 Delivering and Collection Optics 

We have devoted major part of our research in measurement of the 

volume scattering function PCB), and degree of linear polarization PCB), for 

different scattering particles. We know that measurement of PCB) and pee) is 

related to the first two elements of the Mueller matrix, that is S11 and S12 ,as 

mentioned in Section 2.4 in the preceding chapter. The measurement of these 

two elements requires a randomly polarized source of incident light. 

Therefore, no polarizers were used in the delivering optics unit in order to 

maintain the random polarization of the incident beam from the He-Ne lasers 

as shown in figure 3.4. Again for measurements, detectors were essentially 

used to measure the intensity of three states of polarization of scattered light. 

The three states of polarization are un-polarized, perpendicular and parallel 

polarized light. For this purpose, analyzers optimized for the wavelength of 

He-Ne laser were used in front of the detector D as shown in figure 3.4 
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Figure 3.4: Schematic diagram of delIvering and collection optics unit. L: 
Randomly polarized incident laser light; P: No polarizer; S: Scattering centre; 

M: Linear polarizer (.i); N: Linear polarizer (II); D: Detector; B: Beam stop. 

3.5 Photo detector units 

L 

light 

Metal enclosure 

Figure 3.5: Photodetector unit with circuitry. 
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(i) The silicon phototransistor based photodetector unit is shown 

schematically in figure 3.5. This type of detector has been used as a reference 

detector in our modified light scattering setup. The beam splitter splits the 

incoming incident light beam into two components, one component is 

received by the phototransistor R shown in figure 3.2(a) which again is 

connected to the data acquisition system, and the other component falls on the 

scattering volume and is scattered by it. The phototransistor R produces 

photocurrent h, and a bias voltage of +5 volts is provided to R. h produces a 

voltage drop VI across the load resistance RI. VI is then amplified by the 

LM308 [327] operational amplifier based stage by Al times. The power supply 

lines have capacitors connected to ground to bypass any ripple present in the 

dc supply. 

Here R is a highly sensitive npn silicon phototransistor [328] of type 

TIL - 81. Figure 3.6 shows the dimension and figure 3.7 shows the working 

circuit of TIL - 81 based photodetector. The base terminal is not present as it 

remains floating. The specifications of the photo transistor which is suitable for 

the light scattering system as it makes the system portable, compact and 

efficient (at 25° centigrade) are given in table 3.1 below. The light current 

versus radiation profile of TIL - 81, shown in figure 3.8 fits well with the 

intensity of the laser source of the light scattering system. 

Lens 
cap 

-Snuu-

f 
8mrn 

l 

collector 

enutter 

Figure 3.6: TIL - 81 phototransistor 
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+ bias voltage 

collector - - - - -. 
Light 

emitter .. 

Vout 
base (not connected) 

Figure 3.7: TIL - 81 photo transistor working circuit 

Table 3.1: Specification of TIL - 81 

Parameter TIL- 81 

Collector to emitter voltage 45(max) 

Light current (at collector to emitter voltage) at intensity of 5 
light on the photo detector = 10m W / cm2 

6 

Dark current (at collector to emitter voltage), 10 

and Intensity of light on the phototransistor = 10mW / cm2 100 

Saturation voltage ( at collector current = lOrnA) 0.4 

Turn-on time ( at collector to emitter voltage), 8 

(collector current), 10 

(load resistance) 2 

100 

Turn-off time (at collector to emitter voltage), 7 

(collector current), 10 

(load resistance) 2 

100 

Operating Temperature +25 
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Figure 3.8: Light current versus irradiance graph of TIL-81 

phototransistor. Normalized to collector current = 6mA 
(collector to emitter voltage = 5V) and intensity of light on the 

phototransistor = 10m W / cm2• 

The graph in figure 3.8 gives the relationship between VI and the incident 

intensity of light El on R as 

3.5.1 

where the factor (1/6) comes due to the fact that the specification graph in 

figure 3.8 is normalized at photo transistor current h == 6mA and 

El==lOmW /cm2• 

The output of the LM308 based amplifier is fed to one channel of the 

analog-to-digital converter unit. Amplification factor Al is adjusted, with the 

reference laser beam allowed to fall on the detector to such a value that Vo is 

less than 5 volts, as it is the maximum value that can be used as the input to 

the analog-to-digital converter unit. 

The eight pin LM308 operational amplifier [327] is chosen as it can be 

used as a high speed, low drift and low input current amplifier. The following 

specifications of LM308 satisfies the requirements of the light scattering 

system -
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Supply voltage = ±18 volts. 

Power dissipation = 500 mW. 

Input voltage = ±15 volts. 

Input resistance = 70 MO. 

Common mode rejection ratio = 110 dB. 

16 
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CI 
c 
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Figure 3.9: Large signal frequency response of the LM308 
with pin number 8 connected to ground via a 30pf capacitor. 

Moreover, pin number 8 of the LM308 is connected to ground via a 100pf 

capacitor as it improves rejection of power supply noise by a factor of ten. It 

has a linear frequency response within the low frequency range in which the 

air quality monitoring system operates as shown in figure 3.9. The amplified 

signals are interfaced to a data acquisition system having a resolution of 12 bit 

for data recording and analysis. 

(ii) The photomultiplier based scattering photodetector (P in figure 3.2(a)) for 

detecting scattered light is shown in figure 3.10. We have used a 

photomultiplier tube (Model: H 5784 - 20, Hamamatsu, Japan) to measure the 

scattered intensity of light. 
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Figure 3.10: Photomultiplier tube (H 5784-20) 

The H 5784 - 20 photo sensor module is comprised of a metal package 

photomultiplier tube, low power consumption high voltage power supply 

and low noise amplifier. The electrical current from the photomultiplier tube 

is converted to a voltage by an amplifier for easy signal processing. The 

H5784-20 is highly resistant to noise since the amplifier is installed near the 

anode output pin of the photomultiplier tube. The amplifier feedback 

resistance of 1MQ allows a current to voltage conversion factor of 1 V / (lA, and 

covers a frequency bandwidth from DC to 20 kHz. 

Table 3.2: Specification of Photomultiplier tube H 5784 - 20 

Parameter H 5784 - 20 Unit 

Input Voltage ±11.5 to ±l5.5 V 

Max. input Voltage ±lS.0 V 

Max. Input Current ±9/-1 rnA 

Max. Output signal Voltage + 10 ( Load resistance 10 kQ) V 

Max. Control Voltage +1.0 (Input impedance 100 kQ) V 

Effective area <1>S mm 

Peak sensitivity wavelength 630 nm 

Ripple noise ( peak to peak, Max.) 2 mV 

Operating Ambient Temperature +5 to +50 oC 
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Figure 3.11: Characteristics of Anode radiant sensitivity of PMT 

The Anode radiant sensitivity of photomultiplier tube is shown in 

figure 3.11. The '-20 Type' marked curve give the sensitivity vs. wavelength of 

the H5784-20 photomultiplier tube. 

3.5.1 Photomultiplier tube power supply 

+ 12V 

T ov 

-12V 

Figure 3.12: Circuit diagram of PMT power supply 
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A ±12V power supply is required for the photomultiplier tube. Figure 

3.12 shows circuit diagram of power supply. The transformer T steps down 

the AC mains voltage and diodes Dl, D2, D3 and D4 does the rectification. 

Capacitors Cl and C2 does filtering. C3 and C4 are decoupling capacitors. IC 

7812 and 7912 are used for the purpose of voltage regulation in which the 

former is a positive 12V regulator and later is a negative 12V regulator. The 

output of 7812 will be +12V and that of 7912 is -12V. 

3.5.2 Sensitivity Adjustment of the photomultiplier tube 

There are two methods for sensitivity adjustment 

i.Voltage programming 

ii. Resistance programming 

The sensitivity was adjusted by resistance programming method. Block 

diagram of resistance programming is given in figure 3.13. 

PMT POWER SUPPLY 

SIGNAL OUTPUT 
~ +15V 

LOW VOLTAGE INPUT 
LOW VOLTAGE INPUT - -15V .... 

GND ,... GND 

Vref OUTPUT ,. 

Vcont INPUT - $ ~ ~ 
u c~ 

i .~ 
MONITOR ~ 

, 
~:.-
.~ 

POTENTIOMETER(10K) '-~ 

Figure 3.13: Block diagram of Resistance programming 

3.6 Photomultiplier tube rotating unit 

The photomultiplier tube could be rotated by using a stepper motor. 

The stepper motor was a brushless, synchronous electric motor that could 

divide a full rotation into a large number of steps. The motor position could 

be controlled precisely without any feedback mechanism. The stepper motor 

effectively had multiple 'toothed' electromagnets arranged around a central 

gear-shaped piece of iron (figure 3.14). The electromagnets were energized by 
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an external control circuit. In order to make the motor shaft turn, one 

electromagnet was supplied with power at first and as a result it enabled the 

tooth of the gear to get attracted to the tooth of the electromagnet due to 

magnetic effect. In this way, when the tooth of the gear is aligned to the first 

electromagnet, they are slightly offset from the next electromagnet. So, when 

the next electromagnet is turned off, the gear rotates slightly to align itself 

with the next one, and this process is repeated. There are two basic winding 

arrangements for electromagnetic coil in two phase stepper motors, namely 

unipolar and bipolar. In this setup, the photomultiplier tube was rotated by 

using a unipolar stepper motor. The image of the stepper motor used in our 

setup is shown in figure 3.14 and the block diagram of the stepper motor 

control system is shown in figure 3.15. 

Figure 3.14: Rotation of the stepper motor shaft 

A 

Sequence Generator Driver Circuit A Stepper 

B Motor 

B 

Figure 3.15: Block diagram of stepper motor control system 
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Figure 3.16: Image of the Stepper motor 

The photograph of the Stepper motor is shown in figure 3.16. The sequence 

needed to run the stepper motor was generated by using computer and we 

got the output sequence through the parallel port of the computer. Since the 

parallel port output current and voltage was not enough for driving stepper 

motor, we also needed a driver circuit which is made using MOSFET IRF540. 

3.6.1 Driver circuit of the stepper motor 

To parallel port pin no. 2 
+12V 

2200 

To parallel port pin no. 3 ,.-=t-t--J~~-----':::"--V 

2200 

To parallel port pin no . 4 

2200 

To parallel port pin no. 5 

2200 

To parallel port ground 

Figure 3.17: Circuit diagram of stepper motor driver 

Here the MOSFET acts as a switch. When' A' is high (+5V), the 1st MOSFET 

conducts and the current is passed through the stepper motor coil. When ' A' 

is low, the MOSFET does not conduct and no current passes through the 
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motor coil. It is the same case for all other MOSFETs. As the motor is an 

inductive load, a free-wheeling diode is connected across the load to dissipate 

any back e.m.f. generated by the motor when the MOSFET turns it off. Circuit 

diagram of the stepper motor driver circuit is shown in figure 3.17. For the 

safety of the mother-board we have used Optocouplers (MCT2E). 

3.6.2 Power supply for stepper motor 

The functioning of stepper motor requires +12V and 2A power supply. 

Since a single 7812 IC cannot give 2 amps current, the output current was 

increased by paralleling two 7812 IC . The circuit diagram and driver circuit of 

stepper motor power supply is shown in figures 3.18 and 3.19 respectively. 

nov AC PRIMARY TO lSV,lA 
SECONDARY TRANSfORMER 

470(M 

c-.; 4001 

GND 

Figure 3.18: Circuit diagram of stepper motor power supply 

Figure 3.19: Driver circuit of Stepper motor power supply 
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3.6.3 The C program for generating sequence for driving stepper motor 

#include <stdio.h> 

#include <conio.h> 

#include <dos.h> 

#define port Ox378 

void mainO 

{ 

1 int x,PORT=Ox378,y[8]={OxOl,Ox03,Ox02,Ox06,Ox04,OxOc,Ox08,Ox09},z,i,j,l,n,k; 

2 printf(,,\nEnter no of loops:"); 

3 scanf("%d",&x); 

4 printf(,,\nEnter sub loop:"); 

5 scanf("%d ",&z); 

6 forU=O;j<x;j++ ) 

7 for(i=O;i<8;i++ ) 

{ 

outport(PORT,y[i]); 

delay(20); 

printf("%d ",y[i]); 

delay(20); 

} 

8 for(i=O;i<z;i++ ) 

{ 

outport(PORT,y[i]); 

delay(20); 

printf("%d",y[i]) ; 
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delay(20); 

} 

9 getchQ; 

10 for(k=z-2;k>=O;k--) 

{ 

11 outport(PORT,y[k]); 

12 delay(20); 

13 printf("\n%d",y[k]); 

14 delay(20); 

} 

15 for(n=O;n<x;n++ ) 

16 for(l=7;1>=O;I--) 

17 { 

18 outport(PORT,y[I]); 

19 delay(20); 

20 printfC'\n%d",y[I]); 

21 delay(20); 

22 } 

23 getchO; 

} 

3. 7 Scattering Sample 

The samples used for light scattering investigations using our setup 

were taken in two forms, (i) scattering particles suspended in some liquid 

media like water, (ii) scattering particles embedded in matrix medium like 

Polyvinyl alcohol. Depending upon the type of sample and the media, the 

arrangement of sample holder was adjusted. 
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3.7.1 Refractive index matching basin and Sample cell (for sample in a 

liquid suspension) 

When the sample is present in some liquid media, it is taken in a 

cylindrically shaped Pyrex glass cuvette (diameter, 15mm). The large 

difference in refractive index between air and glass causes strong reflections of 

the incident light. To minimize the effects of these unwanted reflections, the 

cuvette was placed in the center of a cylindrical Pyrex glass basin filled with 

Glycerine which has the same refractive index as glass (n=1.5). This 

arrangement was amalgamated in the light scattering system to reduce the 

influence of undesirable strong reflections. Subsequently, the strong 

reflections occur farther away from the scattering sample. The Pyrex glass and 

Glycerine does not affect the state of polarization of passing light [232]. This is 

how light scattering experiments were performed for sample in suspensions. 

3.7.2 Sample holder for particles embedded in a matrix medium 

The small particles with the particle size ranging from nanometer to 

sub-micron size can also be embedded in some matrix medium 

supplementary to some liquid suspension. The transparent matrix used was a 

polymer matrix medium, which is Polyvinyl Alcohol or PV A. The major 

advantage of such an embedding system is that it created an environment to 

hold the scatterers fixed in the scattering volume. The frozen condition of 

scatterers (no change in position of scatterers with respect to time) enabled us 

to make repeated measurements on the same scattering sample to extract an 

average data, and this step subsequently reduced the experimental errors as 

well. This type of system gives information about the scattering properties of 

particles in embedding medium only. Thus, such a system may be used to 

explore the light scattering properties of polymer embedded nanostructures 

like CdS, ZnSe, Ti02, ZnO, etc. The interpretation of results may be further 

used to improve the performance, usefulness, and accuracy of the established 

light scattering theories. The results of laboratory light scattering 
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measurements of some such particles under controlled conditions are 

presented in chapter IV. 

In recent years, extensive work has been done in investigating different 

particulate matter using light scattering technique. The common practices for 

holding scattering sample are by using a nebulizer, or using levitation 

techniques, or by holding the sample in liquid suspension using some 

conventional means. But, the ease of fabrication, and inexpensive route of 

preparing such system of polymer matrices makes it a unique and convenient 

sample holding arrangement for light scattering systems. 

3.8. Computer interfacing and data acquisition system 

3.B.l Data acquisition system - Type I 

A data acquisition system type - I was indigenously designed using 

ADC0809 IC as shown in figure 3.20 and figure 3.21. ADC0809 is successive

approximation type analog to digital converter. Output of the photodetector is 

connected to pin no. 26 of the ADC0809 IC The IC741 circuit in the analog to 

digital conversion unit prpvides the reference voltage for ADC0809 IC The 

ADC unit has 8 bit resolution and result in 256 steps. The reference voltage 

(+Vref) is adjusted to 5.12 volts by means of the potentiometer P so that each 

step is equal to 

5.12volts/256=20 milivolt 

The IC 555 circuit is operating as a free astable multivibrator and provides the 

external clock of 50 KHz clock frequency for ADC0809 IC The pins of 

ADC0809 IC are interfaced to a Pentium III processor based personal 

computer via parallel port of the PC as shown in figure 3.21. 
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Figure 3.20: Data acquisition system - Type I 

To parallel pcm pin 15 7 roc 
To parallel pcm pin 6 6 SC 
To parallel pcm pin 5 22 ALE 9 1 
To parallel }XXt pin 4 23 ADD C 
To parallel }XXt pin 3 24 ADDB 
To parallel}XXt pin 2 25 ADD A 

To parallelpcm pin 17 21 2-1 

To parallel pcm pin 16 20 2-' 
To parallel pcm pin 14 19 2" 
To parallel pcm pin 1 18 2"" -

To parallelpcm pin 11 8 2" 
To parallel pcm pin 10 15 2"" 
To parallelpcm pin 12 14 2-1 

IOnf To parallel pcm pin 13 17 2-1 

I Ground 13 GND 
Ground 16 -V .. ADC 

To photodetectar 26 INO 0809 
Ground 27 INI 
Ground 28 IN2 
Ground 1 IN3 tK 
Ground 2 IN4 
Ground 3 IN5 Vee 

4 +5voltS 
Ground IN6 
Ground 5 IN7 

OE 

-

Figure 3.21: Circuit diagram of Analog to digitaJ conversion unit 

The flowchart for the data acquisition system is given in figure 3.22_ 
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( start 

• Enter data file name (FNM) the duration (DUR)1n seconds, the gains GAl and GA2 of the 
amplifiers In the reference photodetector unit and the scattering photodetector unit 

Pass the address of channell to the function (CAL_VOLT) 
which will acquire the data (VaLl) from the AD conversion unit 

Go to and return 
from CAL_VOLT 

Pass the address of channel 2 to the function (CAL_VOLT) 

which will acquire the data (VOL2) from the 

Write the values of VOL1/GAl and VOL2/ GA2 m the file FN M 

Display the values of VaLl and VOL2 both graphically and numerically on the PC monitor screen 

c CAL_VOLT function 

+ 

No 

) 
Send ALE signal and SC pulse via centronics port to the ADC0809 

Check If the end of conversion (EOC) signal from the ADC0809 IS high 

Is EOC No 
>-----------------~ 

Yes 

Read the data from the ADC0809 via the centronics port 

Return to the mam 
callmg program 

Figure 3.22: Flow chart for the Data acquisition system -Type I 
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The C language program corresponding to the flowchart in figure 3.22 

developed for this data acquisition system is given below. 

