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Simulation and analysis of light scattering from particulate matter: A review
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Light scattering techniques are ubiquitous and essential components of many methodologies which require the non-
invasive characterization of particulate matter. Here, we present an overview of various methods which are usually used
to calculate the characteristics of the light scattered by such media. The scattering problem—the objective of which is
to obtain the properties of the scattered light relative to the incident light for a given type of particle—can be modelled
in the form of a boundary value problem, and it can be solved through different analytical and numerical techniques.
The discussion is then extended to the description of light propagation in turbid media, which is of importance in
several practical applications. A turbid media consists of suspended particulate matter, which often leads to multiple
scattering of light, further complicating the solution of the scattering problem. We outline both analytical and numerical
techniques for solving the scattering problem, with particular focus on the Mie theory and the Monte Carlo method with
examples. Finally, we conclude with a brief discussion on some of the neoteric applications of light scattering studies.
© Anita Publications. All rights reserved.

Keywords: Light scattering, Scattering theory, Particulate matter, Turbid media, Monte Carlo simulation.

1 Introduction

Particulate matter, i.c., a medium with particles of very small dimensions, is a ubiquitous part
of our everyday environment. In turbid liquids, it primarily refers to suspended particles, which can be
sediments present in water bodies, such as clay, sand, silt, etc. [1-3], artificial man-made waste particles,
such as polymers, which are harmful in large quantities, and even biological specimens such as algae, which
plays a pivotal role in various ecosystems. Particulate matter is also found in air in the form of pollens [4],
pollutants [5,6], and aerosols [7,8]. In most applications, it is not a single particle but a collection of particles
in a medium which needs to be analyzed—such media which consist of suspended particles are called
turbid media [9-11]. Detection and characterization of the various types of particulate matter are of utmost
importance in several applications, ranging from monitoring of air pollution [12] and pollen concentration
[13], to determination of turbidity of potable water [14-16], and monitoring pollutants in wastewater [17,18].
Thus, a panoply of particulate matter with various shapes and sizes exists in nature, and a variety of methods
are employed to study such particles; examples of such methods are mass spectrometry, gravimetric method
and microscopy.

Currently, light scattering techniques are widely used for the characterization of particulate matter
[19-23], such as for detection of particles [24], determination of particle size [25,26], and estimating
concentration of sediments in water bodies [1,3,27]. This is augmented by its several advantages [3] like
non-invasive nature, real-time results, and scope of telemetry using optical fibers [27,28]. When light is
incident on particulate matter, it interacts in the form of scattering and absorption [Fig 1(a)]. The properties
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of the scattered light, such as the total amount of scattered light and the angular distribution of the scattered
light intensity, depend on the properties like shape, size, and refractive index of the scattering particle. Thus,
from measurement of the scattered light, the properties of the suspended particles can be determined, which
is called the inverse scattering problem [29,30]. However, there is a caveat: The property of a particle usually
refers to its physical boundaries like shape and size, which can be obtained through some form of imaging,
and also composition, which can be determined using chemical methods. In contrast, in the case of light-
matter interaction, the particle is defined by parameters such as the extinction cross section and the phase
function, which depend on the properties of the particle [31-33]. The total (extinction) cross section C; is
defined as the ratio of the total scattered (and absorbed) power to the incident intensity, and has units of
area. It is the sum of the scattering cross section C; and the absorption cross section C,, which are the
ratios of the scattered light— and the absorbed light power, respectively, to the incident intensity. The phase
function p(0, ¢) dictates the amount of light scattered in a particular direction, where ‘direction’ is defined
by the scattering angle 6 and the azimuthal angle ¢ [Fig 1(b)]. The aforementioned parameters depend on the
physical properties of the particles. Therefore, in light scattering studies, the aim is the determination of these
parameters in order to characterize the physical properties of a given type of particulate matter.
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Fig 1. (a) A plane polarized wave is incident on a particle, and is scattered at angle 6. The two arrows
in different directions represent the propagation vectors. The z-axis is fixed to be the direction of
the incident light, with the position of the scattering particle as the origin. (b) There can be many
directions of the scattered light corresponding to a particular value of the scattering angle ; these
different directions form a cone around the z-axis (the wavefronts are not shown here). The direction
is uniquely determined by the azimuthal angle ¢ in addition to 8, where ¢ is the angle between the
x-axis and the projection of the propagation vector of the scattered wave on the x-y plane.