The C program for data acquisition system I 

Line 
number 

program 

1 #include<stdio.h> 

2 #include<conio.h> 

3 #include<graphics.h> 

4 #include<time.h> 

5 #define REF 5.12 

6 #define LPTl OxdOO 

7 int Cal_volt(unsigned char); 

8 void drawline(int *gl,int *oldgl); 

9 mainO 

10 ( 

11 char add,c,fnm[10]; 

12 int g=20,oldg=O,dur; 

13 long x; 

14 float vol1,vol2, 

15 float yO,oldyO=0.O,yl,oldyl=0.O,y2,oldy2=0.0; 

16 float gal=1.0,ga2=1.0; 

17 FILE *file_ptr; 

18 time_t first, second; 

19 int GraphDriver = DETECT, GraphMode; 

20 initgraph (&GraphDriver, &GraphMode, "c:\tc\bin\ .. "); 

21 cleardeviceO; 
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22 printf(,,\n\nEnter filename :"); 

23 scanf("%s",fnm); 

24 cleardevice(); 

25 gotoxy(l,l); 

26 printf(,,\nduration of reading (in seconds):"); 

27 scanf("%d",&dur); 

28 printf("Enter gain of reference photodetector :"); 

29 scanf("%f',&gal); 

30 printf("Enter gain of scattering photodetector :"); 

31 scanf("%f',&ga2); 

32 file_ptr = fopen(fnm,"w"); 

33 cleardevice(); 

34 drawline(&g,&oldg); 

35 gotoxy(10,24); 

36 printf("press any key"); 

37 c=getch(); 

38 gotoxy(10,24); 

39 printf(" "); 

40 first = time(NULL); 

41 while(c!=27) { 

42 while(!kbhitO) 

43 { 

44 voll=(REF /256)*Cal_volt(1); 

45 voI2=(REF /256)*Cal_volt(2); 

46 fprintf(file_ptr,"%f,%f\n",voll/gal, \ voI2/ga2,); 

47 second = time(NULL); 

48 if(dur<=difftime(second,first)) 

49 { 
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50 gotoxy(10,Z4); 

51 printf("press ESC key"); 

52 goto quit; 

53 } 

54 gotoxy(1,lZ); 

55 printf("CH:l \n"); 

56 printf("vol %1.Zf',voll); 

57 printf("\ngain\n%4.1f',ga1); 

58 gotoxy(1,7); 

59 printf("CH:Z\n"); 

60 printf("vol %1.2f',volZ); 

61 printf("\ngain\n%4.1f',gaZ); 

62 g=g+l; 

63 if(g==639) 

64 drawline(&g,&oldg); 

65 yl=Z30-(vol1 *15); 

66 line(oldg,oldy1,g,y1); 

67 oldyl=y1; 

68 yZ=150-(voIZ*15); 

69 line(oldg,oldyZ,g,y2); 

70 oldy2=y2; 

71 oldg=g; 

72 } 

73 quit: 

74 

75 c=getchO; 

76 } 
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77 fprintf(file_ptr,"0/0c O/Of',NULL,NULL); 

78 fclose(file_ptr); 

79 return (0); 

80 } 

81 Catvolt(unsigned char add) 

82 { 

83 unsigned char bt[8],eoc,ale,stc,out; 

84 int in,x; 

85 ale = 8; stc = 16; eoc = 1; 

86 out = add; outportb(LPT1,out); 

87 out = add I ale; outportb(LPT1,out); 

88 out = out I stc; outportb(LPT1,out); 

89 outportb(LPTl,add); 

90 while(eoc==1) 

91 { 

92 in=inportb(LPT1 + 1); 

93 if((in & 8)==0) eoc=O; else eoc=1; 

94 } 

95 while(eoc==O) 

96 { 

97 in=inportb(LPT1 + 1); 

98 if((in & 8)==0) eoc=O; else eoc=1; 

99 } 

100 outport((LPT1+2),Ox04); in=inport(LPT1+l); 

101 ifWn & 16)==0) bt[O]=O; else bt[O]=l; 

102 if((in & 32)==0) bt[l]=O; else bt[1]=1; 
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103 if((in & 64)==0) bt[2)=0; else bt[2)=1; 

104 if((in & 128)==0) bt[3)=1; else bt[3)=0; 

105 if((in & 256)==0) bt[4)=1; else bt[4]=0; 

106 if((in & 512)==0) bt[5]=1; else bt[S)=O; 

107 if((in & 1024)==0) bt[6]=0; else bt[6)=1; 

108 if((in & 2048)==0) bt[7)=1; else bt[7]=0; 

109 in=bt[0]+bt[1]*2+bt[2]*4+bt[3]*8+bt[4]*16+ \ 
bt(SJ*32+bt(6J*64+bt(7]*128; 

110 return in; 

111 } 

112 void drawline(int *gl, int *o\dg1) 

113 { 

114 *gl=70; 

115 *oldg1=70; 

116 cleardeviceO; 

117 setlinestyle(1,3,1); 

118 line(70,230,640,230); 

119 line(70,1S0,640,1S0); 

120 line(70, 70,640, 70); 

121 line(70,0,640,0); 

122 line(70,0,70,310); 

123 line(639,0,639,310); 

124 setlinestyle(0,0,1); 

125 return ; 

} 
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Each time an experiment is done with the light scattering system, the 

program is run to acquire output data. The main function is between lines 9 to 

80. Lines 19 to 21 prepare the PC monitor screen for online graphical display 

of the data. Lines 22 to 31 presents the menu on the screen for entering data 

file name, duration of experiment and gains of the photodetector. Between 

lines 41 and 76 is a loop that runs either till the end of time duration (DUR in 

figure 3.22) or till the experiment is aborted by pressing the escape key (ESC) 

of the PC keyboard. Lines 44 and 45 acquires the values of Vall and VOL2 

using the CAL_VOLT function given between lines 81 to 111. Line 46 writes 

down the data in the data file stored in the hard disk of the Pc. Within this 

loop, lines 47 to 53 checks whether the duration DUR of reading has been 

exceeded and the program has to end. Lines 54 to 61 display numerical values 

online of Vall and VOL2. Lines 62 to 71 display online the values of VaLl 

and VOl2, graphically and superimposed on a set of axes, which is displayed 

by lines 112 to 125. In the CAL_VOLT function lines 86 to 89 sends the ALE 

and SC pulse to the ADC0809 via the centronics port at address LPTI to 

acquire data through the channel given by the address add. Lines 95 to 98 

checks for the EOC signal and lines 100 to 110 reads the data via the centronics 

port and returns it to the calling function. The data is acquired at the rate of 26 

data units per second. 

3.8.2 Data acquisition system - Type II 

General Description and Installation 

The amplified signals are interfaced to a dedicated data acquisition 

system - Type II (AX5210). The AX5210 is a low cost A/D card which gives an 

inexpensive solution to data acquisition applications. AX5210 has a 12 bit 

A/D convertor with 16 single-ended analog input channels and throughput of 

30 kHz of memory. The system occupies eight consecutive I/O port space, 

setting correct base address by DIP switch to avoid resisting other devices. 

Seven bits are equipped to allow us to set the base address from 200(hex) to 

3F8 (hex). The follOWing figure illustrates how the I/O port base address is 

used. The base address switch setting is shown in the figure 3.23 below. 
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A 9 8 7 6 5 4 3 

1 2 3 4 5 6 7 8 

o 

N 
IIIIII 

t I I 

32 

64 

128 

256 

512 

Figure 3.23: Base address setting of Data acquisition system - Type II 
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IIO PORT RANGE DIP SWITCH POSITION 

Hex 1 2 3 4 S 6 7 

A9 A8 A7 A6 AS A4 A3 

000-007 0 0 0 0 0 0 0 

008-00F 0 0 0 0 0 0 1 

200-207 1 0 0 0 0 0 0 

208-20F 1 0 0 0 0 0 1 

300-307 1 1 0 0 0 0 0 

308-30F 1 1 0 0 0 0 1 

3FO-3F7 1 1 1 1 1 1 0 

3F8-3FF 1 1 1 1 1 1 1 

O=ON,l=OFF 

In this data acquisition system AX5210 AID, DIO signals are built in a single 

connector (CNl). The CNl PIN assignment is shown in figure 3.24 below, 

followed by explanation of the PIN assignment. 
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Pin Pin 

Name Name 

AID 0 
1 2 AID 8 

AID 1 3 4 
AID 9 

AID 2 AID 10 

AID 3 5 6 AID 11 

AID 4 
7 8 

AID 12 

AID 5 AID 13 

AID 6 9 AID 14 

AID 7 10 AID 15 

A.GND 
11 

N.C. 

+12V 
12 

-12V 

13 

14 

15 
DIO bit 0 16 DII bit 0 

DIO bit 1 DII bit 1 

DIO bit 2 
17 

DII bit 2 

DIO bit 3 
18 

DII bit 3 

+5V 19 +5V 

DIO bit 4 20 DII bit 4 

DIO bit 5 DII bit 5 

DIO bit 6 21 
DII bit 6 

DIO bit 7 
22 

DII bit 7 

+5VP 23 +12VP 

Extrig 24 
D.GND D.GND 

2S 
26 

Figure 3.24: AX 5210 Pin Assignment 

Note: 

+12 (pin 19) 

-12V (pin 20) 

+ 5VP (pin 45) 

+ 12VP (pin 45) 

600mA max. 

600mAmax. 

current limited to PC power 

current limited to PC power 
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PTh. NA.!\1E !LQ Fl'NCTIO]\. 

1 AjD 0 Input ChaImel 0 Analog Input 

2 AID 8 Input Channel 8 Analog Input 

3 AjD 1 Input Channel 1 Analog Input 

4 AID 9 Input Channel 9 Analog Input 

5 AID 2 Input Channel 2 Analog Input 

6 AjD 10 Input Channel 10 Analog Input 

7 AID 3 Input Channel 3 Analog Input 

8 AID 11 Input Channel 11 Analog Input 

9 AID 4 Input Channel .1 Analog Input 

10 AID 12 Input Channel 12 Analog Input 

11 AID 5 Input Channel 5 Analog Input 

12 AID 13 Input Channel 13 Analog Input 

12 AID 6 Input CharU1el 6 Analog Input 

1.1 AID 14 Input Channel 1.1 Analog Input 

15 AiD 7 Input Channel 6 Analog Input 

16 AID 15 Input Channel 15 Analog Input 

17 A GNU Ground Analog Ground 

18 NC 

19 +12V Source Analog +12 

20 -12V Source Analog -I2V 

21-26 NC 

27 0/0 0 Output Channel 0 DIgttal Output 

28 011 0 Input ChaImel 0 DIgttal Input 

29 0/0 1 Output ChaImel 1 DIgttal Output 

30 0/1 1 Input ChaImel 1 DIgttal Input 

31 DjO 2 Output Channel 2 DIgttal Output 

32 DII 2 Input ChaImel 2 DIgttal Input 

33 DIO 3 Output ChaImel 3 DIgttal Output 

34 Djl 3 Input Charulel 3 DIgttal Input 

35 +5V Source PC +5V 

36 +5V Source PC+5V 

37 D/O .1 Output ChaIlllel -! DIgItal Output 

38 Djl 4 Input Chalmel -! DIgttal Input 

39 D/O 5 Output ChaImel 5 DIgItal Output 

40 Djl 5 Input ChaIlllel 5 DIgttal Input 

41 D/O 6 Output ChaImel 6 DIgItal Output 

42 Djl 6 Input CharU1el 6 DIgttal Input 

.13 DjO 7 Output Charll1el 7 DIgttal Output 

44 Djl 7 hlput Channel 7 DIgttal Input 

45 +5VP Source PC+5V 

46 +12VP Source PC +12V 

.17 EXTRlG Input E)..temal Input 

Togger 

-l8 NC 

-19 D G l\D Growld DIgttal Ground 

50 DGKD Ground DIgttal Ground 
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AX5210 II 0 Address Mapping 

The data acquisition card supports several driver utilities for different 

languages. AX5210 uses 8 consecutive addresses in I/O spaces following (R= 

read, W= write) :-

Location 

Base 

address 

+0 

+1 

+2 

+3 

+4 

+5 

+6 

+7 

Function 

AID Low byte and 

Channel 

Start AI D or Clear 

INTP 

AID High byte 

Gain & Max. scan 

control 

PCI-9812 Status 

PCI-9812 Control 

Digital Input 

Digital Output 

Counter 0 

Counter 1 

Counter 2 

Counter Control 

111 

R 

W 

R 

W 

R 

W 

R 

W 

R/W 

R/W 

R/W 

W 
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AX5210 VO Register Description 

AID data Register (base +0 & base +1 Read Only) 

Bits 0-
3 

Bits 4-
7 

co
C3 

DO
D3 

Software Start 

7 6 S 4 321 0 
ID31D21DIIDOlc31c21clicoi 

The channel select bits are used to specify one of the 16 
channels (0-15) 
as the input channel for A/D conversions. 

These bits are AjD least significant data (LSB). 

A right action to base +0 will cause an AjD trigger and always initiate a 

conversion on software trigger for AjD. 

Clear Interrupt ( Start on Extrig or Start on Timer) 

Writing to base +0 may clear AXS210 interrupt request (INTP) ad provides the 

means of acknowledging the AX5210 and re-enabling it. 

7 6 54321 o 

, Dll , DI0 , D9' DB' D7' D6' DSI D41 

MSB 

Most significant AjD data. 

Bits 0-7 D4-Dll These bits are A/D most significant data. 
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Status Register (base +2 Read Only) 

7 6 5 4 3 2 1 0 

Bits 

Bits 

Bits 

Bits 

0-

1 

2 

3 

4-

7 

I X I X I X I X I EOC I INTP I Tl I TO I 

TO-Tl 

INTP 

EOC 

x 

Read back of the AjD start source control bits. 

Tl 

o 
1 

1 

TO 

X 

o 

1 

x- These bits don't care 

Action 

Software start only. 

Start on rising of 

external trig (extrig). 

Start on internal 

timer trig. 

This is the interrupt signal that is used directly to 

interrupt level2-7 by the jumper selection. If 

interrupt are disabled, INTP=O. After generation of 

an interrupt, INTP=l and will remain high until reset 

by a write to the base +0. 

This indicates the end of a conversion cycle. 

0= conversion has completed; Valid data. 

1 = conversion is still in process; Invalid data. 

A start of AjD conversion will set the EOC=l. 

These bits do not care. 
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Digital Input (base +3 Read Only) 

7 6 543 210 

Iml~I~I~I~lmlml~1 

Setting Gain and Channel Number (base +1 Write Only) 

Bits 

Bits 

Bit 

0-

3 

4-

6 

7 

7 6 

CO

C3 

RO-

R2 

X 

5 4 3 2 1 o 

The channel select bits are used to specify one of the 

16 

channels (0-15) as the input channel for AjD 

conversions 

These bits specify the gain. 

R2 Rl RO GAIN RANGE 

0 0 0 1 ±5V 

0 0 1 2 ±2.5V 

0 1 0 4 ± 1.25V 

0 1 1 8 ± .625V 

1 0 0 16 ± 0.3125V 

Others are invalid 

These bits do not care 
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Control Functions (base +2 Write Only) 

Bits 

Bit 

Bit 

0-

1 

2 

3 

7 6 5 4 3 2 1 o 

TO-Tl 

INTE 

TRGE 

These bits control the source of start pulse for 

the AID 

Tl TO Action 

0 X Software start 

only. 

1 0 Start on rising of 

external trig 

(extrig). 

1 1 Start on internal 

timer trig. 

x- Meaning don't care 

This bit enables or disables PCI-9812 generated 

interrupts. 

INTE= 0- Disable. 

INTE= 1- Enable. 

If INTE=l an interrupt is generated at the end of 

each AID conversion when valid data is 

available. 

External trig (EXTRIG) and trig enable (TRGE) 

of the timer enable register are relative, because 

TRGE is enable for EXTRIG. The relation follows 
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[ 

as: 

TRGE 

o 
o 
1 

1 

Digital Output (base +3 Write Only) 

7 6 5 4 

Power 'On' Initiate Condition 

EXTRG 

o 
1 

o 
1 

3 

1. Scan Channel= 0 (base+l cleared) 

2. Gain= 1 (base + 1 cleared) 

3. Software trig (T1 & TO= 0) 

2 

4. Digital output all of low. (base +3 cleared) 

5. EOC= 0 (No AID trig) 

6. INTP= 0 (cleared) 

7. INTE= 0 (base +2 cleared) 

8. TRGE= 0 (base +2 cleared) 

Some Important functions of AX521 0 

1. Function INIT% : Initialization 

TIMER 

Enable 

Enable 

Disable 

Disable 

1 o 

The purpose of using this function is to setup base address to dio(O), and to 

setup interrupt level according to dio(l). It also allows checking the 

presence of AX521 0 hardware. This function, Function lnit, is needed to be 

executed only once, but must be performed before any other functions. 

2. Function SET. CH%: Set channel range 
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This channel is needed to be executed only once, and must be performed 

before A/D conversion. 

3. Function SET.GAIN% : Set gain into relative channel 

This function is optional. The default gain in all channels is 1, otherwise it 

must be performed at least once before A/D conversion function. 

4. Function SFT.TRG% : Perform single A/D conversion 

This function performs A/D conversion with software trigger. 

Calibration 

The block diagram of data acquisition system - type II is shown in 

figure 3.25 below. The AX5210 calibration program (CAL5210.exe) provides a 

menu driven calibration procedure of A/D and digital I/O. The default I/O 

port address is at 300 (Hex). For amplifier offset and A/D full scale 

adjustment, a good digital voltage meter and a DC standard (or noise free, 

stable DC power supply) are necessary. The amplifier offset adjustment is 

executed to lessen input amplifier offset error. And the A/D full scale 

adjustments are performed to make sure that the A/D convertor is working 

with the best resolution. 

16 

Analo 

Input 

A/D CONVERTOR 

-+ 
16SE Overload Programmable Sample 12-bit 

~~ 
Analo '---to Protected & ---to Amplifier ~ & Hold A/D 
g 

MIIY 

I I 
J I I 

I I I I 
Address Timer Control & Interrupt 8 D/O& 

Decode ----- logic Status ---+ Logic 

Logic 8 D/I 

L---ti Address line i Control i ~ Data line ~ 
'inQ 

Figure 3.25: Block diagram of the Data acquisition system - Type II 
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Analog Input System 

The basic function of analog input system (AID system) shown in 

figure 3.26 is to convert the analog input signal to corresponding digital 

format that the computer can read. In order to benefit A/D system's stability 

and obtain good performance, several other additional parts such as 

multiplexer, amplifier, sample and hold are required. Following figure 

exhibits how different input signals come into the AID system: 

---+ 

--. I 
INPUT SIGNALS , --. 

-cr 
Multiplexer LT= 

AID 
convertor 

Digital code 

Figure 3.26: Block diagram of Analog Input System 

C-program for single channel AID conversion 

#include lax5210.h" 

#define IOPORT Ox300 /* AX5210 IOport *1 

Int fun,flag; 

unsigned int dio[7]; 

int far *aryl; 

int far *ary2; 

mainO 
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{ 

int start_ch, i; 

1* INITIAL AXS210 * / 

fun=INIT; 1* Initial function *1 

dio[O]=IOPORT; 1* IOport set * I 

dio[1]=3; /* IRQ NO. */ 

flag=axS 210(fun,dio,aryl,ary2); 

if (flag != 0) { 

printf (" DRIVER INITIALIZATION FAILED !,flag=%d\n",flag); 

exit(l); 

} 

1* SET START & STOP CHANNEL */ 

fun=SET _CH; 

1* Set channel function *1 

dio[O]=starcch; 1* Start channel set *1 

dio[l ]=stop_ch; /* Stop channel set * / 

flag=axS210(fun,dio,aryl,ary2) ; 

if (flag !=O ) { 

printf ("SET SCAN CHANNEL FAILED! RE-ENTER"); 

exit(l); 

} 

1* SET GAIN FOR ALL CHANNEL * I 

fun=SET _GAIN; 
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dio[O]==O; 

dio[l]==l; 

flag==axS210 (fun,dio,ary1,ary2); 

if (flag != 0) { 

printf ("SET GAIN FAILED!,FLAG=%d\n",flag); 

exit(l); 

} 

/* SOFTWARE TRIGGER *j 

do { 

/* Software trigger function * j 

flag=axS21 O(fun,dio,ary1,ary2); 

if (flag != 0) { 

printf("AjD CONVERSION FAILED !" ); 

exit(l); 

} 

printf(,,\n CHANNEL %d\n DATA %d\n II ,dio[l],dio[O]); 

printf(" PRESS ANY KEY TO CONVERT NEXT CHANNEL, <e> TO EXIT\n"); 

} while (getcheO != 'e'); 

} 

The flow chart of Data Acquisition system - type II is given in figure 

3.27 below. The performance of data acquisition system - type II is found to be 

better than type I, and is used in the light scattering system because of the 

ability to monitor multiple channels with one system. It has the ability to 

acquire a large amount of data very fast within the duration of the experiment 

and the facility for storing this large amount of data, and the ability to monitor 

online the ongoing experimental data. 
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include "AXS210.bas" 

set channel 
set gain (option) 

set timer 
trigger slope (option) 

select ADC 
function 

read status 

disable INTER 

read data from 
memory to array 

No 

No 

No 

select sft trg 

function 

Figure 3.27: Flow chart of Data Acquisition System - Type II 
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3.9 Data Reduction Procedure 

3.9.1 Data reduction for sample in suspension 

There are several crucial error reduction steps that need to be performed 

during light scattering experiments. Before performing any light scattering 

measurements it is important to determine proper sample concentration in 

order to ensure that the measurements are in the single scattering regime. The 

results obtained from light-scattering measurements were corrected for the 

following factors. 

(1) The changing scattering volume in the view of the rotating detector. 

(2) Background scattering. 

(3) Reflections at the wall of the sample holder 

Samples of necessarily low concentration were used to avoid multiple 

scattering [232]. However, care was taken that the samples were not very 

diluted; else it would decrease the signal-to-noise ratio. In order to generate 

information about the optimal sample concentration, the detector was placed 

at a fixed position at 8=15°. Accordingly, sequences of measure~ents were 

made for the same sample with increasing concentration. Scattered flux from 

each sample was noted down. And so long as the flux was found to be 

proportional to the sample concentration, multiple scattering was considered 

to be negligible. This method enables one to determine the appropriate 

optimal concentration of the sample in the single scattering regime. 
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Laser 
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i: 
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t: 
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Figure 3.28: Schematic diagram of changing 
scattering volume in view of the detector. 

1 
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0 
0 W ~ W W 100 1W 1~ 1~ lW 

Sea ttering angle (8) 

a = 0° 

Figure 3.29: Correction function of scattering angle (shown by solid red line) 
to correct the measured flux for changing scattering volume as seen by the 

detector. This function is equal to sin e for most of the scattering angle 

range (shown by black circles). 

Intersection of the incident beam with the detector field of view 

determines the scattering volume (figure 3.28), which consequently changes 

with angle. The scattering volume in the view of the detector was determined 

by the scattering angle, the scattering volume inside the cuvette (having a 

length of 15 rom which is the diameter of the cuvette , and width of 1 rom 
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which is 2cuo of the laser beam), the distance to the photomultiplier tube 

which is 200mm, and by the circular pinhole in front of the photomultiplier 

having diameter of 5 mm. Considering this geometry and assuming that the 

width of the laser beam can be neglected, the correction factors as a function 

of scattering angle were derived. The measured flux has to be multiplied by 

the correction factor to correct the scattering volume as seen by the detector. 

The correction factor versus scattering angle graph by which the measured 

intensity has to be multiplied to correct the changing scattering volume seen 

by the detector is shown in figure 3.29[45]. Again, it is important to mention 

that the scattering volume is minimum for e = 90° and gradually increases on 

either side of this angle, accordingly the intensity is expected to be minimum 

at this angle. The measured scattering intensity can be corrected for a constant 

scattering volume by multiplying by the correction factor sin e [45, 232, 239]. 

But this sine correction is valid upto the scattering angle at which the 

detection area or the solid angle of the photodetector becomes equal or 

narrower than the path length of the beam as shown by Case I and II in figure 

3.30, and outside this area the scattering volume is constant, as depicted in 

Case III. Thus, the standard acceptance range used in the present work is 

between 20° and 160°. 
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Case I: 8 = 90° 

L 

s 

Case II: 8 > 90° 

L 

Case III: 8 < 90° 

s 
Figure 3.30: Changing scattering volume with respect to changing 
scattering angle. L: Laser beam; D: Detector; S: scattering volume. 
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Again, background correction is important and a necessary step to be 

performed when we use samples of low concentration to avoid multiple 

scattering. To minimize the background noise, we took our measurements in 

differential mode, that is, the scattered light intensity was initially measured 

with the cuvette containing distilled water without scattering particles, and 

subsequently the measurements were taken with the cuvette containing the 

scattering particles with distilled water. The data from the set of experiments 

with distilled water were then subtracted from the data of the set of 

experiments taken with the scattering particles suspended in distilled water. 

The amount of light scattering taking place from the background was 

subtracted from the measurements on samples such that 

s - Smeas _ Sbackgr 
11- II II 3.9.1 

s - S meas _ S backgr 
12 - 12 12 3.9.2 

Where sbackgr and sba<kgr are results of measurements of the cuvette filled 
II 12 

with the same liquid medium as during the measurements of Sl~ea,\ and 

Sl~eas but without the scattering sample in it. This is how it was ensured that 

the results obtained were independent of the medium in which the particles 

were suspended. 

Again, while using the experimental data from static light scattering 

experiments on suspended particles, one must take into account the secondary 

reflected noise from the inner wall of the cylindrical glass cuvette because 

neglecting this effect may lead to false interpretation of the size or the 

refractive index of the scatterers [329]. The particles in the sample scatter the 

incoming incident light in all directions and therefore the intensities measured 

by the detectors consist of the actual scattered intensity at scattering angle e 
along with the secondary scattering intensities from the inner wall of the glass 

cuvette at the scattering angle 8' = 1800 
- e. The contribution of this reflectivity 

is eliminated by introducing a semi-cylindrical blackened screen inside the 
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cuvette (figure 3.31). The light scattered towards the dark screen inside the 

cuvette is mostly absorbed. However, the strong intensity of the direct 

incident light gets reflected at the inner wall of the cuvette and follows its 

trace back and is again scattered along the path. The flux of the first-order 

reflected and scattered light is proportional to S11 (180°- 8) times the reflection 

coefficient R, as shown in figure 3.32[330 - 332]. We have used R =0.017 which 

is the reflection coefficient of Pyrex glass. 

Sample holder 

Glass basin 

Laser beam 

Figure 3.31: Schematic diagram of the sample holder for 

sample in liquid suspension. 

Taking into account multiple reflections, the following expression holds 

for s;;cor, the uncorrected measured values for reflections: 

3.9.4 

where the expression for a geometric series was used 

I 2 ~ 6 
--2 = I + R +R +R + ... 
I - R 

3.9.5 
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and SII represents the real scattering function. Now, if we substitute B by 

(180 0 -B)in equation 3.9.4 and multiplying by R, we obtain the following 

expression 

s;;cor (180 0 
- B)R = [SII (180 0 

- B) + SII (B)R] x R 2 
I-R 

3.9.6 

Figure 3.32: Scattering geometry for the description of the reflected light 
contributions. In the centre of the cylindrical glass cell the laser light is scattered in 
all directions. The intensity arriving at the detector consists of the directly scattered 
intensity( SD)with scattering angle 8 and the reflected intensity( SF) from the glass 
wall opposite to the direction of detection with scattering angle 8' = 180°- 8. 

Subtracting equation 3.9.6 from equation 3.9.4 yields the exact expression for 

the true scattering function 

3.9.7 

Similarly, we obtain the actual value for SI2(B) as 

3.9.8 

Also, due to the stray light contamination and background light coming 

mainly from the reflections at the walls of the sample holder, it is usually very 

difficult to discriminate between the actual scattered signal and noise at lower 

(less than 20°) and higher (greater than 160°) phase angles and the corrected 
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signal could be lower than the total background contribution at such angles. 

In such cases, it is very important to test the stability of the polarization 

measurements because a small error in background correction may lead to 

abrupt change in the degree of linear polarization. The data reduction process 

for the volume scattering function pCe) and the degree of linear polarization 

pee) of polystyrene spheres are discusse~ in Section 3.10. 

3.9.2 Data reduction for sample embedded in matrix medium. 

Background correction is an important step for particles embedded in a matrix 

medium also. The schematic diagram of the scattering particles embedded in 

matrix medium is presented in figure 3.33. Polyvinyl alcohol was selected as 

host polymer for embedding particles. The physical properties of PV A are 

given in table 3.3. 

Table 3.3: Physical properties of PVA 

Serial No. Property Value/Unit 

1 refractive index 1.55 

2 dielectric constant 2.0 

3 melting point 413k 

4 density 1.08 g/mol 

The measurements were done in differential mode in order to minimize 

the background noise. The scattered light intensity was initially measured for 

the polyvinyl matrix medium only, and subsequently measurements were 

made with the matrix having the scattering particles embedded in it. The data 

from the set of experiments with the matrix were then subtracted from the 

data of the set of experiments taken with particles embedded in the medium. 

In this manner the measurements were corrected from background 

measurements. This step took care of the nominal amount of optical and 
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electrical noise that still remained in spite of using metallic enclosure and 

beam stop. 

Embedded particles 

Laser beam 

Polyvinyl alcohol 

matrix medium 

Figure 3.33: Schematic diagram of the sample embedded in matrix. 

3.10 Validation of the Light scattering setup 

. The most important point which must be taken into account before using any 

light scattering setup is to check the reliability of the setup. The performance 

of any light scattering setup is evaluated by conducting experiments on 

perfectly spherical particles and then comparing the results with the 

theoretical Mie calculations [30, 232, 239]. Test measurements were made on 

Polystyrene latex spheres. The pictorial representation for data reduction 

process for f3(8) and P(8) at wavelength of 543.5 nm are shown in figures 3.34 

and 3.35 respectively, and the same method was repeated for the other 

wavelengths. The test measurements were followed by comparison with Mie 

calculations for such spherical particles [4] having a normal Gaussian size 

distribution as shown in figure 3.36. In this work, extensive experiments on 

polystyrene spheres suspended in double-distilled water were performed at 

543.5 nm, 594.5 nm and 632.8 nm incident wavelengths and the results 

obtained were compared with Mie calculations. Figure 3.37 shows the 

scanning electron microscopy (SEM) image of the polystyrene particles. The 

particles were found to be mostly spherical, having an average size of 0.25 rim. 
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We have applied the method followed by H. Volten et al. [232] to determine 

the highest sample concentration for which single scattering is applicable. To 

ensure that the measurements were in single scattering regime, the intensity 

of scattered light for unpolarized incident light was measured as a function of 

increasing particle concentration at an angle of 15°. A number of 

measurements were subsequently made with increasing sample 

concentration. The effect of multiple scattering is assumed to be negligible as 

long as the scattered flux is proportional to the sample concentration. In our 

case, we found the optimum concentration of polystyrene samples to be 

4mgjL (as shown in figure 3.34). This test was performed by following the 

method described in sub-section 3.9.1, where the polarization was measured 

as a function of increasing particle concentration within the single scattering 

regime at a fixed phase angle [219, 333]. In our case, the degree of linear 

polarization, PCB) was observed to be fairly stable at 15° as shown in figure 

3.35. 
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Figure 3.34: Graph for the intensity of scattered light in arbitrary units for 

unpolarized light versus concentration of Polystyrene spheres for a fixed position of 

detector at 15°. green triangle, orange triangle, and red triangle corresponds to the 

results for 543.5nm, 594.5nm and 632.8nm incident laser wavelengths respectively . 
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Figure 3.35: Graph for the measurement of the stability of measured 

polarization of polystyrene at increasing particle concentration within the 

single scattering regime for a fixed position of detector at 15°. 
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Figure 3.36: Size distribution graph of Polystyrene particles 

The measured and computed values of the volume scattering function, 

f3(B) and the degree of linear polarization, PCB) are plotted in figures 3.38 -

3.40 and 3.42 - 3.44 respectively. A closer agreement of the experimental 
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measurements with the theoretical calculations was found for a normal 

(Gaussian) distribution of particles. The dispersion formula was used for 

determination of the refractive indices of polystyrene spheres at three 

different incident wavelengths [334]. Mie oscillations were present to some 

extent in the experimental scattering pattern (figures 3.39 - 3.41) since the size 

distribution of the particles in the scattering volume was not very broad. In 

order to simplify the different steps involved in the data reduction procedure 

we have shown all the results of data reduction in the same plot in figure 3.38 

and 3.42 at wavelength of 543.5 nm for pCB) and PCB) respectively. Similarly, 

these steps were followed for the other incident wavelengths for polystyrene 

sample in order to acquire the final scattering data, and subsequently for all 

other samples investigated in this research work. The estimated parameters 

required for data analysis are presented in table 3.4. The measured volume 

scattering phase function, P(B) and the degree of linear polarization, PCB) agree 

considerably well with the results drawn from Mie theory within acceptable 

limits of deviation as observed from the chi square fitting test, presented in 

Section 4.8 of Chapter IV. The deviations which are more prominent for PCB) 

may be attributed to the presence of some aggregate of particles in the 

scattering volume as encircled in figure 3.37. We verified that after applying 

the data reduction method, we found goodness of fit between theoretical and 

experimental results for both P(B) and PCB) . However, minor discrepancies 

still exists and found to be more prominent at small and large scattering angle 

for all the incident wavelengths. This step enabled us to compare our 

experimental results with theoretical results with greater accuracy. 
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Table 3.4 Important parameters for Mie calculation of polystyrene spheres. 

Parameters Value 

Size distribution Normal (Gaussian) 

Model radius, T, of the polystyrene spheres in micrometres 0.25 

Environment refractive index 1.00 + iO.OOO 00 

Particle refractive index at 543.5 nm 1.588 + iO.OOO 00 

Particle refractive index at 594.5 nm 1.585 + iO.OOO 00 

Particle refractive index at 632.8 nm 1.582 + iO.OOO 00 

Incident light wavelengths in nanometers 543.5, 594.5 and 632.8 

Figure 3.37: Scanning electron micrograph image of 
polystyrene spheres at lO,OOOX resolution. 
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Figure 3.38: Data reduction for measured volume scattering function {3(8) for 
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correction is shown by blue line. Plot after the correction for changing scattering 
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Figure 3.39: Measured volume scattering function f3(8) for 

polystyrene spheres at 543.5 nm. 

135 



Chapter III: Design Considerations oOlle laser based light scattering sl{stem and 
instrumentation 

CD' 
'--
~ 
t: 
.9 
U 
t: 
;:l ...... 
00 
t: .t:; 
Q) 

:t: 
(lj 
u 
Ul 
Q) 

E 
;:l 

'0 
> 

10 
-Mieplot 

- Experill1e1/tnl 

1 

0.1 

0.D1 

0.001 
o 20 40 60 80 100 120 140 160 180 

Scattering angle (8) 

Figure 3.40: Measured volume scattering function {3(8) for 

polystyrene spheres at 594.5 nrn. 
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Figure 3.41: Measured volume scattering function {3(8) for 

polystyrene spheres at 632.8 nm. 
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line. The plot for raw uncorrected data is shown by red line. Background correction 
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shown by grey line, and the final result after correction for reflection at the walls of 
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polystyrene spheres at 543.5nrn. 
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Figure 3.44: Measured degree of linear polarization PCB) for 

polystyrene spheres at 594.5nm. 
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Figure 3.45: Measured degree of linear polarization PCB) for 

polystyrene spheres at 632.8 nm. 
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3.11 Data Processing 

The data is recorded in the file filename.dat by the data acquisition 

system using the program "process.c", described in Section 3.8. The essential 

parameters of the light scattering system that are loaded into the processing 

program are the name of filename.dat, scattering angle 8, reading of refractive 

index of the particle n, size of the particle s , wavelength of incident light A, 

which are all recorded at the time of the experiments. The program opens 

filename.dat and calculates the average of every unit of voltage data (intensity 

obtained in terms of volts) at each angular position of the photodetector. This 

averaging eliminates the negligible electromagnetic noise component in the 

voltage data without any significant loss in the overall pattern of the voltage 

data. The program computes the value of the intensity (obtained in terms of 

volts) of the scattered light considering a particular wavelength of light. It is 

seen that by taking approximately 100 sets of data using the light scattering 

system, yields the most significant results in case of our investigations with 

different samples. 
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CHAPTER IV 

Investigations and Results with Light Scattering System 

4.0 General Introduction 

This chapter contains details about the experimental investigations carried 

out for different particles by using the designed and fabricated light scattering 

setup and the results. Section 4.1 presents an overview of the investigations 

made on different particles in the simulation chamber of the light scattering 

system. Section 4.2 to Section 4.7 presents the experimental results obtained 

with light scattering investigations on different samples outlined below. The 

sections also present comparisons of the experimental results with well

established theoretical results, and directs towards significant findings from 

the results. Section 4.8 discusses similar work done by other authors with their 

work presented here to make a comparative assessment of the designed and 

fabricated light scattering system. Finally, section 4.9 presents error analysis 

techniques involved in the experimental measurements of all the particles 

studied in this research work. 