In the case of a turbid medium, the propagation of light is described in terms of some scattering
parameters, such as the interaction coefficient z,, the albedo b, and the anisotropy parameter g [10,11,34,
35]. The interaction coefficient g, is the probability that light interacts (through scattering and absorption)
with a particle per unit infinitesimal path length while propagating inside the turbid medium. 4, is the sum
of the scattering coefficient y, and the absorption coefficient y,, which are defined similarly. The inverse of
4, 1s the mean free path of light between two interaction events when it is propagating in the turbid medium.
The interaction coefficient can also be expressed as the product of the cross section C, and n, which is
the concentration of particles in the medium [31]. The albedo b, which is the ratio of x, and y,, describes
the amount of absorption by the medium. The value of b ranges from 0 to 1, which corresponds to purely
absorbing (with no scattering) and non-absorbing media, respectively. The anisotropy parameter g is the
average of cosine of all the scattering angles corresponding to the scattering events in the medium. g can be
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calculated from the phase function p (€); here the dependence of the phase function on ¢ has been dropped
by assuming azimuthally symmetric scattering, which is usually the case. The value of g ranges from —1to 1,
which refers to the respective cases of complete backscattering (8 = 180°) and complete forward scattering
(0 =0°); g =0, corresponds to the case of isotropic scattering. Thus, the inverse problem encompasses the
determination of these scattering parameters, since they depend on the properties of the constituent particles
of the turbid medium.

The general methodology to determine the properties of particulate matter from light scattering
measurements is as follows: If the scattered light corresponding to a large range of scattering angles is
measured, then first the cross section of the particle is determined from the measurement at the 0° scattering
angle by using the optical theorem, and then the phase function can be obtained from the angular spectrum
of the scattered light intensity. Once C,, C,, and p(6) are determined, there is still a need to determine the
actual physical properties of the particle, which are the shape, size, and the refractive index profile (which
depends on the particle composition). To achieve this, the scattered light corresponding to different possible
particle characteristics can be calculated and compared to the experimentally obtained parameters [36,37].
While using this methodology of comparing the results with a theoretical value of the scattered power
corresponding to different particle properties, sometimes it is possible to decrease the angular resolution of
the measurements or even restrict the number of measurements to only one or two, such as in the case of flow
cytometry [38-40].

For a turbid medium, the analysis is similar, but involves measurement of the unscattered light
from the sample, from which g, is obtained by using the Beer-Lambert law [10,11,33]. Then, p(6) or g
is determined from the measurements of the scattered light; this can be achieved either from empirical
formulae or calibration curves, both of which relate the scattered light to one or more scattering parameters
[10,11,35,41]. Though it is possible to obtain such relations by performing experiments with a wide variety
of samples, it is prudent and facile to obtain these from analytical calculations or numerical simulations.
Thus, calculation and simulation of light scattering from a particle or a group of particles is indispensable
for determination of the particle properties. In addition to intensity measurements, polarization gating can
be used to perform Mueller matrix polarimetry, which studies the relation between the Stokes parameters of
the incident light and the scattered light, to obtain further information about the particle(s) [42-46]. Again, in
such cases, it is essential to calculate the light scattering characteristics of a particle or a turbid medium, to
relate the Mueller matrix and the actual properties of the scatterers.

In this review, we discuss some of the methods widely reported in the literature which can be used to
calculate, simulate, and analyze light scattering from particulate matter. In Sec 2, we focus our discussion on
light scattering from single particles, and then in Sec 3, we extend our discussion to the case of turbid media,
which is a much more prevalent object of study when it comes to practical applications. Finally, we present
the conclusions in Sec 4.

2 Single Particles

The scattering problem comprises finding the properties of the scattered light, corresponding to
the incident light, for a given type of particle [31]. The solution of the scattering problem primarily refers
to the amplitude scattering matrix, which relates the scattered light to the incident light for both types of
polarization (parallel and perpendicular). As discussed above, if the light is defined in terms of the Stokes
parameters, then the Mueller matrix is used instead of the scattering matrix. It is from this scattering matrix
that the parameters such as the extinction cross section and the phase function can be obtained. In Secs 2.1
and 2.2, we detail a few commonly used analytical and numerical methods of obtaining the properties of the
scattered light from a single particle. A similar discussion pertaining to the case of turbid media is given in
Sec 3.
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2.1 Analytical Methods

The scattering problem is essentially a boundary value problem due to the different values of the
refractive indices inside and outside the particle, and it can be solved using the Maxwell’s equations. Apart
from the occasionally lengthy calculations, the scattering problem is a direct problem, which can be uniquely
solved if all the boundary conditions are known [29]. In simple cases, such as for spheres and spheroids, the
solutions can be obtained analytically. The Mie theory [31,47], for example, gives the analytical solution for
spherical particles. A rigorous derivation of the Mie theory can be found elsewhere [31,32,34]. We explain
in brief the salient steps for obtaining the solutions: From the Maxwell’s equations, the vector wave equation
is obtained, whose solutions are in the form of spherical harmonics. The incident wave, the scattered wave,
and the internal wave inside the particle are expanded in terms of the spherical harmonic solutions, and their
expansion coefficients are related in terms of the Mie coefficients. The Mie coefficients are calculated from
the boundary conditions, i.e., the tangential components of the electric— and magnetic fields are continuous at
the boundary defining the scattering particle. Since both the incident wave and the Mie coefficients are now
known, the scattered wave can be calculated, from which the cross sections and the phase function can be
obtained. The Mie coefficients depend only on the size parameter y and the relative refractive index #, for a
given scattering system (particle-medium combination). y is the ratio of the circumference of the particle and
the wavelength of light in the surrounding medium, and 7, is the ratio of the refractive index of the particle
to that of the medium. The significance of these parameters in Mie theory is that for a given pair of y and #,,
the calculated cross sections and the phase function are the same, irrespective of the individual properties of
the particle (and medium).
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Fig 2. (a) The Mie phase function (for unpolarised light) for four different sizes of polystyrene spheres,
corresponding to the wavelength 4, = 632.8 nm. (b) The anisotropy parameter g and the scattering cross section C,
corresponding to each particle size, calculated using the Mie theory. Since polystyrene is non-absorbing at 4y, C,
= C,, the total cross section, in this case.

Since the fields in the solution of the Mie theory are expressed as infinite series of spherical
harmonics, the accuracy is higher if a higher number of terms are used for the calculations. Earlier, the
calculations used to be cumbersome, but with the advent of computer processing power and improvements
in the algorithms [48], many softwares/programs have become available [32,34,49] to obtain numerical
solutions. Thus, corresponding to the size and the refractive index of a given spherical particle, the scattering
characteristics of the particle can be obtained from the Mie theory. For example, suspensions comprising
polystyrene microspheres (latex beads) are often used as standard samples in scattering experiments; Fig 2
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shows the values of the phase function, the cross section, and the anisotropy parameter for polystyrene
spheres of different sizes dispersed in water, corresponding to the wavelength 1o = 632.8 nm. The calculations
were performed using the MiePlot software by Philip Laven [49]; for the calculations, the refractive indices
of the particle and the medium were taken to be 1.587 [50] and 1.3317 [51], respectively. It can be seen
from Fig 2 that as the particle size increases, the phase function becomes more and more oscillatory and
anisotropic, leading to an increase in the probability of forward scattering; this is a well-known feature of the
Mie theory.