4.1 Overview of investigations made on different samples 

Light scattering investigations were carried out on a number of samples 

namely: 

1. Cadmium sulphide( CdS) 

11. Zinc selenide (ZnSe) 

iii. Titanium dioxide (Ti02) 

iv. Zinc oxide (ZnO) 

v. Stapphylococcus aureus 

vi. Camellia sinensis 

Vll. Mycobacterium smegmatis 
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For every light scattering investigation, the scattering detector was first 

placed at an angle 8 = 0°. Then the measurements of scattered light signals 

were recorded from an angle of 10° to 170°. The plots of volume scattering 

function for all the experiments are represented in logarithmic scale. 

It is worth mentioning that for randomly oriented non-spherical particles, 

light scattering properties are azimuthally independent as reported by many 

researchers [32, 45, 47, 179 ]. Still, we have carried out light scattering 

measurements by changing the azimuthal angle cp, for ZnO, S. aureus, C. 

sinensis, M. smegma tis non-spherical particles by using our light scattering 

setup. Some notable lines mentioned by Bohren and Huffman [45] which 

seems to be in line with our consideration are expressed as: "It is sometimes 

asserted that randomly oriented non-spherical particles are somehow equivalent to 

spherical particles, and it is just a matter of choosing the correct size distribution. This 

reasonzng IS based, perhaps, on the realization that both systems are spherically 

symmetrical. But an inescapable conclusion to be drawn from the preceding 

paragraphs is that these assertion cannot be strictly true: regardless of the size 

composition of the "equivalent" spheres, symmetry precludes full equivalence". 

Accordingly, the significant reasoning of Bohren and Huffman holds correct 

and cannot be ruled out for practical applications where light scattering plays 

a key role in depicting the scattering behavior of small particles, as we 

witnessed similar observations. In our experimental investigation, the 

scattering profiles displayed by ZnO and S. aureus were found to be same 

with variation in azimuthal angle cp, whereas marked difference was observed 

in case of C. sinensis and M. smegma tis bio-particles with variation in cp, and 

this fact was found true for all the three wavelengths. Thus, the measurements 

substantiated the uniqueness and completeness of our light scattering setup. 

4.2 Cadmium Sulphide (CdS) 

Sulphide nanoparticles like CdS and ZnS are potential candidates for 

optoelectronic devices [335]. For example, CdS is used in photoresistors, 
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photovoltaic cell, solar energy materials and solar cells etc. In the recent years, 

II-VI semiconductor particles have been studied extensively for optoelectronic 

applications. Dielectric spheres with a radius comparable to the wavelength of 

light are efficient scatterers [336]. Mie scattering has potential as an in situ 

monitoring tool for precipitation reactions that involve such particles. Various 

resonance features observed in the transmission spectra, such as 

circumference and diameter mode contributions or shifts in the resonance 

peak positions due to a solvent exchange can be explained well by using Mie 

theory [336]. The Mie scattering effects of such particles can be considered as a 

colloidal or spherical analogy to the two- or three-dimensional super-lattices 

of photonic band gap materials. The theoretical understanding of scattering 

phenomena is well developed [45], but there is a need to find practical 

applications of this theory for such particles as well. Moreover, Mie scattering 

theory can be successfully extended to explain the optical properties of small 

particles of homogeneous nature and in different scales from nanometer to 

micrometer. 

The CdS particles were synthesized in our laboratory via simple 

chemical route to maintain homogeneity of the particles [337] and it was 

followed by investigations based on light scattering technique. The technique 

outlined here for the synthesis of CdS particles in both dimensions 

(nanometer and micrometer) was adopted due to its simple route, cost 

effectiveness and high reproducibility. Poly Vinyl Alcohol (PVA, Aldrich) was 

selected as the host polymer for embedding these particles as it is an optically 

transparent aliphatic polymer. The PV A matrix was prepared by using 2.5 

wt. % PV A in double distilled water under magnetic stirring at the rate of 200 

rpm approximately and simultaneously heating it for about 3 hours at 60°-

70oC. After preparing the matrix, Cadmium chloride (CdCh) solution of two 

different molar concentrations (1M and 0.1 M respectively) were taken in two 

stoppered conical flask maintaining a volume ratio of 2:1 with PYA matrix to 

prepare PV A film embedded with CdS. Different molar concentrations were 
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taken because the size of particle formation strongly depends upon the molar 

concentrations. Freshly prepared 5 wt. % (Na2S + HCl) solution was added to 

the PV A and CdCh solutions kept in the two separate flasks until their color 

turned yellow. The yellow color of the solution indicates the formation of 

CdS. The flask was then sealed and kept undisturbed for about 12 hours so 

that the solutions become stable. Thin films of the solution were casted over 

glass substrate and were dried in vacuum oven. The films were washed 2-3 

times with cold water to remove Chlorine ions (CI-) and were dried in the 

oven again. The block diagram of preparation of PV A matrix embedded CdS 

particles is shown in figure 4.1. 

2.5% PYA + CdCl2 
(in the ratio 2:1) 

Sample stirred 

for 3 hrs. 

@200rpmat 

70°C 

Sample 

+ Na2S 

+ 2 drops 

HCl 

PVOH+ CdCl2+ N~S=CdS (yellow colour is formed) 

Figure 4.1: Block diagram of the route of preparation of PV A 
embedded CdS particles. 
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PV A films without the CdS particles were also prepared. Structural and 

morphological characterizations were carried out through high resolution 

Electron Microscopy. The formation of the homogenous CdS particles in a 

PYA matrix seems to ensure the sphericity and isotropy of the particles. From 

the Scanning Electron Microscopic (SEM) and Transmission Electron 

Microscopic (TEM) images, the shape of CdS particles was verified to be 

spherical (figures 4.2 & 4.3) having a normal Gaussian size distribution as 

shown in figure 4.4 and 4.5. The distance between particles is large enough 

and hence single light scattering is realized. 

. 

. 
• {a) . 

.. 

# 

, \ 

.. 

" . 
. 
• ,. 

. &fIV 

, · . 
• • . . ' . ' : (b) . 

" • . 
" 

.. · -· - . .. ... ". , 
.. . . . , . 

'. . . . . :~ 
· . • 'Ii .. .. ~ .. 

• • • . .. Ii . . . .; " .. . . • .. •• . ! . 
Ii 

, 'i 
• • • )(1o.doo ~~ 0000 ! 14 40~EI .. 5kV x&oo 0.21Jm 0000 1440 SEI 

Figure 4.2: (a) SEM image of CdS at magnification of X10,OOO; (b) 

SEM image of CdS at magnification of X60, 000. 

Figure 4.3: (a & b) TEM image of CdS at two different magnifications. 
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Figure 4.4: Size distribution graph of CdS particles having 

modal radius of 0.18 \lm. 
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Figure 4.5: Size distribution graph of CdS particles having 

modal radius of 0.07 \lm. 

The setup comprised of 16 static silicon detectors (as described in 

Section 3.0 of Chapter III) was used for light scattering investigation of CdS 

particles. Light beam from the He-Ne laser source of wavelength of 632.8 nm 

was allowed to fall on the sample placed in a sample holder positioned at the 

centre of the circular disc and held by a mechanical support. The laser light is 

scattered by the sample of CdS particles. The scattered light intensity that 
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corresponds to the 511 and 512 element of the scattering matrix is sensed by the 

arrangement of 16 detectors. The scattering data was obtained for these 

particles in differential mode. The data was further processed using the 

program 'process.c' (discussed in Section 3.11 in Chapter III) after data 

acquisition. Next, scattering data files were generated using the computer 

program as mentioned in Section 2.5 of Chapter II, to yield theoretical values 

of PCB) and PCB). 

The data obtained were plotted and compared with the theoretically 

generated Mie-plot for particles having same size distribution, shape, 

refractive index and state of polarization. These figures depict the scattering 

profile of the CdS particles at different spatial angles. Some important 

parameters which were used for the data analysis are tabulated in Table 4.1 

below. 

Table 4.1: Parameters used for the data analysis of CdS particles 

Parameters Value 

Particle radius (CdS of micron size) in micrometers 0.180±10 

Particle radius (CdS of nano size) in micrometers 0.07±10 

PV A refractive index 1.55+iOOOO 

Particle refractive index (CdS) 2.52+iOOOO 

Wavelength of incident light (A) in micrometers 0.6328 

For 0.18 pm CdS particles, the experimentally measured scattering 

phase function PCB) shows sharp forward scattering lobe followed by two 

intense scattering peaks at around 1400 and 1600 (backscattering) respectively 

as shown in figure 4.6. The deviation from theoretical curve is prominent at 

larger angles (8 >100°). For 0.07 pm CdS particles, the experimentally 

measured PCB) shows a forward scattering region where the scattering 
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intensity gradually decreases and shows escalation of the intensity curve at 

scattering angle beyond 100° as shown in figure 4.8. The scattering profiles 

shows backscattering around 1600 with no intense scattering peaks for both 

the sizes of CdS particles (figures 4.6 & 4.8). 

The measured degree of linear polarization pee) for both the sizes of 

CdS are shown in figures 4.7 and 4.9. Both the cases show discrepancy when 

compared with the theoretical predictions. In figure 4.7, alternate positive and 

negative branches of polarization curve with a shape dissimilar to the 

theoretical one is observed. The experimental values were found to be 

inconsistent with the theoretical values of polarization phase curve, projecting 

maxima of 0.395 at 100° and minima of -0.42 at 40°. Figure 4.9 also displays a 

dissimilar shape but with a prominent negative branch of experimental 

polarization curve where the negative value ranges from 95° up to 140° 

approximately. The maxima is 0.36 at around 60° and the minima being -0.12 

at around 115°. It is important to mention that the theoretical values of the 

degree of linear polarization at 90° scattering angle equals to unity, that is 

P(900)= 1 as III (the scattered intensity parallel to the scattering plane) vanishes 

at the Rayleigh scattering regime [338], and the fact is also evident from the 

theoretical plot generated for CdS nanoparticles of 0.07 p.m( figure 4.9). But, 

for larger particles, beyond the Rayleigh regime which converges to Mie 

scattering regime, II/*' 0, i.e. P(900)< 1. Thus the experimentally measured pee) 
values which were found to be less than 1, revealed the possibility of cluster 

formation of the nanoparticles (nearly spherical cluster), at wavelength of 

632.8 nm. However, the experimental curve for pee) seems to be far deviating 

from the theoretical curve for CdS nanoparticles (figure 4.9). This may be 

because the theory cannot accommodate well for very small particles, 

especially particles approximately 1/10th of A [50], which is the wavelength of 

the incident light (in the present experiment, A= 632.8 nm). 

Within the limits of error of the 16 detectors and the instrument, the 

experimental data shows scattering patterns of approximately 0.07 p.m and 
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0.18 pm particles, yielding comparatively better results for 0.18 pm particles. 

Overall, the plots of measured volume scattering function, ~(B) and the 

measured degree of linear polarization, PCB) for CdS particles shows 

moderate fit with the theoretical plots. However, there is a limitation of the 

Mie theory when applied to nano-sized particles having a size less than 0.07 

pm. 
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Figure 4.6: Experimentally measured Volume scattering function ~(B) 

for CdS of 0.18 ~m size at wavelength of 632.8 nm. 
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Figure 4.7: Experimentally measured Degree of linear polarization, 

PCB) for CdS of 0.18 pm size, at wavelength of 632.8 nm. 
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pee) for CdS of 0.07 }lm size, at wavelength of 632.8 nm. 
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The scattering plots were normalized to 1 at 100. The results obtained 

showed only qualitative agreement with the established theoretical results for 

the volume scattering function and degree of linear polarization. 

4.3 Zinc Selenide (ZnSe) 

Zinc Selenide is one of the most interesting II-VI semiconductor 

particles [335] because of its potential application in optoelectronic devices 

like fabrication of light emitting diodes, blue lasers etc. The properties and 

applications of these particles strongly depend on the shape, size and size 

distributions of the particles. This fact builds up the importance of light 

scattering studies which can be used as an imperative tool for in situ 

monitoring and tuning such particles for proper applicability. Remarkable 

investigations based on computing light scattering and also simulating light 

scattering by different types of mineral dust and aerosols have been made in 

the recent years [16, 32, 69,70, 259, 285, 333]. However, reports on light 

scattering studies by realistic semiconductor particles and simulation of such 

particles are few or rather insufficient [336]. The scattering properties of these 

kind of particles are a vital diagnostic tool for detection and retrieval of 

information on physical properties which has significant applications in many 

disciplines. 

Sol-gel method, Chemical vapour deposition, Thermal evaporation etc. 

are the several techniques employed earlier by many researchers to synthesize 

ZnSe particles [339]. In the present study, ZnSe particles were synthesized via 

novel elemental solvothermal route in our laboratory. A new route has been 

developed to synthesize sub-micron sized homogeneous Zinc selenide 

semiconductor particles. Transparent PV A matrix was chosen as host material 

for embedding these ZnSe particles in order to stop agglomeration of the 

particles as well as to facilitate optical characterization. The PV A matrix was 

prepared by following the same procedure as discussed in Section 4.2. The 

sample of ZnCh solution (1 M) was added to the PYA solution drop wise 
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through a burette in the volume ratio of 2:1 maintaining the stirring condition. 

Selenium vapour was obtained by heating Se02 which was kept in a heating 

device maintained at a temperature of 2000 C. The vapour was supplied 

through a glass tube to the mixture of PV A matrix and ZnCh solution until the 

whole amount of Zn02 solution had dropped down from the burette. After 

this, films were cast by pouring the semi-viscous solution over glass 

substrates and were dried in vacuum oven. The block diagram of preparation 

of PYA matrix embedded znSe particles is shown in figure 4.10. Energy 

dispersive X-ray spectroscopic investigation (EDX) was performed to ensure 

the formation of these particles (figure 4.11) as the particles were synthesized 

via elemental solvothermal route for the first time. The figure of EDX shows 

presence of Zinc and Selenium, without any other impurity or unwanted 

elements. Scanning Electron Microscopic and Transmission Electron 

Microscopic images were also taken in order to assess the morphology of the 

particles. 

ZnCl2 (added drop wise) 

2.5wt% PVA 
(stirring condition H • • Se vapor supply 

at 60"- 70" C 

PYA + ZnSe (clear solution) 

ZnSeformed 

Figure 4.10: Block diagram of the route of preparation of PV A 

embedded ZnSe particles. 
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Figure 4.11: EDX image of ZnSe particles 

The SEM and TEM images verified the shape of particles to be almost 

spherical, and are shown in figures 4.12 and 4.13 respectively. The particles 

were found to be having a Gaussian distribution, shown in figure 4.14, and 

having an approximate modal radius of 0.12 rim. The distance between 

particles was found to be large enough and as such single light scattering 

system was recognized. 

Figure 4.12: SEM image of ZnSe particles at 
magnification of XI0, 000. 
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Figure 4.13: TEM image of ZnSe particles. 
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Figure 4.14: Size distribution graph of ZnSe particles 

The ensemble of particles were illuminated alternately by three He-Ne 

laser beams of different wavelengths, 543.5nm, 594.5 nm and 632.8nm 

respectively, for light scattering investigations. The scattered light intensity 

that corresponds to the S11 and S12 element of the scattering matrix is detected 

by the photomultiplier tube. By quantifying the S11 and S12 element of Mueller 

matrix, we could measure the volume scattering function, (3(B) and the degree 

of linear polarization, P(B) of znSe particles. We correlated our measurements 

for p(B) and P(B) with Mie calculations by using the estimated parameters 
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depicted in table 4.2, in order to draw a comparIson of scattering 

measurements with Mie theoretical prediction. Again, scattering data were 

obtained for these particles in differential mode and the data files were 

successively processed using the same programs discussed in previous 

chapter to yield values of NB) and PCB) values. The data obtained were plotted 

and compared with the theoretically generated Mie-plot for particles having 

same size distribution, shape and state of polarization, as shown in figures 

4.15 - 4.20. All the plots for volume scattering function were normalized to 1 at 

100. 

Table 4.2: Parameters used for the data analysis of ZnSe particles 

Parameters Value 

Particle radius (ZnSe) in micrometers 0.120 ±10 

Particle size distribution Gaussian 

Refractive index of PV A matrix 1.55+iOOOO 

Particle refractive index(ZnSe) at 543.5 nm 2.662 46 +iOOOO 

Particle refractive index(ZnSe) at 594.5 nm 2.618 24 +iOOOO 

Particle refractive index(ZnSe) at 632.8 nm 2.590 73+iOOOO 
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Figure 4.15: Experimentally measured Volume scattering 

function N8) for ZnSe at wavelength of 543.5 nm. 
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Figure 4.16: Experimentally measured Volume scattering 

function ~(8) for ZnSe at wavelength of 594.5 nm. 

155 



Chapter IV: Investigations and Results with Light Scattering S1{stem 

§ 
0.. 
C 
0 

'.0 
<C 
N .;::: 
<C 

"0 
0.. 
.... 
<C 
QJ 

;§ 
..... 
0 
QJ 
QJ 

So 
QJ 

0 

10 
- Mieplot 

- Experimental 

0.1 
o 20 40 60 80 100 120 140 160 

Scattering angle (8) 

Figure 4.17: Experimentally measured Volume scattering 

function f3(e) for ZnSe at wavelength of 632.8 nm. 
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Figure 4.18: Experimentally measured Degree of linear 

polarization, pee) for ZnSe at wavelength of 543.5 nm. 
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Figure 4.19: Experimentally measured Degree of linear 

polarization, pee) for ZnSe at wavelength of 594.5 nm. 
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Figure 4.20: Experimentally measured Degree of linear 

polarization, pee) for ZnSe at wavelength of 632.8 nm. 
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The measured volume scattering function pCe), displays a forward 

scattering lobe for all the wavelengths. The values of pee) are significantly 

larger than the computed values at some scattering angles in case of all the 

three wavelengths. This observation indicates the presence of agglomerated 

particles of larger sizes in the scattering volume. Although the measured pCe) 

portrays similar shape of scattering profile when compared to theoretical 

phase curve, minor deviation still persists (figures 4.15 - 4.17). In view of 

comparative analysis of experimental data with theoretical predictions, the 

most agreeable signature of volume scattering function is exhibited by the 

ZnSe particles at wavelength of 632.8nm (figure 4.17). It is apparent from our 

investigations that the experimentally measured p(e), agrees reasonably well 

with the computed values for all the three wavelengths. 