The Mie theory is one of the commonly used scattering theories due to its relatively simpler
derivation and ease of analysis, and it has a wide scope of applicability due to the prevalence of spherical
particles in nature. Although it is impeccably valid for spherical particles, many features of the Mie theory
are in fact also valid for non-spherical particles, especially when the size is small, in which case the particles
are treated as spherical with an equivalent or average radius [52,53]. The Mie theory can also be applied
to nearly-spherical particles through the use of first-order perturbations [54]. In the past few decades since
the Mie theory was first proposed, extensions of the theory for the cases of coated spheres [55.56], chiral
spheres [57], i.e. particles in which the two different circular polarizations experience different refractive
indices, spheres with a radial refractive index gradient [58], and even charged dielectric spheres [59] have
been reported. A history of some of these theories can be found in [60]. Analytical solutions have also
been reported for the case when the medium surrounding the spherical particle is absorbing [61], as well
as for spheroids and cylinders, including coated particles. In these cases, the solutions can be obtained by
following a separation of variables approach similar to the Mie theory, albeit with an (expected) increase in
the complexity [32,62,63].

If the particles are of irregular shape, or if an analytical solution cannot be obtained directly, it is
sometimes possible to estimate the scattering characteristics of a particle using suitable approximations. The
Mie theory is useful for particles with size larger than or comparable to the wavelength of the incident light, in
which case the light scattered from different parts of the particle interfere, giving rise to an oscillatory phase
function. On the contrary, in case the particle is much smaller than the wavelength of light, the scattering
particle can be treated as an oscillating dipole driven by the incident field—at any given moment, the electric
field is assumed to be constant throughout the particle. Under this approximation, called the Rayleigh
scattering approximation [31,34,64], the calculated scattering cross section depends on the polarizability
of the particle, and is inversely proportional to the fourth power of the wavelength, which provides a well-
known explanation for the blue colour of the sky during the day and the orange-red colour at sunset or
sunrise. In Rayleigh scattering, the perpendicular component of the scattered light is isotropic, while the
parallel component scatters almost isotropically. This is also corroborated by Fig 2, where it can be seen
that the scattering is almost isotropic for particles of small size, which is the valid regime of the Rayleigh
approximation.

Approximations such as the Rayleigh theory are useful because they simplify the procedure of
obtaining the solutions, or at the very least, provide insights into the scattering characteristics without going
through a complicated (and often computationally intensive) procedure. For instance, the difference in the
results of the Mie theory and the Rayleigh theory reduces drastically as the particle size decreases, although
the Mie theory is an exact solution, whereas the Rayleigh theory is an approximation. Another example of
such approximation is the Rayleigh-Gans theory, which is applicable to optically soft particles [31,32]. In the
Rayleigh-Gans theory, the internal field inside the particle is approximated to be equal to the incident field; an
interesting example of its application is the analysis of scattering by cylindrical particles [32]. Approximate
analyses can also be performed for particles very large compared to the wavelength of light, by incorporating
interference and diffraction based on the Huygen’s principle, or through geometric ray tracing [65], which,
for example, can be used to analyze the formation of rainbows from water droplets.
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2.2 Numerical Methods

If the analytical solution for a given scattering problem is complicated, or if it is not possible to
obtain one, numerical methods such as the finite-difference time-domain method (FDTD) [66-68] and the
finite element method (FEM) [69] can be used. The FDTD method involves solving the time-dependent
Maxwell’s equations by dividing the scattering system into cubic or rectangular meshes, so the solutions are
obtained at the discrete points forming a mesh. In the case of FEM, the analysis is applied on a time invariant
system, and the size and shape of the meshes can be varied as required—for example, over a region where
the fields vary slowly, the size of the mesh can be increased, which reduces the computation time.

The scattering problem can also be solved by using the volume integral equation, which is often used
in the case of inhomogeneous particles. In this method, the particle is divided into many smaller particles,
whose scattering properties are calculated by the methods such as the T-matrix method [70], the method of
moments (MoM) [71], or the discrete dipole approximation (DDA) [72]. The T-matrix method [73-75] is
especially useful for irregular (non-spherical) particles. In the T-matrix method, the incident and the scattered
light are expressed in terms of spherical vector harmonics. The expansion coefficients of scattered field
are related to the expansion coefficients of the incident field through the T-matrix, which is obtained by
numerical integration over the surface of the particle while using the boundary conditions. This is similar
to the case of Mie theory, in which instead of the T-matrix, the solutions are analytically obtained in terms
of the Mie coefficients. The T-matrix method can be used to obtain the Sh-matrix for a particular particle
shape [76], which is independent of the size and refractive index of the particle, and thus offers additional
advantages. The solution of the scattering problem has also been reported for spheroids using the T-matrix
method [77]. A detailed review about the T-matrix method can be found in [78].