The measured degree of linear polarization pee) (figures 4.18 - 4.20) was 

found to be positive at most of the scattering angles and showed some 

manifestation of oscillations for all the three wavelengths. It displays 

fluctuating behaviour with positive and negative branches of polarization 

phase curves. It can also be seen from the figures (figures 4.18 - 4.20) that the 

measured polarization curves when compared to the theoretical curves, 

exhibit similar trend for all the wavelengths but differs in maxima and 

minima. The measured pee) shows a characteristic bell shape for 543.5 nm and 

632.8 nm incident wavelengths, whereas rather low double minima may be 

observed in case of 594.5nm wavelength. The maxima is 0.64 at 90° and 

minima is -0.231 at 30° for the wavelength of 543.5 nm. The maxima and 

minima are 0.72 at 85° and -0.0838 at 135° respectively for 594.5 nm. And, the 

maxima and minima are found to be 0.78 at 115° and -0.076 at 60° respectively 

for wavelength of 632.8nm.The calculated pee) curve reproduces the 

computed one considerably well, particularly for 543.5 nm and 632.8 nm 

(figures 4.18 and 4.20). Due to the significant discrepancy while comparing the 

theoretical and experimental plots of pee) observed in case of 594.5 nm( figure 

4.19), we made an attempt to simulate the light scattering behaviour of such 
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particles at this wavelength, in order to correlate the results and yield better 

result. The results are presented in the next chapter (Chapter V). Indeed, on 

theoretical grounds, we expect the degree of linear polarization to be higher 

for smaller particles (Van de Hulst 1957, chap. 6; Bohren and Huffman, chaps. 

5, 13 in references 45 & 48). In contrast, the degree of linear polarization is 

expected to decrease with higher refractive indices of particles. This is in 

agreement with the observations of measured PCB) curves, that there was 

decrease in P(8) with increasing refractive indices of ZnSe particles. It is 

important to mention the reasons behind the deviations of measured degree 

of linear polarization curves from the theoretical polarization phase curves. 

The reasons may be attributed to the following points: 

1. Presence of size distribution, however minor it may be. 

11. Presence of non-sphericity of some particles in the scattering 

volume. 

iii. Agglomeration of some particles in the scattering volume. 

iv. Density fluctuation of the PV A matrix. 

v. Resilient dependence of polarization on size parameter of the 

particles, pertinent for all wavelengths. 

Again, the deviation of experimental plot from theoretical plot may also be 

attributed to the superimposition effect of the overriding scattering pattern of 

individual ZnSe nanoparticles over recessive scattering pattern of non

spherical clusters of the ZnSe particles. 

4.4 Titanium dioxide (Ti02) or Titania 

Titania (rutile) is a non-absorbing material and rutile pigments are widely 

employed in industry for their extreme whiteness [340]. In this section, results 

of measurements of the volume scattering function and the degree of linear 

polarization of Ti02 particles are presented. Ti02 was specifically chosen for 

study because of its whiteness (reflecting all wavelengths strongly), its prolate 

shape, and having high real parts of refractive index. Transparency at visible 
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wavelengths is also an interesting physical property of Ti02 particles. Due to 

these properties Titania is one of the most widely used white pigment for 

paint coatings, plastics and papers. Moreover, rutile, titania dust particles are 

thought to be the possible nucleation sites in oxygen rich circumstellar shells, 

and it is also an important component of the lunar regolith [214, 224]. 

The experimentally determined scattering matrix elements of a rutile 

sample in water has been studied earlier by Volten et al. [4], whereas Munoz 

et ai. and Progra2 experimentally determined the same elements for Titania 

particles dispersed in air [ 214, 333]. In the recent years, tremendous efforts 

have been made in computing light scattering by such particles but still these 

methods were insufficient to simulate light scattering by true shapes [46, ,47, 

71]. 

Figure 4.21: SEM image of Ti02 particles at magnification of X20, 000. 

SEM analysis of the Ti02 particles was performed in order to correlate 

our light scattering measurements with the morphology of particles. The SEM 

image portrays prolate shape of Ti02 particles, shown in figure 4.21. The 

particles showed a broad dispersion of sizes as shown in figure 4.22. The 

particles were found to be having a modal radius of 0.25 pm. 
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Figure 4.22: Size distribution graph of Ti02 particles. 

Light scattering measurements of the phase function and the degree of 

linear polarization of Ti02 particles were carried out at wavelengths of 543.5 

nm, 594.5 nm and 632.8 nm respectively. The present investigations on light 

scattering measurements were performed on mono-dispersed Ti02 particles in 

the single scattering regime. Scattering data was obtained for the Ti0 2 

particles and were subsequently processed using the same analy tical 

programs to yield values of (3(8) and P(8) . Some important input parameters 

used in the data analysis for the Ti02 particle are given in the table 4.3. 

The results of the measurements are plotted and shown in figure 4.23 -

4.28. Since it was confirmed from the SEM analysis that Ti02 particles were 

definitely prolate shaped, an attempt was made to compare the experimental 

data with theoretical plots generated by T -matrix method instead of Mie 

theory, as T-matrix method is more suitable for particles with an axially 

symmetric morphology like Ti02. In the same plots, the comparison of the 

experimental results with T-matrix theory is also shown. The graphs for 

volume scattering functions were normalized to 1 at 10°. 
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Table 4.3: Parameters used for the data analysis of Ti02 particles 

Parameters Value 

Particle size distribution Normal (Gaussian) 

Modal radius (Ti02) in micrometers 0.25 

Minimum particle radius in micrometers 0.13 

Maximum particle radius in micrometers 0.31 

Particle shape Spheroidal 

Particle refractive index(Ti02) 2.49965 +iOOOO 

of titania at 543.5 nm 

Particle refractive index(Ti02) 2.49577 +iOOOO 

of titania at 594.5 nm 

Particle refractive index(Ti02) 2.49366 +iOOOO 

of titania at 632.8 nm 
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Figure 4.23: Experimentally measured Volume scattering 

function {3(B) for Ti02 at wavelength of 543.5 nm. 
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Figure 4.24: Experimentally measured Volume scattering 

function peB) for Ti02 at wavelength of 594.5 nm. 
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Figure 4.25: Experimentally measured Volume scattering 

function f3(B) for Ti02 at wavelength of 632.8 nm. 
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Figure 4.26: Experimentally measured Degree of linear 

polarization, PCB) for Ti02 at wavelength of 543.5 nm. 
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Figure 4.27: Experimentally measured Degree of linear 

polarization, PCB) for Ti02 at wavelength of 594.5 nm. 
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Figure 4.28: Experimentally measured Degree of linear 
polarization, P(8) for Ti02 at wavelength of 632.8 om. 

The measured P(8) exhibits forward scattering lobe for all the three 

incident wavelengths in the range of 10° to 80° as depicted by figures 4.23 -

4.25. From the measurements, it was found that f3(8) show smooth signatures 

having fewer oscillations which indicate a wide size dispersion of the 

scatterers. The shapes were found to be similar to those reported for in-situ 

measurements on other aerosol particles of irregular shapes [4,214]. As far as 

the wavelength dependence of the scattering phase function is concerned, it 

has been observed that for wavelengths, 594.5 nm and 632.8 nm, the 

measurements showed an extra dip around 115°. The scattering effectiveness 

of Ti02 was found to be very strong, mainly at side-scattering and back

scattering angles for all the three incident wavelengths. 

The measured degree of linear polarization, P(8) exhibits similar shapes 

for all the wavelengths, but with positive and negative branches. As seen from 

the figures of pee) (figures 4.26 - 4.28), the negative branch is dominant at 
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small scattering angles. The figures also display differences in maxima and 

minima when compared to theoretical curves. The maxima being 0.311 at 

110°, 0.339 at 115° and 0.411 at 120° for 543.5 nm, 594.5nm and 632.8 nm 

respectively. The minima are -0.607 at 70°, -0.127 at 55° and -0.111 at 65° for 

543.5 nm, 594.5nm and 632.8 nm respectively. Significant increment in the 

maxima of the degree of linear polarization with increasing wavelengths was 

also noticeable. The measured polarization curves deviates from the 

theoretical curve to a greater extent in case of 632.8 nm wavelength. When 

compared with the results obtained from PROGRA2 experiment on Ti02 

particles, marked difference in the shape of the polarization curves was 

observed [333, 341]. Their results showed dominance of positive polarization 

throughout the angular range and strong polarization spikes at small angles 

around 15°. This is mainly because of the differences in size, density and 

structure of aggregates of Ti02 samples used in the PROGRA2 experiment. 

However, the experimental results were found to be similar to those reported 

by O. Munoz et ai. [214] for prolate shaped Ti02 particles. 

The reasons of deviations of experimental results from theoretical 

results may be due to the following reasons 

1. Presence of size distribution. 

ii. Minor contribution of shape distribution. 

iii. Accumulation of some particles in the scattering volume. 

iv. Minor effect due to variation of effective radius (of actual value 

from calculated value). 

v. Strong dependence of polarization on size parameter of the 

particles. 

4.5 Zinc oxide (ZnO) 

Like titanium dioxide (Ti02), zinc oxide (ZnO) is also one of the most 

important metal oxides. It is a stable compound having band gap of 3.22eV 

[342]. ZnO has high refractive index, optimum particle size, tinting strength 

and a high degree of whiteness (reflecting all wavelengths strongly). It is an 
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interesting material and finds its applications in various areas such as, optical, 

magnetic, gas sensing etc. [343]. In organic coatings, it provides a broad 

spectrum of properties like optical, chemical, biochemical and physical. Over 

the past century, the paint industries have utilized various aspects of those 

properties to a high degree, resulting in constant development of improved 

products. Zinc Oxide plays an important role in semiconductor ceramic 

elements for operation at elevated temperatures or high voltages. It is also 

used in UV lasers and bio-sensing. For the various applications of ZnO 

particles in different fields as mentioned in the preceding lines, proper tuning 

of size, shape etc. are important, thus light scattering measurements is one of 

the vital tool for such purpose. In this section, results of measurements of PCB) 

and PCB) of ZnO particles are presented. 

Scanning electron microscopic analysis (SEM) was carried out in order 

to trace the morphology of the ZnO particles and to associate with light 

scattering measurements. The SEM image reveals that although the ZnO 

particles were axially symmetric, they had a wide range of shapes (figure 

4.29), and had a broad dispersion of size. The equivalent spherical 

approximation of these particles had an average diameter of about 0.15 ]lm. 

The size distribution was Gaussian, and the graph is shown in figure 4.30. 

Figure 4.29: SEM image of ZnO particles at magnification of X55, 000. 
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Figure 4.30: Size distribution graph of ZnO particles. 

Measurements of the phase function and the degree of linear 

polarization of ZnO particles were carried out at three different laser 

wavelengths, 543.5 run, 594.5 run and 632.8 run respectively. The results are 

shown in figures 4.31 - 4.36. Comparison of the experimental results with 

theoretical result based on Mie-theory is also presented in the same plots. The 

graphs for phase functions were normalized to 1 at 100. Some important 

parameters which were used to compute the theoretical plot for data analysis 

is presented in table 4.4 below. 

Table 4.4: Parameters used for the data analysis of ZnO particles 

Parameters Value 

Modal radius (ZnO) in micrometers 0.15 ±10 

Particle size distribution Gaussian 

Particle refractive index(ZnO) 2.03213 + iOOOO 

at 543.5 run 

Particle refractive index(ZnO) 2.000 84 + iOOOO 

at 594.5 run 

Particle refractive index(ZnO) 1.988 82 + iOOOO 

at 632.8 run 
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Figure 4.31: Experimentally measured Volume scattering 

function f3(B) for ZnO at wavelength of 543.5 nm. 

-Mieplol 

- Experimen tal 

o 20 40 60 80 100 120 140 160 180 

Scattering angle (8) 

Figure 4.32: Experimentally measured Volume scattering 

function f3(B) for ZnO at wavelength of 594.5 nm. 
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Figure 4.33: Experimentally measured Volume scattering 

function Pce) for ZnO at wavelength of 632.8 run. 
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Figure 4.34: Experimentally measured Degree of linear 

polarization, pee) for ZnO at wavelength of 543.5 run. 
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Figure 4.35: Experimentally measured Degree of linear 

polarization, PCB) for ZnO at wavelength of 594.5 nm. 
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Figure 4.36: Experimentally measured Degree of linear 

polarization, PCB) for ZnO at wavelength of 632.8 nm. 
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The measured pee) exhibits forward scattering lobe which were not equally 

intense for all the three incident wavelengths as depicted by scattering profiles 

(figures 4.31 - 4.33). The scattering effectiveness of ZnO was found to be 

strong, mainly at the back-scattering angles for all the three incident 

wavelengths, and more noticeable for wavelengths 543.5 nm and 594.5 nm. 

The measured values of pCe) is higher at some angles perhaps because of the 

presence of agglomerated particles of larger size in the scattering volume. 

Overall, the results of measured pee) shows smooth curves ( without much 

oscillations), indicating presence of wide size distribution of ZnO particles in 

the scattering volume. 

The measured degree of linear polarization pee), for each polarization 

curves display a oscillating behaviour particularly for 543.5 nm and 594.5 nm 

wavelength (figures 4.34 and 4.35). Again, the measured degree of linear 

polarization was found to be positive mostly throughout the scattering angles 

at all the three incident wavelengths. These figures also showed low double 

minimum around 70° and 120° at wavelength of 543 nm, and around 50° and 

115° at wavelength of 594.5 nm. In contrast, the measured pee) at 632.8 nm 

displayed a flat bell shaped characteristic curve. There is also a difference in 

the value of maxima for all the wavelengths. The maxima being 0.542 at 90° 

for 543.5 nm, 0.501 at 80° for 594.5nm and 0.181 at 70° for 632.8 nm. 

Significant increment in the maxima was observed with decreasing 

wavelengths. The reasons of deviation of measured values from theoretical 

values may be attributed mainly to the following points: 

1. Difference in size distribution. 

11. Deviation of shape of some particles from regular shape. 

111. Difference in the density of particles. 

iv. Strong dependence of measured polarization on the size parameter of 

ZnO particles. 

v. Contributions due to 'presence of structure aggregates. 
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In other words, the experimental results showed a closer agreement for 

P(B) than PCB) ,when compared with the computed results. T-matrix method 

was not applied in the case of 2nO particles as their shapes did not conform to 

any known computable morphology. However, we ascertain a reasonable fit 

was observed for 2nO particles by assuming equivalent spherical particles for 

Mie computations, thereby proving the use of Mie theory to be a relatively 

good approach. 

4.6 Staphy lococcus aureus 

Staphylococcus aureus is a facultative anaerobic Gram-positive coccal 

bacterium. It is a member of the Staphylococcae family [344]. It is an 

important human pathogen which has caused many epidemic outbreaks over 

the past 100 years. s. aureus is a frequent component of the human microbial 

flora, however, that can turn into a dangerous pathogen. The coagulase 

positive strain can cause severe chronic infections in human, and is capable of 

infecting almost every tissue and organ system in the human body [344]. The 

light scattered from such biological particle is rich in information and can be 

extracted by performing comprehensive measurements of the scattered light 

[190,192, 198, 254, 256, 257]. Some well-known methods used for measurement 

of polarization effects in biomaterial are II optical rotatory dispersion" and 

/I circular dichroism", however, these measurements are made in the forward 

direction (B= 0) and therefore do not make use of the angular information 

produced by the particulate matter in the sample [190]. 

Metal oxide nanoparticles like Ti02, CdO, CuO, 2nO etc. are receiving 

great amount of attention due to their significant implication in biological 

applications, due to their antibacterial property [343]. Some common strains 

of bacteria which have been widely studied are Staphylococcus aureus, Bacillus 

subtilis, Escherichia coli etc. [189, 232, 254]. So far such bio-particles are rarely 

explored by using light scattering technique [189,232, 273]. It is important to 

mention that the studies of organic molecules may also be utilized in 
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interpretation of data that is obtained from Astrophysical studies on the 

presence of organic molecules in stellar and interstellar medium[ 194- 200] . 

Figure 4.37: SEM of Staphylococcus aureus at magnification of X20, 000. 

Each of the elements of the Mueller matrix contains all the information 

about intensities and polarization of the scattered light as a function of the 

scattering angle [45, 48]. Angle-resolved light scattering measurements [273] 

by different biological particles have been reported earlier, where light 

scattering was used as a powerful technique to differentiate various bio

particles according to species, strains, growth media etc. In our present work, 

an attempt was made to study the angle-resolved light scattering of S. aureus 

bio-particles in order to see the signatures of these particles with changing 

wavelength of incident light. The scattering results reveal the differences, 

definiteness and nature of light scattered from such systems. Light scattering 

technique is a very effective investigating tool when observations are to be 

made if a small alteration is introduced in a scattering volume. The aim of our 

experiment was to study subtle differences with changing incident 

wavelengths, especially for bio-particles by detecting significant light 

scattering signals. Some small morphological changes in the bio-particles 

under the influence of any external factors like strain, chemical treatment, 

metabolic change, killing techniques can be monitored in-situ by light 

174 



Chapter IV: Investigations and Results with Light Scattering System 

scattering. In simple words, it enables one to detect precisely what changes 

occur in bio-particles like bacteria as a result of some environmental or 

external alterations. 

Scanning electron microscopic analysis (SEM) was carried out in order 

to find out the morphology of S. aureus bio-particles. From the SEM image, it 

was verified that the S. aureus bio-particles were more or less spherically 

celled (grape-shaped) having a modal radius of 0.45 11m, as shown in figure 

4.37. The size distribution of S. aureus bio-particles were found to be narrow 

Gaussian from the SEM image, as shown in figure 4.38. 