The MoM [79] uses surface integrals obtained from operator equations, which are converted into
a system of linear equations expressed in the form of a matrix, whereas in the DDA [80], the particle is
modelled as a cubic assembly of interacting dipoles. Thus, there are several methods to solve the scattering
problem numerically, all of which involve the solution of the electromagnetic equations in some form. It
should be noted that sometimes the scope of application of a numerical method is dependent on the properties
of the scattering system, since the values of various parameters may affect the existence, convergence, and
uniqueness of the solutions. The choice of the method also depends on the available computational resources,
the precision required, and the time taken for the calculations; these factors dictate the suitability of a chosen
method in the context of a given type of particle.

3 Multiple Particles: Turbid Media

For a collection of stationary particles, the methods described in Sec 2 can be suitably extended to
obtain the properties of the scattered light by using appropriate boundary conditions [60]. In contrast, a turbid
medium comprises a large number of suspended particles that are undergoing random motion in the medium.
Such a medium is characterized by the probability of light being scattered at different positions inside the
medium; this probability depends on the scattering parameters, which further depend on the properties and
the concentration of the particles present in the medium. In this section, we give some of the methods to
describe the propagation of light inside a turbid (scattering) medium.

3.1 Analytical Models and Approximations

There exist several methods to model the propagation of light inside a turbid medium. The simplest
one is the random-walk model, in which the scattering particles (discrete points where light undergoes
scattering) are situated in a cubic grid, and the scattering can be either isotropic [81] or anisotropic [82]. The
random-walk model can be further modified to include the effect of polarization [83] and inhomogeneity
in the medium, i.e., when the turbid medium consists of non-scattering regions [84]; in these cases the
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particles are often positioned randomly instead of in a static grid, leading to stochastic modelling (see Sec.
3.2). It is also possible to consider the probability of light being scattered continuously while propagating
inside the medium. This is the basis of the radiative transfer equation (RTE) [34,85], which is based on the
conservation of energy and describes the radiance (energy flow) inside the turbid medium. The RTE can be
arrived at by considering the various sources of extinction and generation of light within a given volume of
the turbid medium [34]. The loss of energy inside the volume is due to scattering and absorption of light,
while the positive contribution is due to generation of energy by a source (if any) within the volume and
due to light scattered from other particles into the volume. Note that the light intensity inside the volume
under consideration may also increase or decrease due to the convergence or divergence of the beam of light
propagating through the volume.

Although the RTE is an analytical equation, it is difficult to solve rigorously, and thus the
corresponding diffusion approximation is often used [34,81,86]. The diffusion approximation is applicable to
highly scattering media, and is obtained by expanding the radiance in terms of zeroth and first order spherical
harmonics [34]; it has been reportedly applied to highly absorbing media as well [87]. The expansion of the
radiance may be carried out up to a higher order N to obtain the Py approximation, where the value of N is
chosen according to the desired accuracy and computation time [88,89]. Under the diffusion approximation,
the distribution of light energy inside the medium is almost isotropic and is dependent on z, and £, which is
the reduced scattering coefficient; £, can be expressed in terms of z, and g as 1] = u, (1 — ). The inverse of i
is the transport mean free path, which is the average distance a photon will move along its original direction
after undergoing an infinite (very large) number of scattering events. From the expression of 1, it can be seen
that as g, increases or g decreases, the transport mean free path decreases, which is expected as the scattering
becomes increasingly isotropic. Note that in many cases, it is prudent (and sometimes the only way) to obtain
the solutions by solving the relevant equations numerically, even after suitable approximations have been
applied.