14 

12 

10 
<Jl 
Q) 

U 
8 ·z ... 

I'J 
0-

'0 6 
0 
Z 

4 

2 

0 
0.35 0.4 0.45 0.48 

Particle radius (~m) 

Figure 4.38: Size distribution graph of Staphylococcus aureus bio-particles. 

Measurements of the phase function and the degree of linear 

polarization of S. aureus particles were carried out at three different laser 

wavelengths, 543.5 nm, 594.5 nm and 632.8 nm respectively. Scattering data 

files were generated and processed subsequently using the same analytical 

programs. The results are shown in figures 4.39 - 4.44. In the same plots we 

show the comparison of experimental results with Mie theory. Although Mie 

theory holds good for spherical homogenous particles, but bio-particles like 

bacteria have internal and external structures too complex to justify using Mie 
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calculations to model their scattering behaviours. Yet, compared to other light 

scattering computations, Mie calculations can be performed relatively faster 

and with considerable accuracy, since it requires only few input parameters 

which can be readily estimated or calculated [232]. Therefore, we investigated 

whether results of Mie calculations produce reasonable approximations of the 

measured results. Some important input parameters used for data analysis are 

given in table 4.5 below. The graphs for phase functions are presented in 

logarithmic scale and normalized to 1 at 10°. 

Table 4.5: Parameters used for the data analysis of Staphylococcus aureus bio

particles 

, 
Parameters Value 

Modal radius in micrometers 0.45 ±10 

Size distribution Narrow Gaussian 

Particle refractive index at visible wavelengths 1.12 + iOOOO 
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Figure 4.39: Experimentally measured Volume scattering 

function f3(e) for S. aureus at wavelength of 543.5 nm. 
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Figure 4.40: Experimentally measured Volume scattering 

function f3(e) for S. aureus at wavelength of 594.5 nm. 
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Figure 4.41: Experimentally measured Volume scattering 

function we) for S. aureus at wavelength of 632.8 nm. 
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Figure 4.42: Experimentally measured Degree of linear 
polarization, pre) for S. aureus at wavelength of 543.5 nm. 
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Figure 4.44: Experimentally measured Degree of linear 

polarization, PCB) for S. au reus at wavelength of 632.8 nm. 
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The measured P(8) are sharply peaked in the forward direction, for all the 

three wavelengths as depicted by figures 4.39 - 4.41. The measured plots of 

(3(8) were found to follow the same trend exhibited by the theoretical plot, but 

showing manifestation of prominent oscillations at some scattering angles in 

the theoretical curve. But, small amount of oscillations, also known as Mie 

oscillations were observed throughout the angular range in the experimental 

curve of all the wavelengths. This observation indicates presence of narrow 

size distribution of S.aureus bio-particles. The oscillating behaviour of the 

theoretical plot may be due to the incorporation of single size parameter in the 

program while generating the theoretical plot, and seemed to be more 

pronounced for comparatively larger particles. 

The measured degree of linear polarization P(8), for each wavelength are 

moderately bell-shaped, exhibiting a major positive branch and receding 

negative branch , and are shown in figures 4.42 - 4.44. In contrast, the 

theoretical curves showed dominance of positive polarization throughout the 

angular range and strong polarization bumps at some angles. There is a 

change in polarization maxima and minima as well, corresponding to 

changing wavelengths. The maxima being 0.552 at 107° for 543.5 nm, -0.223 at 

32° for 594.5nm and 0.561 at 115° for 632.8 nm. The minima are - 0.267 at 25° 

for 543.5 nm, 0.167 at 112° for 594.5nm and - 0.18 at 52° for 632.8 nm. Overall, 

we find a goodness of fit for the bio-particles especially for the volume 

scattering function. The reason of deviation of measured results from 

computed results may be attributed mainly to the following points: 

i. Presence of size distributed bio-particles, however narrow it may be. 

ii. Strong dependence of polarization on the size parameter of the bio

particles. 

iii. Minor contributions due to aggregation of some bio-particles. 

iv. Minute morphological changes which may be due to slight change in 

the alteration of external environmental conditions. 
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4.7 Camellia Sinensis (Tea) dust and Mycobacterium smegmatis 

Angular light scattering is a widely used non-destructive technique for 

studying particles of biological origin such a viruses, bacteria, and eucaryotic 

cells [89, 190, 253, 273]. Measurements of all scattering matrix elements of such 

particles are rare. However, the first among the researchers who worked in 

this area, and measured all the matrix elements successfully for a variety of 

biological particles was Bickel and Strafford [189, 190]. In this section, light 

scattering study of Camellia sinensis dust and Mycobacterium smegmans are 

presented. 

Tea is an important and very popular beverage used all over the world 

and is mainly brewed from the tender leaves of the plant species Camellia 

sinensis (L.) Kuntze. The plant is grown in many tropical regions of the world 

including Assam. The selected leaves and buds of tea plants are processed to 

produce the tea of commerce. During the processing stages in the tea 

industries from raw leaves to commercially packaged industrial tea, tea dust 

is released into the atmosphere as an effluent. It has been reported in some 

papers that there is possibility of the tea dust acting as a carrier for asthmatic 

triggers and also carrier for pathogens. The adverse effect of tea dust is mostly 

on the pulmonary function of tea workers who are exposed to this dust. 

Several authors have reported tea dust as a cause of occupational asthma, 

chronic respiratory disease etc. [345]. 

Mycobacterium tuberculosis is the etiological agent of Tuberculosis (TB). 

The infection of humans by M. tuberculosis dates back to antiquity. M. 

tuberculosis is a Gram positive bacterium with its size ranging from 0.2 to 0.4 

microns. WHO declared TB as a global emergency in 1993 [346]. In view of the 

alarming global assessment of the disease and the ineffectiveness of the 

conventional first and second line of drugs used to treat TB, there is an urgent 

need for discovering and developing new anti-mycobacterial agents and new 

diagnosis and detection systems. A prerequisite in the control of tuberculosis is 
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proper understanding of the aerosolic spread and survival of M. tuberculosis in 

air. It must be emphasized that Mycobacterium tuberculosis is non-motile and 

can survive for 90 to 120 days on inanimate surfaces [347, 348]. Among the 

pathogens which have relatively greater likelihood of being carried by tea 

dust particles is Mycobacterium tuberculosis. 

Monitoring of pathogenic aerosols in the environment around us 

requires very advanced detection systems which may be able to detect and 

distinguish these pathogenic aerosols from the normal environment 

conditions, especially while considering the respirable size of 1 to 10 

micrometers size [188, 368]. It is highly desirable that the advanced systems 

are developed for such detections and are capable of generating online and 

rapid information about possible threats caused by these life-threatening 

aerosols. The fundamental information about such particle is obtained from 

the scattered intensity, I (8, cp), where 8 is the polar angle relative to the 

direction of incident beam and cp is the azimuthal angle relative to the 

scattering plane. 

The present work was aimed primarily at investigating whether air

borne tea dust particles are a possible carrier of Mycobacterium pathogens, and 

secondly whether monitoring of such non-spherical particles can be done by 

light scattering techniques. Light scattering experiments were carried out in 

the single-scattering regime [253]. The effect of multiple scattering is assumed 

to be negligible as long as the scattered flux is proportional to the sample 

concentration. This was done by following the method described in Section 

3.9 in Chapter 3. In this way we could determine the most favorable cell 

density to which single scattering' applied. In our case, we found the optimum 

concentration of tea dust sample at three different wavelengths to be 

approximately 1.5x108 CFU/mL (figure 4.45), 

182 



Chapter IV: Investigations and Results with Light Scattering Sl(stern 

1.6 

1.4 

1.2 

1 
~ ... 
'" 0.8 c: 
~ .... c: ..... 

0.6 

0.4 

0.2 

0 
0 1 2 3 4 5 6 7 8 9 10 

Cell density (IXI0J\8 CFU/mL» 

Figure 4.45: Graph for the intensity of scattered light in arbitrary units for 

unpolarized light versus concentration of M. srnegmatis cells in 2.0mg/ mL tea 

dust for a fixed position of detector at 15°. The green triangle, orange triangle 

and red triangle corresponds to the results for 543.5nm, 594.5nm and 632.8nm 

incident laser wavelengths respectively. 

Figure 4.46: EDX image of C. sinensis dust particles. 
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Figure 4.47: EDX image of C. sinensis dust particles 
contaminated with M. smegmatis bio-particles. 

Energy dispersive X-ray spectroscopic investigation (ED X) was 

performed to check the constituents of sample of C. sinensis dust particles, and 

C. sinensis dust particles contaminated with the bacteria, M. smegmatis. The 

EDX images (figures 4.46 and 4.47) verified the presence of constituents like 

Potassium, Magnesium, Calcium, Sodium, Sulphur, Phosphorus etc. which 

are usually present in purely organic matter. No other impurity or unwanted 

elements were present. This investigation was carried out to ensure the purity 

of the samples chosen. 

4.7.1 Sample preparation and Antimycobacterial Assay of Camellia sinensis 

dust particles 

The samples of Camellia sinensis dust particles were collected from areas 

around tea factories situated in Assam, India. Agar Well Diffusion Assay [349] 

was performed in order to investigate whether the tea dust particles inhibit 

the Mycobacterial growth through polyphenols that are present in the 

unprocessed green tea leaves [350]. In order to maintain safe laboratory 

procedures, the non-pathogenic species Mycobacterium smegma tis which has all 

the characteristic properties of the pathogenic species Mycobacterium 

tuberculosis except for pathogenicity was used for the investigations. The 

strain M. smegma tis mc2 155 was cultured in Mueller Hinton Broth 2 media at 
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3T C for 18h. The bacterial cells w ere suspended in a saline solution 

(0.85%NaO) and the McFarland standard of the cells were adjusted to 

turbidity of 0.5 (approximately 108 CFU/ml). The suspension was inoculated 

in Mueller Hinton Agar media and four wells (6mm) were punched. 50 !ll of 

the sterile organic tea dust of two concentrations i.e., 20mg/ ml and 50mg/ ml, 

dissolved in 1 % (v Iv) DMSO(Dimethyl sulphoxide) were added to weIll and 

well 2, respectively. 1% DMSO was added to well 3 and Streptomycin was 

used as an antibiotic control in well4.The plates were incubated at 37° for 18h. 

This experiment was conducted in triplicate, that is, the Agar Well Diffusion 

Assay was performed three times to ascertain the validity of the biological 

process. Growth of the bacterial cells was not affected by 1 % OMSO as shown 

by our control experiments in well 3 (figure 4.48). These dust particles are 

non-spherical and have a broad size distribution. It has been found that the 

size distribution of the particles is nearly Gaussian (figure 4.52). In order to 

differentiate between the Mycobacterium contaminated tea dust samples from 

the uncontaminated one, SEM images of both the types were taken. The 

control cells as well as the cells incubated with tea dust (20mg/mL) had 

smooth and natural surface morphology. 

Figure 4.48: Antimycobacterial assay by the sterile C. sinensis 
dust, and dust inoculated with M. smegmatis culture. 
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Scanning electron microscopic analysis was utilized to observe the 

morphology of the C. sinensis particles and to study the morphological 

changes in the bacteria on being adsorbed onto tea dust. The study was done 

using the method of Nair et al. [351]. 100llL of bacteria adjusted to 0.5 

McFarland standard was resuspended into 4 ml of 10mM sodium phosphate 

buffer, pH 7.4, in two different 15ml centrifuge tubes. In the solution, 100 ilL 

of organic tea dust (20mg/ml) was added and incubated at 37°C for 6 hours. 

After the incubation the bacteria were washed in the same buffer and fixed 

overnight at 4° C with 2.5% (v Iv) glutaraldehyde (Fluka). After fixation the 

cells were mounted on cover slips using Poly-L-Lysine (Sigma). The cells were 

then rinsed with 10mM sodium phosphate buffer at pH 7.4, and dehydrated 

through an ethanol series for about 15 minutes each. The samples were dried 

at room temperature and coated with 10-15 nm thickness of platinum using a 

JEOL 1600 Auto Fine Coater. The samples were then examined under the SEM 

with an accelerating voltage of 10-15 KV. (JEOL 6390).The standard table of 

"McFarland standard" at *600 nm is shown in table 4.6 below. 
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The SEM images are shown in figure 4.49 to figure 4.51. In figures 4.50 

and 4.51, the SEM image shows Mycobacterium contaminated C. sinensis dust 

sample, and verifies that the air-borne tea dust particles act as carrier of M. 

smegmatis, thereby revealing an important point that these particles might also 

act as carrier of pathogenic M. tuberculosis species. Based on the investigations 

using" Agar Well Diffusion" method on tea dust samples it was observed that 

these particles did not exhibit any antimycobacterial activity unlike the 

extracts of fresh tea leaves and hence it might act as a potent carrier. 

Figure 4.49: SEM image of M. smegma tis at magnification of X6, 000. 

Figure 4.50: SEM image of C. sinensis contaminated by 
single M. smegmatis at magnification of XIS, 000. 
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Figure 4.51: SEM image of C. sinensis contaminated by multiple 
M. smegmatis at magnification of XIO, 000. 
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Figure 4.52: Size distribution graph of C. sinensis 
contaminated by M. smegmatis. 

0.52 

Based on the SEM image we found the size distribution of C.sinensis 

dust particles contaminated with M. smegmatis to be broad Gaussian, shown in 

figure 4.52. Scattering by single, or collection of oriented, non-spherical 

particles,may, unlike scattering by spheres, are azimuthally dependent. But 

for randomly oriented particles, light scattering properties are independent of 

azimuthal angle cp [45, 47]. However, azimuthally-dependant measurements 

were also taken along with polar-dependant measurements for sample of C. 
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sinensis, and C. sinensis dust with M. smegmatis. This is because of the reason 

that sometimes it is probable that the particles may get aligned along one 

direction or orientation when present in some liquid suspension. As reported 

by Quintby-Hunt et al. [45], there is a possibility that with change in 

suspension media, ensembles of non-spherical particles can exhibit non

random orientation as a result of gravitational settling, fluid dynamics flows, 

biological interactions etc., and we have observed similar phenomena in our 

studies. Light scattering investigations on such non-spherical particles was 

carried out for the first time, so it was necessary to ascertain the validity of our 

observations. Moreover, this proved to be an added step to check the 

reliability of our setup as well. Thus, it quantifies that the setup can be used 

for studying scattering properties of aligned particles too, where the 

importance of the dependence of azimuthal angle counts. Our investigations 

proved that the light scattering by such particles were found to be azimuthally 

dependent, the analytical part of which is described hereafter. Some important 

parameters used for data analysis is given in table 4.7 below. 

Table 4.7: Parameters for data analysis C. sinensis and M. smegma tis 

Parameters Value 

Modal radius (M. smegmatis ) in micrometers 0.25 ±10 

Modal radius (c. sinensis) in micrometers 0.48 (approx.) 

Particle size distribution Gaussian 

Particle refractive index (M. smegma tis) 

at 543.5 nm, 594.5nm and 632.8nm 1.37, 1.39 , 1.4 

respectively respectively 

Particle refractive index (c. sinensis) 

at 543.5 nm, 594.5nm and 632.8nm 1.453, 1.47, 1.49 

respectively respectively 
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Figure 4.53: Experimentally measured Volume scattering 

function f(B) for C. sinensis at wavelength of 543.5 nm. 
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Figure 4.54: Experimentally measured Volume scattering 

function (3(B) for C. sinensis at wavelength of 594.5 nm. 
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Figure 4.55: Experimentally measured Volume scattering 

function P(B) for C. sinensis at wavelength of 632.8 nm. 
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Figure 4.56: Experimentally measured Volume scattering function pre) for C. 

sinensis contaminated w ith M . smegmatis at wavelength of 543.5 run. 
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Figure 4.57: Experimentally measured Volume scattering function N8) for C. 

sinensis contaminated with M. smegma tis at wavelength of 594.5 nm. 
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Figure 4.58: Experimentally measured Volume scattering function ~(e) for 

C. sinensis contaminated with M. smegmatis at wavelength of 632.8 nm. 
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Figure 4.59: Volume scattering function, pCB) for Mycobacterium contaminated and 
uncontaminated tea dust particles for : (a) cp= 10·, (b) cp= 20·, (c) cp= 3D·, (d) cp= 40·, 
(e) cp= 50·. Line 1 and line 2 in the graphs (a to e) represents the Mycobacten"um 
uncontaminated and contaminated intensity profile at 632.8nm respectively; Line 

3 and line 4 in the graphs (a to e) represents the Mycobacterium uncontaminated 
and contaminated intensity profile at 594.5 nm; Line 5 and line 6 in the graphs (a 

to e) represents the Mycobacterium uncontaminated and contaminated intensity 
profile at 543.5nm laser wavelength respectively. 

Measurements of the volume scattering phase function were carried out at 

three different laser wavelengths 543.5 nm, 594.5 nm and 632.8 nm 

respectively. Scattering data files obtained for the C. sinensis dust particles and 

M. smegma tis were processed using the same analytical program to yield 

values of f3(B). It can be observed that the measured NB) are sharply peaked in 

the forward direction for both C. sinensis dust and C. sinensis dust 

contaminated with M. smegamatis , in case of all the three wavelengths as 

depicted by figures 4.53 - 4.58. A low frequency component can be seen in all 

the plots of f3(B) for M. smegma tis contaminated tea dust particles in all the 

graphs (Figures 4.56 - 4.58). This may be due to a narrow size distribution 

developing due to the uniformity in size of the M. smegma tis bacteria. The 
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random size of the uncontaminated tea dust possibly got dominated by the 

regularity in size of the bacteria. 

It can also be observed that there is higher intensity of scattering from all 

contaminated dust particles compared to the uncontaminated ones. This may 

be due to an overall increase in the size of the contaminated particles 

compared to the uncontaminated ones. As mentioned earlier, the 

investigations were carried out by mixing tea dust in phosphate buffer 

solution. Although the mixture was thoroughly stirred for a considerable 

period of time to ensure that the non-uniform tea dust particles acquired a 

uniformly random orientation in the medium, it is observed from figures 

4.59(a) to 4.59 (e), that there is variation in the scattering plots with change in 

the azimuthal angle, indicating that the particles are not only non-spherical, 

but some amount of non-uniformity in orientation of the particles is also 

present. As the sample is in PBS suspension, the elongated samples may have 

tried to acquire a vertical alignment with the heavier end pointing 

downwards. This non-uniform orientation may have become more 

pronounced with contamination of the bacteria that has an elongated shape 

and a larger mass compared to the dust particles. Comparison of the 

experimental results with theoretical result based on Mie-theory is also 

presented in the same plots (figures 4.53 - 4.58). Despite the consideration of a 

wide size distribution of equivalent spherical particles for Mie theory 

predictions, it was found that there was deviation of the theoretical curves 

from the experimental curves. This deviation becomes more pronounced for 

the M. smegmatis contaminated C. sinensis sample (figures 4.56 - 4.58). The 

reason may be attributed to complexity in the morphology of the particles in 

the volume element [232]. As such, there is an urgent need to modify existing 

theories to characterize complex biological structures better. The measured 

phase functions of both Mycobacterium contaminated and uncontaminated tea 

dust particles were normalized to 1 at 8= 100. Since the experiments were 

dominated by the C. sinensis particles where the bacteria was a minor 

196 



Chapter IV: Investigations and Results with Light Scattering Sl{stem 

component, and the C. sinensis particles were completely irregular and fluffy, 

preliminary test experiments on their effect on polarization of the scattered 

light yielded completely unpredictable and random results. Hence, these 

experiments, where C. sinensis particles played the dominant role, polarization 

studies for measuring the degree of linear polarization were not continued. 

4.8 Error Analysis 

We have determined the instrumental error of the light scattering setup 

by taking numerous sets of measurement for each angle throughout the 

angular distribution for polystyrene spheres. The instrumental error was 

found to be ±O.l09, and indicated by errors bars in each of the experimental 

plots in this chapter. 

Again, we have calculated the absolute error from the experimental 

and the theoretical values using the formula given by equation 4.8.1 below 

Estimated l?alue - Theoretical value 
Absol-ute error = --------------

Theoretical value 
4.8.1 

The value of absolute error for each sample investigated by using the 

light scattering setup is given in table 4.8. 
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Table 4.8: Table of absolute error calculation for the measured volume 

scattering function pee) and degree of linear polarization pee) 

Name of the scattering Volume scattering Degree of linear 

particle function pee) polarization pee) 

A= A= A= A= A= A= 
543.5 594.5 632.8 543.5 594.5 632.8 

nm nm nm nm nm nm 

Polystyrene spheres 0.073 0.045 0.071 0.193 0.117 0.231 

Cadmium sulphide - - 0.229 - - 0.296 
(0.18 pm) 

Cadmium sulphide - - 0.451 - - 0.529 
(0.07pm) 

Zinc selenide 0.066 0.082 0.049 0.193 0.151 0.258 

Titanium dioxide 0.048 0.045 0.046 0.483 0.498 0.612 

Zinc oxide 0.051 0.048 0.096 0.476 0.470 0.484 

Staphylococcus aureus 0.064 0.055 0.043 0.282 0.125 0.452 

Camellia sinensis 0.054 0.047 0.051 - - -

Camellia sinensis with 0.043 0.052 0.042 - - -
Mycobacterium 

smegma tis 

Chi-square fitting test [252]or goodness of fit test was also done for 

results obtained from each type of samples to justify the comparison between 

theoretical results and experimental results. The chi-square statistic [252]is 

defined by 

4.8.2 

for i= 1,2, 3, 4 ............... .. k 
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Here, 0, and E, are the observed frequencies and expected values respectively. 

The more the actual occurrences depart from their expected values the larger 

the value of chi 2. Conversely, the closer the O/s are to E.'s the smaller is the 

values of chi £, becoming zero when the two sets of frequencies are identically 

equal. We have calculated values of chi'2 for each sample at all the three 

wavelengths, and it is tabulated in table 4.9. 

The observed errors may be interpreted as the errors not only due to 

systematic error which were introduced in the measurement of PCB) due to 

finite angular resolution, detector sensitivity, and measurement errors of light 

scattering setup ( mentioned in chapter III), but also due to limitations of light 

scattering theories that were used in modelling the actual size, shape , 

dispersion of size and shape distributions of the scattering particles under 

investigation. The absolute error calculated for polystyrene spheres were 

found to be minimum for both PCB) and PCB) (table 4.8) , thus proving the 

efficiency and reliability of our light scattering setup. Moreover, the value of 

chi 2 test for all the type of particles investigated (table 4.9) also substantiated 

the versatility of our setup. 
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Table 4.9: Table of Chi square fitting calculation for the measured volume 

scattering function NB) and degree of linear polarization PCB) 

Name of the scattering chi 2 for PCB) chi 2 for PCB) 

particle 
l\= l\= l\= l\= l\= l\= 

543.5 594.5 632.8 543.5 594.5 632.8 

nm nm nm nm nm nm 

Polystyrene spheres 0.046 0.031 0.051 1.154 1.080 1.61 

Cadmium sulphide - - 0.486 - - 7.892 

(0.1811m) 

Cadmium sulphide - - 0.763 - - 14.608 

(0.0711m) 

Zinc selenide O. 132 0.127 0.112 4.058 6.734 5.831 

Titanium dioxide 0.304 0.686 0.782 7.131 6.296 12.15 

Zinc oxide 0.186 0.298 0.151 1.878 1.515 1.872 

Staphylococcus au reus 0.433 0.931 0.894 1.788 2.912 2.894 

Camellia sinensis 0.416 0.237 0.431 - - -

Camellia sinensis with 0.623 0.873 0.928 - - -
Mycobacterium 

smegma tis 

4.9 Comparison with reported work 

The present light scattering setup proved to be versatile when 

compared to other such instruments used for light scattering investigations 

around the world [25-28,32,35,38]. The setup is compact and energy efficient 

since it uses low power laser source, a digital data recording unit which 

consumes minimum power, a highly sensitive and low power consuming 

photomultiplier tube for carrying out measurements of volume scattering 
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function and degree of linear polarization. The parameters like size, shape, 

porosity etc. of same kind of particles may differ from one sample to another, 

thus the light scattering results may also vary accordingly. However, the 

samples like Titania, Staphylococcus aureus etc. analysed by other workers were, 

found to be in correspondence with our results in terms of qualitative 

agreement. The trends of scattering pattern were similar to those reported by 

other workers for such samples. The design considerations discussed by 

Mishchenko, Hovenier and Travis [46], Volten et al. [232], for measurement of 

scattering matrices are also in agreement with the light scattering system 

reported here. The remarkable standpoints of our setup are 

• Noble design considerations of our nephelometer. 

• Flexibility of measurements of all scattering matrix elements along both 

polar and azimuthal angles. 

• Minimum power consuming detectors. 

• Compact size which is easily movable. 

• Different sample holding systems to hold variety of scattering particles. 

• Incorporation of error reduction techniques. 

• Provision for measuring rapid changes in the medium under 

observation made possible by incorporation of fast electronic 

components. 

• Amalgamation of light scattering theories and subsequent 

experimentation to yield light scattering data successfully. 

• Original software for data analysis. 

• Original data acquisition software to record and store the acquired data 

in user defined files. 

In comparison to the work reported by others based on light scattering 

investigations of small particles by using light scattering instruments, our 

designed and fabricated setup stands out as relatively flexible, compact and 

far more economic system. In other words, the overall response of our setup is 

significantly fast, reliable and effective. 
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CHAPTER V 

Simulation of Light scattering 

5.0 General Introduction 

This chapter contains details about the simulation technique used for 

light scattering analysis of small particulate system. Section 5.1 presents an 

overview of Monte Carlo simulation of light scattering. Section 5.2 presents 

summary of original contributions. Section 5.3 presents computational results 

and comparison with experimental results obtained from particles like CdS, 

Staphylococcus aureus and ZnSe. Finally, the conclusion of work is presented in 

section 5.4. 

Computer simulation has developed from basic to more advanced 

discipline over past four decades. Before digital computer became easily 

available, complex dynamic systems could not be analyzed by means of 

available mathematical tools. For such systems, one was forced to accept 

intuitive solutions. But, nowadays computer simulation has become an 

important tool which enables one to mimic the behavior of real-life systems, 

however complex it may be. It is a powerful technique that involves 

modeling, computer- programming and statistics for solving a wide variety of 

problems. In other words, simulation is copying the behavior of a system or 

phenomenon under study. It is basically an experimental technique. 

Computer simulation of experiments provide better insight into the 

experiments done in laboratory, besides being relatively inexpensive, faster 

and easier method for performing an experiment on the computer. Moreover, 

for systems which involve thousands and tens of thousands of variables, the 

complications caused by uncertainty are also very large. Thus, for such 

problems simulation becomes an essential tool for many researchers. 

However, there are no underlying principles guiding the formulation of 

simulation models. 
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5.1 Monte Carlo Simulation of Light scattering 

Simulation can be carried out for both continuous and discrete systems. 

"Continuous systems" are those in which the state changes smoothly or 

continuously with respect to time, and "Discrete systems" are those in which 

the state changes abruptly with time. 

In this work, we have done simulation of light scattering by small 

particle system, which again is a discrete system in which each change in the 

state of the system is called an event. Simulation in the study of discrete 

dynamic systems is used exclusively for systems where at least one of the 

variables is given by a probability distribution function. These are also known 

as stochastic systems. In order to simulate such random variables, a source of 

randomness is required. And in simulation methods, this is achieved through 

a source of uniformly distributed random numbers. These numbers are samples 

from a uniformly distributed random variable between some specified 

intervals which has equal probability of occurrence. A random number 

generator and its proper use is the main step in any simulation technique 

involving stochastic system. A sequence of numbers can be generated in 

computer which has the property of being random. Such deterministically 

generated numbers which retain the property of randomness are called 

pseudorandom numbers. The generation of these numbers is based on some 

recurrence relation. By generation of pseudorandom numbers, one can obtain 

uniformly distributed random numbers xz's between any interval (A, B), using 

the relation: 

X,= A+ (B-A). U, 5.1.1 

where u,'s are the previously generated uniform numbers in the interval 0 and 

1. There are a number of simulation experiments that require random samples 

from non-uniform distributions. And, there are many techniques for 

converting uniform random numbers into samples from various distributions. 
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The two most commonly used methods are the Inverse transformation method 

and the Rejection method. 

The concept of Monte Carlo technique [352, 359, 360] was first 

proposed in 1777 by Comte Buffon. The application of this technique to solve 

real problems began by S. Ulam and J. von Neumann at the Los Alamos 

Scientific Laboratory. Monte Carlo simulation is the computation in which 

random numbers are used to obtain solutions of problems which are 

inherently deterministic. The Monte Carlo method, as implied by its name 

(" throwing the dice"), depends on random sampling of variables from 

definite probability distributions. 

In all application of Monte Carlo method, a stochastic model is 

constructed in which the expected value of a certain random variable or a 

combination of several variables is equivalent to the value of a physical 

quantity to be determined. This expected value is then estimated by the 

average of multiple independent samples representing the random variable 

introduced above. For such purpose, random numbers following the 

distribution of the variables to be estimated are used [352,361]. 

Wilson and Adam were the first to carry out Monte Carlo simulations 

in the field of laser-tissue interaction [283]. Various approaches and several 

improvements, for different applications showed vast advancement in this 

area [279 - 290]. In recent years, there has been an increasing interest in 

simulation of light transport, especially for medical applications. Scmitt et aI, 

Emile et al. and Demos and Alfano proposed the use of polarizad light for 

isolating ballistic photons from diffuse background and enhance the spatial 

resolution in optical tomographic methods [362 - 366]. 

Several Monte Carlo simulations have been developed to investigate 

the propagation of polarized light in dense media [280]. In most of them the 

differential cross section of the light scattered by a sphere is assumed to be 

invariant by rotation around the beam direction. For example, Wang and 
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Jacques have presented Monte Carlo model on light transport in multi layered 

tissues [283]. Again, Bartel and Hielscher developed a Monte Carlo algorithm 

that computes all two-dimensional elements of the diffuse backscattering 

Mueller matrix for highly scattering media [280]. Xu has presented an 

interesting Monte Carlo model based on tracing the multiply scattered electric 

field to simulate the propagation of polarized light in a turbid media [284]. 

Light transport algorithms generate realistic images by Simulating the 

emission and scattering of light in an artificial environment. Applications 

include neutron transport and radiative heat transfer. The simulation can 

score multiple physical quantities simultaneously. However, the method is 

statistical in nature and relies on calculating large number of photons by the 

computer. The number of photons required for a simulation depends largely 

on the precision needed, and the spatial resolution desired. In this context, we 

must note a point that Monte Carlo simulations are rigorous and requires 

significant computation time to achieve precision and resolution. Nonetheless, 

it is a powerful tool due to its flexibility. The main challenge with these 

algorithms is the high complexity of the geometric models, scattering models 

and illumination models that are typically used. 

5.2 An original Monte Carlo technique 

In this thesis, we made an attempt to develop a Monte Carlo technique 

that models the scattering of light by size distributed small particles. Our 

contributions include a new simulation model rendering algorithm. Basically, 

it deals with calculation of S11 and S12 element of the Mueller matrix, and also 

accommodates volume scattering component [461. In the simulation program, 

Mie-theory for spheres was implemented. The proposed technique is an effort 

towards calculating scattering and polarization phase functions produced by 

an ensemble of randomly oriented particles, mostly spherical in nature. 

Simulation was carried out in order to correlate with the experimental results 

obtained from such particles. 
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5.2.1 Sampling Random Variables 

We have considered a random variable 'x', which is required for the 

Monte Carlo simulation of light scattering (photon propagation).This variable 

is the angle of deflection a scattered photon experiences as a consequence of 

scattering event. The probability distribution function P(x) that defines the 

distribution of 'x' over the interval (a, b) is normalized such that: 

t~ P(x)dx = 1 
a 

5.2.1 

By definition, every probability distribution function increases monotonically 

from 0 to 1 [352J. To simulate such system, we need to choose a value for 'x' 

repeatedly and randomly based on a pseudo-random number generator as 

done by Wang et al. [283J. The computer provides a random variable n, which 

is uniformly distributed over the interval (0, 1). The cumulative distribution 

function of this randomly distributed random variable is: 

{ 

0 if n ~ 0 
FnCn) = n if 0 < n < 1 

ii-In>1 
5.2.2 

In order to sample a generally non-uniformly distributed function P(x), we 

assume there exists a non-decreasing function x= fen), which maps n E (0, 1) 

to x E (a, b) as shown in figure 5.1 . The variables x and n then have a one

to-one mapping. As a result, this leads to the following equality of 

probabilities given by: 

PC tCO) < x $ ten1)} = P {O < n $ ntJ 5.2.3(a) 

or, 

5.2.3(b) 

Again, according to the definition of Cumulative distribution function, 

equation 5.2.3(b) can be written as: 
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5.2.4 

On expanding the Cumulative distribution function Fx(x l ) in terms of the 

corresponding probability density function and using equation 5.3.2, we 

obtain the modified equation of the form: 

t1 P(x}dx = n l for n l E (0, 1) 
cz 

5.2.5 

In this chapter, equation 5.3.5 is used for sampling of variable. The 

significant point behind the selection of x using n is to equate the probability 

that n is in the interval (0, n l ) with the probability that x is in the interval ( a, 

Xl) · 

In figure 5.1, the shaded area depicting the integral of p(x ) over (0, Xl) 

is equated with the shaded area depicting pen) over (0, n l ) . The total areas 

under the curves P(x) and pen) must be equal to unity owing to the condition 

of probability density function. In simple words, it can be asserted that Fx (Xl) 

is equated with Fn (nl ). The transformation process is shown by arrows (figure 

5.1). 

1-r---t--t---::::::t:==t 

O~-T~--~---r---+ 
a Ix , b , 

~ 

1 -

0 , a x, b 

Figure 5.1: Sampling random variable 
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5.2.2 Programming method 

The simulation program" simscat.c" is written in ANSI standard C and 

the usability has been tested in different computers and verified. A simulation 

runtime is an uninterrupted recording of a system's behaviour under a 

specified condition of controllable variables. And it is important to know for 

how long such simulation experiments involving randomness should be run. 

But, in our case the simulation is static where time plays no role. The runtime 

depends upon the selection of number of photons. Most simulation 

experiments are repeated a number of times to obtain a mean value. For 

example, let us consider N number of observations of an event (el, e2, e3, .... , 

eN), we obtain mean as e. The larger the value of N,_ closer is the value of e to 

the characteristics of a real event. In order to achieve accuracy of simulation 

results, Variance reduction technique is followed. This technique allows 

reduction of variance without limitless increment of the number of events N. 

We have used this technique to improve the efficiency of Monte Carlo 

simulation with many photons. 

In this chapter, we have described the parameters used in the program 

and the algorithm of the technique. Some important points that were followed 

while writing the program are: 

1. Adapted ANSI Standard C to make the program executable on 

different computers. 

2. Restricted using any term similar to global variables. 

3. The program checks all the parameters of simulation and stops on 

execution if it detects an error in the input data file. 

At the end of simulation, it stores the output data file the name of which is 

initially specified by the input data file. This is how independent run is 

executed each time, and processed subsequently. Runtime is found to be 

approximately 3 seconds even when considering maximum number of 

photons. 
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5.2.3 Flowchart for Monte Carlo simulation 

One main step followed in all the simulations of light scattering based 

on Monte Carlo method, is the sampling of scattering angles (8, cp). In our 

study, we have considered only 8-dependent scattering function. The rejection 

technique is a common method that has been widely used in different 

simulation programs [284]. But, we have used the inverse transformation 

method for simulation. This method is based on random sampling of 8 from 

probability distributions. A simple flowchart describing the simulation 

method is depicted by figure 5.2. 