3.2 Monte Carlo Method

The ‘gold standard’ for modelling of light propagation in a turbid medium is the Monte Carlo method
[11,34,35,90,91], which in principle is equivalent to the RTE, but involves a stochastic methodology instead
of analytical solutions. In Monte Carlo simulations, the propagation of light is represented by propagation of
photon packets (energy packets), wherein each packet comprises hundreds or thousands of photons. In the
simulations, a large number of photon packets are launched into the turbid medium; these packets propagate
according to the medium’s scattering parameters and a random variable & which lies between 0 and 1. The
packets travel inside the medium in straight line paths, and get scattered at the scattering angle 6 and the
azimuthal angle ¢ after each interaction (scattering event), with a step size s till the next interaction point
[Fig 3(a)]. A weight is associated with each photon packet to take care of absorption in the medium, which is
initially set to unity. In the presence of absorption, the weight of the packet is reduced to account for the loss
of energy at the scattering site and between two successive scattering events [34,91]. The flux of the packets
(per unit time) at a given position inside the turbid medium is equivalent to the intensity of the scattered
wave at the same position. Note that the term photon packet refers to the light being treated as a collection of
classical objects, such that simulations involving a large number of packets result in the same constitution as
that of a wave propagating inside the scattering medium; there are no quantum effects involved in the model.
As the number of simulated packets increases, the distribution of the scattered energy packets resembles the
distribution of the scattered wave more accurately.

When a photon packet is propagating inside the turbid medium, the values of the variables 0, ¢ and s
after each interaction are obtained through the use of the inverse distribution method, which maps the random
number ¢ to the variables according to their respective probability distributions, which in turn are expressed
in terms of the scattering parameters of the medium [34]. Typically, the step size is given by s = —log(&)/i;,
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and the scattering angle 6 is obtained from a suitable phase function. The scattering is usually assumed to
be azimuthally symmetric, so the azimuthal angle is simply ¢ = 27¢. After the determination of s, 6 and
@, the coordinates of the photon packet are updated as shown in Fig 3 (b). Each photon packet propagates
independently, and is terminated if it exits the medium or reaches the detector. Once all the packets have
been terminated, the total weight of all the packets collected at the detector divided by the number of photon
packets incident on the medium is the fractional scattered power at the position of the detector, corresponding
to the particular set of scattering parameters used for the simulation run.

Detector %z

—_— ¢
Incident Light =
Photon Packets ./ 45%7 /
Plljropaglg)atirlig Scattering \‘TW'Q+1' Ya+1,Zq+1)
oton Packets Particles (g Yqr2q)
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Fig 3. (a) Propagation of photon packets inside a turbid medium. The packets are initially launched in the
direction of the incident light, which change their direction of propagation after each scattering event. The
propagation of three different packets are shown in the figure, one of which reaches the detector. (b) A
photon packet is scattered at (x,, y,, z,), which is the position of the ¢ " interaction event, ¢ is an integer. The
scattering angle 0, and the step size s, after the ¢" interaction are obtained from the scattering parameters
and the random number &, and then the photon packet propagates to the position of the (g+1)™ interaction.
The azimuthal angle ¢ (not shown) is also incorporated if the model is three dimensional.

The phase function plays an important role in the simulation of different types of scattering media.
As discussed in Sec 1, the phase function of a particle depends on its various parameters like shape, size,
and refractive index, and it can be calculated after obtaining the solutions of the scattering problem for the
given particle, either numerically or analytically (Sec 2). If the properties of particle are not known, which is
expected in the case of practical turbid samples, then it may not be possible to obtain a numerical solution,
even if the computational cost is condoned. In such cases, some pre-defined phase functions may be used
for the simulations. Some of the commonly used phase functions reported in the literature are the Henyey-
Greenstein phase function [10,92], the modified Henyey-Greenstein phase function [93,94], the Reynolds-
McCormick phase function [41,95] and the Mie phase function [11,94,96], among others [97]. For scattering
from small particles, where Rayleigh scattering theory is applicable, the Rayleigh phase function can also be
used [34,93].