The box "C=O" initializes the photon count. M(8) is the generated Mie 

plot using the developed C-program [300] with size, wavelength of source, 

refractive index of the particle as initial parameters. The box II INo 

= f:;~;o M(8)d8" denotes the integration of the plot using composite Trapezoidal rule 

for e ranging from 10° to 170° . Uniform random numbers were generated between a 
and 1, and we have forced these uniform random numbers into a non-uniform 

pattern governed by Mie theory, using it as a probability distribution function by 

using Inverse transformation method [369]. We move to the next box" F(x) = _[1 
No 

J: M (tJ)de", where F(x) is the cumulative distribution function. In this method, we 

assumed propagation of one single photon at a time, associated a 8 to it, and 

stored the result. The decision box" Is F (x) = 11 ? "determines whether there should 

be a further increment in the value of e by a factor of 2, or to store the value of e . The 

box "C= C+l" increases the photon count by 1 until it reaches the value of 100000, 

and displays the C versus e result after binning. In other words, each time we 

perform our simulation, we check whether F(x) is equal to the generated 

random number (n) or not. If it is found to be equal then we store the value of 

8, which is the non-uniform random number conforming to Mie theory. If F(x) 

is not found to be equal to n, then we increase the value of 8 by 2 and repeat 

the previous step again. The simulation terminates after recording the 

scattered directions of 100000 photons. 
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c=o 

M(8) with known 'z= :7T" A, '1 

8=170 
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Generate n E (0,1) 

1 (8 
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< 

No 

Store e 

c= C+l 

No 

Figure 5.2: Flowchart of "simscat.c" 
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5.3 Computation Results and comparison with Experimental 

Results 

It is worth mentioning here that we have incorporated a novel 

technique in order to increase the correspondence between the simulated and 

experimental results. The technique involves distribution of the photons in the 

simulation program between the particles according to their density as they 

were found to be governed by a Gaussian size distribution function [300]. The 

key idea was to have the maximum number of photons allotted to the central 

modal radius of size distribution and gradually decreasing the number of 

photons for the other radii around this central modal radius. The basis of 

adopting Gaussian distribution in our simulation program was based on 

morphology of the particles (CdS, ZnSe and Staphylococcus aureus) observed 

over a number of samples using image analysis techniques like Scanning 

electron microscopic image and Transmission electron microscopic image 

(images are shown in chapter IV). 

5.3.1 Simulation of CdS 

Monte Carlo simulation of light scattering using our program 

"simscat.c" was carried out for CdS particles having central modal radius of 

0.18 pm, refractive index of 2.52 ± iOOOO and wavelength of 632.8 nm. The 

range of radii of the particles incorporated in the program was chosen to be 

0.17 pm to 0.19 pm. The 511 and 512 elements of the Mueller matrix was 

determined by following the simulation technique to yield the scattering and 

polarization phase functions of such size distributed, nearly spherical and 

randomly oriented particles. 

The simulated profiles of the volume scattering function, fl(8) and 

degree of linear polarization, P(8) as a function of scattering angle 8 are 

shown in figure 5.3 and 5.4 respectively. From figure 5.3, it can be seen that 

the plot for simulated result for f3(8) shows good correspondence with both 

theoretical and experimental results for the forward scattering lobe extending 
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approximately to 110°. We find discrepancies between the results of 

simulation and experiments beyond this scattering angle. Again, the 

simulated results for PCB) exhibits a similar shape of scattering profile when 

compared to experimental results as shown in figure 5.4. However, there is a 

margin of deviation which shows difference in maxima and minima. The 

variations may be attributed to the possibility of the experimental samples 

deviating from Gaussian distribution. Another aspect is that, although the 

sphericity of CdS particles is assumed to be perfect, there is also the 

probability of appearance of non-spherical particles within the sample. It must 

be noted that we have considered perfectly spherical particles in our 

simulation program. The deviations may also be attributed to the minor 

contribution of density fluctuations of the polyvinyl matrix in the 

experimental plot. This aspect is another contributing factor of the deviations 

between the simulated and the experimental plots. Overall, the signature of 

simulation shows a qualitative agreement with the experimental signature. 
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Figure 5.3: Comparative results for simulated, experimental and 
theoretical Volume scattering function NB) for CdS. 

212 



Chapter V: Simulation of Lizht scatterinz 

~ 
"-
P... 
C 
0 . .c 
III 
N .J:: 
III 

"0 
0... 
I-; 
III 
Q) 

;.§ 
...... 
0 
Q) 
Q) 

So 

1.200 

O.SOO 

0.400 

0.000 

-0.400 

2) -0.800 

-1.200 

- Simulated m>crilge 

-Mie theory 
- Experimental 

o 20 40 60 so 100 120 140 160 ISO 

Scattering angle (8) 

Figure 5.4: Comparative results for simulated, experimental and 

theoretical Degree of linear polarization P(8) for CdS. 

5.3.2 Simulation of Staphylococcus aureus 

Simulation of light scattering was carried out usingour program 

"simscat.c" for Staphylococcus aureus bio-particles having central modal radius 

of 0.45 pm , refractive index of 1.05 ± iOOOO and wavelength of 543.5 nm. The 

range of radii of the particles incorporated in the program was chosen to be 

0.45 pm to 0.46 pm. We have calculated experimentally the 511 and 5 12 

elements of the Mueller matrix in order to determine the scattering and 

polarization phase functions of such particles. 

The simulated profiles of the volume scattering function, P(8) and 

degree of linear polarization, P(8) as a function of scattering angle 8 are 

shown in figures 5.5 and 5.6 respectively. The scattering profiles of simulated 

and experimental results for N8) show overall similarity throughout the 

angular distribution. Both the profiles exhibit a forward scattering lobe with 

sharp scattering peak. However, it shows minor discrepancies when 

compared to the theoretical scattering profile, particularly at the forward 
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scattering region till 30° and in the region of 130° onwards. For PCB), the 

scattering profile of Staphylococcus aureus exhibits a similar shape for both 

simulated and experimental plots, as seen from figure 5.6. Yet, there is 

difference in the values of maxima and minima. Again, for PCB) the theoretical 

scattering profile exhibits some prominent oscillations. The oscillating 

behavior may be due to single size parameter of the particle which was being 

incorporated as input parameter to generate the theoretical plot. Moreover, 

we have considered perfectly spherical particles in our simulation program 

while generating the simulated plot. The reasons behind deviation of 

simulated result from experimental result for both N8) and P(8) may also be 

attributed to the probability of appearance of non-sphericity in the bio

particles within the sample, due to factors like cell lysis or cell division. Again, 

there is a possibility of the experimental samples deviating from perfect 

Gaussian size distribution. Overall, for p(B) and PCB), the scattering profile for 

simulated result shows good agreement with the experimental result. 

0.0001 
a 20 40 60 80 100 120 140 160 180 

Scattering angle (B) 

Figure 5.5: Comparative results for simulated, experimental and 
theoretical Volume scattering function p(B) for Staphylococcus aureus. 
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Figure 5.6: Comparative results for simulated, experimental and theoretical 

Degree of linear polarization pee) for Staphylococcus aureus. 

5.3.3 Simulation of ZnSe 

Monte Carlo simulation of light scattering was carried out for 

znSe particles having central modal radius of 0.120 lim, refractive index of 

2.618 + ioOOO and wavelength of 594.5 nm. The range of radii of the particles 

incorporated in the program was chosen to be 0.105 l1ffi to 0.125 lim. The 

scattering and polarization phase functions, Ne) and P(B) of such particles 

were calculated by simulation. 

The simulated profiles of the volume scattering function, NB) and 

degree of linear polarization, pee) as a function of scattering angle Bare 

shown in figure 5.7 and 5.8 respectively . The scattering profiles of simulated 

and experimental are found to be similar throughout the angular distribution. 

Both the simulated and experimental PCB) shows a forward scattering lobe 

holding sharp scattering peak.. Nevertheless, we find some discrepancy when 

compared to the theoretical scattering profile. The simulated PCB) shows more 

deviation from the theoretical one when compared to the experimental one. 
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The scattering behavior of simulated and experimental results for pee) is 

exhibited by the scattering profile as seen from figure 5.8. There is difference 

in the values of maxima and minima for all the three profiles (figure 5.8). The 

overall trend of the scattering profiles of the simulated plot shows similarity 

with the experimental plot, however, the maxima is approximately around 60° 

( extending to 80°) for simulated plot, whereas the maxima is around 90° for 

experimental plot. For pee), there is more correspondence between these 

results at an angle of 90° and onwards. Again, the theoretical scattering profile 

for P(B) shows marked deviation when compared to the simulated and 

experimental profiles. In order to find out the level of efficiency of the 

simulation technique, the particular case of light scattering from ZnSe 

nanoparticles using 594.5 nm laser line was selected. 

Incorporation of condition of perfect sphericity of particles in our 

simulation program may be the reason of the discrepancies between the 

simulated and experimental result. The possibility of the experimental 

samples deviating from perfect Gaussian size distribution also cannot be ruled 

out. Moreover, agglomeration of some particles in the experimental sample 

may be a contributing factor for such deviations. And most importantly, the 

strong dependence of polarization on modal size parameter of the particles is 

another aspect of the deviations between the simulated and the experimental 

plots. Overall, for pce) and Pce), the scattering profile of simulation agrees 

quite well with the experimental profile, however, for pee) incongruities are a 

bit more. 
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Figure 5.7: Comparative results for simulated, experimental and 

theoretical Volume scattering function ~(e) for ZnSe. 
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Figure 5.8: Comparative results for simulated, experimental and 

theoretical Degree of linear polarization pre) for znSe. 
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5.4 Conclusions 

We have modelled a Monte-Carlo-based algorithm that models the 

single-scattering event according to Mie theory, for small particles. The 

simulations reproduced well, the two elements of Mueller matrix, 511 and 512 

respectively. We used the program "simscat.c" for simulating light scattering 

of CdS, Staphylococcus aureus, and ZnSe to determine the volume scattering 

function peB) and degree of linear polarization PCB) of these particles. Three 

different wavelengths were incorporated in the program for the three 

different samples, and simulation was carried out successfully. The results 

validate the usability of our program with different wavelength of incident 

light for the investigation of such bio-particles and particles ranging from 

nano-size to micron-size. 

The program is fast and the user time is nearly 2-3 seconds to generate 

output data file. The experimental results correspond almost accurately with 

the simulated results for both PCB) and PCB). However, the results obtained 

from simulations shows some discrepancies when compared with the 

experiments, which becomes more noticeable for PCB) in all the cases. More 

prominent fluctuations occur when simulating the other matrix elements. The 

agreement between experimental and simulated results reveals the possibility 

of modeling the complete Mueller matrix for different types of small particles. 

Attempts may be made to tackle and minimize the deviations by 

incorporating other parameters in the simulation program, like inclusion of 

perfect size distribution of particles and minor contribution of shape 

distribution etc. We can also incorporate increased photon count (> 105) in 

order to realize a more realistic depiction of simulated result. Furthermore, an 

effort can be made to improve the program for systematic studies on non

spherical particles using T -matrix as the theoretical background. 
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CHAPTER VI 

Conclusions and Future Prospects 

An original light scattering setup was designed and fabricated in an 

attempt to incorporate a higher level of versatility and accuracy in comparison 

to such setups developed by earlier workers. Test measurements with 

polystyrene sphere samples and subsequently comparing the results with Mie 

calculations validated that the setup is quite accurate for light scattering 

measurements. The setup was successfully used for investigation of several 

types of particulate matter. The results were obtained after systematic and 

careful experimentation along with theoretical analysis, supported by 

computer simulation. 

Following are the main conclusions drawn from the present 

work: 

1. Experiments with semiconductor nanopartic1es like Cadmium sulphide 

(CdS) and Zinc selenide (ZnSe) showed characteristic properties of 

such particles. Synthesis of the scattering samples via simple route in 

the laboratory ensured homogeneity of the particles under 

investigation. Moreover, the route provides valuable information 

about attaining desirable size of particles by changing the molar 

concentration, although size distribution was also observable. A 

significant finding of a novel route for synthesis of ZnSe particles is 

also reported here. The scattering results also revealed some valuable 

information, particularly for CdS nanopartic1es which were in the 

transitional domain of Rayleigh and Mie scattering regime. The 

observation calls for a modification in the existing theories and also 

builds up the necessity of developing new theories applicable for 

analysing particles in the intermediate size domain. The experiments 

on nanoparticles and sub-micron particles have a direct importance in 
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understanding interaction of light with such low-dimensional 

structures. 

2. Light scattering measurements of metal oxides like Ti02 (Titania) and 

Zinc oxide (ZnO) were made effectively. Such metal oxides have wide 

applications in the area of optoelectronics, astrophysical issues, 

biological applications etc. [34, 190, 198, 199, 214, 224,189]. Scattering 

measurements portrayed the characteristic scattering properties of 

Ti02 and ZnO. The results may prove to be very useful if comparative 

analyses of such particles are made, when used as anti-bacterial 

agents. Moreover, the measurements may expose dynamic 

information when multiple samples of Titania (differing in 

parameters like size, shape, porosity, density etc.), are examined with 

similar experimental technique. Conclusions drawn from such 

investigations and observations are important in regard of the fact 

that Ti02 particles are pOSSible nucleation sites in oxygen rich 

circumstellar shells. 

3. Light scattering results of one type of strain of bacteria, Staphylococcus 

aureus MTCC 737 was studied. Light scattering technique being an 

indestructible tool proved to be a successful means in providing 

scattering information of such strain precisely. Furthermore, it 

substantiated the key role of the technique for in-situ monitoring of 

such particles when alterations in the morphology of particles become 

effective due to external factors. Use of Mie calculations during 

comparative analysis produced reasonable approximations of the 

measured results, and therefore shows the possibility to analyse other 

bacterial strains. 

4. We found interesting results while doing experimentation on Camellia 

sinensis dust particles and Mycobacterium smegmatis bio-particles. The 

light scattering measurements made on C. sinensis dust particles (both 

contaminated and uncontaminated by M. smegmatis) revealed a 

remarkable finding that the dust particles may be a potent carrier of 
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life threatening bacteria, Mycobacterium tuberculosis. Light scattering 

proved to be an important diagnostic tool to identify bacterial 

pathogens [253, 369]. The scattering measurements also showed an 

interesting result of self-alignment of particles in suspension. 

Although the particles were non-spherical and randomly--oriented, 

they were found to be dependent on azimuthal angle. This fact 

provided vital information about such organic particles sometimes 

attaining self-alignment due to several factors [45, 46]. Thus, it 

provides a new outlook that we cannot rule out the azimuthal 

dependency of randomly-oriented particles in suspension. This 

information suggests the need of making extensive measurements of 

such particles one step forward, in order to obtain the actual 

scattering information. Therefore, our work may provide novel clues 

in developing new models of light scattering from complex forms. 

5. A Monte Carlo code (' simscat.c') for simulating light scattering from 

small particles was developed and successfully implemented in 

simulating the scattering behaviour of CdS, ZnSe, and 5. aureus 

particles. The simulated results were found to be in correspondence 

with the experimental results. Two significant elements of Mueller 

matrix, 511 and 512 were reproduced by our simulation technique 

considerably well. Thus, we could yield simulated volume scattering 

function, P(8) and degree of linear polarization, P(8) of the above 

mentioned particles. And, in general it was observed that the 

simulation plots corresponded with the experimental plots better than 

the theoretical plots. 
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Future prospects of work: 

1. The limitations of investigation with only He-Ne lasers, operating at 

wavelengths of 543.5 run, 594.5 run and 632.5 run may be overcome by 

using other laser sources like organic dye laser having tunable 

wavelength, Nd:YAG laser , C02 laser, Ruby laser, Argon laser 

operating at different wavelengths like 1.06 pm 0.6943 pm, 0.488 pm, 

0.514 pm respectively [227, 228].The use of different incident 

wavelengths will be fruitful particularly for studying atmospheric 

particles, astrophysical particles and bio-particles which are mostly 

exposed to sunlight. 

2. Our investigations can be broadened further by modifying our setup 

with replacement of existing photodetectors so that it may be used to 

retrieve information of particles even in the Rayleigh and Raman 

scattering domain. 

3. More precise information about the scattering and extinction 

coefficients of small particulate matter can be obtained by 

transforming our setup (functional at angular scale of 10° - 170°). This 

can be done by changing the polar angular distribution from 10° -170° 

to a lower limit of < 3° (very small angles) and upper limit of > 177° 

(near backscattering angles). This can be made practically effective by 

taking into account the design considerations of a Point visibility 

meter in the existing light scattering setup. 

4. The limitations of generating theoretical results for particles having 

complex morphologies, and also requiring numerous input 

parameters, may be overcome by using more powerful computers 

with larger memories and multiprocessors in parallel for data 

recording and processing unit of the light scattering setup. 

5. The use of Electro-optic modulator (EOM) for controlling the 

polarization state of the beam of incident light can also be 

incorporated into the existing setup .. Measurements of all the 
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scattering matrix elements to get complete information of the 

scattering particles (like size and shape characteristics) can be made 

possible by incorporating polarizers and analyzers at both the source 

end and detector end of our light scattering setup. 

6. The investigation results with our light scattering setup may be used 

for analysis of unknown particulate matter using Light Detection and 

Ranging (LIDAR) systems. 

7. A nebulizer can be used as a source of generating floating particles, so 

as to enable measurements on other important atmospheric particles, 

and yield realistic profiles. 

8. Since the present setup has provision for light scattering 

measurements along both polar and azimuthal angles, it can be used 

for studying axis-symmetric and aligned particles of different origin. 

9. The setup can be used to make quantitative measurements on 

particles of different shapes like star-shaped, chebyshev, oblate

spheroids etc. 

10. The simulation results revealed successful interpretation of volume 

scattering function and degree of linear polarization. This leads 

towards the possibility of Simulating the other scattering elements of 

the Mueller matrix by modifying the present Monte Carlo code 

(' simscat.c') to achieve a complete simulated result. 

11. Furthermore, the code can be modified to meet the requirement of 

simulating non-spherical particles too. 

12. Some other efficient light scattering theories like DDA, T-matrix 

method, SVM etc. can be used instead of Mie theory by making 

necessary modifications in the present simulation software, to 

broaden its applicability. 

Thus, with the rapid development of lasers, high quality instrumentation, 

efficient software, faster and more powerful computers, the field of light 

scattering studies has a very bright future with probable applications in 

almost all the frontier areas of science and technology. 
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September,Viswa Bharati University, Shantiniketan,200B. 

9. Contributed Poster presentation on the XXXIII OSI Symposium on 

Optics and Optoelectronics, 1B-22nd December 2007, at Tezpur 

University. 

VVorkshopsattended 

1. DIT sponsored workshop on "Possibilities of Electronics R&D and 

Application in the North East", 29th July 2011, at Tezpur 

University. National Science Academics Lecture Workshop on Non

Linear Dynamics, 26th-2Bth April 2011, at Tezpur University. 

2. Contributed Oral presentation in the National Seminar on Photon and 

Quantum Structures, 4th -6th November, 2009 at Tezpur University. 

3. Workshop on Recent Trends on Astronomy & Astrophysics, 21sL 23rd 

October, 2009 at Tezpur University. 

4. Technical Session of Assam Science Society, February 4th, 2009 at 

Tezpur University. 
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