The Henyey-Greenstein phase function was first proposed to describe the scattering of light from
galactic dust [92], and has established itself as the most widely used phase function for simulation of light
scattering, especially in the case of biological tissues [68,98]. This is facilitated by its simple and analytically
invertible expression, even though it has limited accuracy in some cases [11,41]. The Henyey-Greenstein
phase function is expressed in terms of the anisotropy parameter g as follows [91,94]:
1 (1-2)

2 (1+g*—2gcosh)?

The application of the inverse distribution method gives [91]

p(cosf) = (1
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The Mie phase function, as its name implies, is best suited for simulation of light scattering
from spherical particles [33,61,99], and can be obtained from the Mie Theory (Sec 2.1). The Mie phase
function for a particular spherical scatterer is expressed as an infinite expansion of Legendre polynomials
[100,1017; hence, it is not possible to invert it analytically, unlike in the case of the Henyey-Greenstein
function. However, the inverse distribution method can still be used in a discrete form [11,94], by using
look-up tables. Choosing the scattering angle after each interaction using look-up tables usually increases the
calculation time while decreasing the accuracy; however, these issues can be mitigated by using interpolation
techniques and equivalent analytical functions which approximately replicate the discretized phase function
[102]. Sometimes, the aforementioned phase functions are not sufficient to describe the distribution of the
scattered light from a particle; in such cases, a combination of different phase functions may be used for the
determination of 6 [103-105].
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Fig 4. Schematic of the experimental setup to measure the scattered light at two angular positions
at the detectors D and D,. The undeviated transmitted light is also measured (not shown) to
determine the interaction coefficient .

As discussed in Sec 1, an important application of the Monte Carlo method is the determination of
the scattering parameters of a turbid media, by comparing the experimental data with simulated results for
different values of the scattering parameters. The experimental setup schematically shown in Fig 4 can be used
to determine the size of particles in a turbid sample comprising polystyrene spheres [33]. Light from a He-Ne
laser is incident normally on a cuvette containing the turbid sample, and the scattered light is measured at the
two off-axis detectors D and D,, with circular apertures of diameters 2 mm and 1.1 mm, respectively. First,
the undeviated transmitted light is used to estimate the interaction coefficient x; by using the Beer-Lambert
law, and then the scattered light at the two detectors corresponding to different particle sizes is obtained from
Monte Carlo simulations. The simulated curves for a medium with z, = 0.173 cm™! are shown in Fig 5. It can
be seen that corresponding to the measurement at a single detector, the simulated scattered power matches
with the measured power at two values of the particles size, one of which is the actual size of the particles
in the given sample [11]. Similarly, another pair of possible particle sizes is obtained corresponding to the
measurement at the other detector. Only one particle size is common to both pairs, which is identified as
the correct size. Thus, by measuring the scattered powers at two angular positions, the size of the spherical
particles can be uniquely determined.

The Monte Carlo method involves simulation of millions or billions of photon packets, which may be
time consuming. When the simulations need to be performed for different values of the scattering parameters,
scaling methods can be used, in which the simulation results corresponding to a few combinations of parameters
can lead to the results for other combinations of parameters without performing the simulations again
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[106—108]. If the scattering parameters vary gradually throughout the medium, then the initial simulations
can be used to obtain the results by using the perturbation theory [109]; this is called the perturbation Monte
Carlo method [110,111]. In some cases, hybrid Monte Carlo models can be used, in which the Monte Carlo
method is combined with analytical methods, such as the diffusion approximation [34,112] and geometric
ray tracing [113], in order to decrease the total simulation time without compromising the accuracy. Since
each photon packet is propagated independently, the computation speed can also be drastically increased
through the use of parallel computation techniques, in which the propagation of multiple packets is simulated
simultaneously [114-117]. A detailed description of the different types of Monte Carlo techniques can be
found in [118].
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Fig 5. Simulated scattered power collected at detectors D; and D,, for a turbid medium comprising
polystyrene spheres with interaction coefficient z, = 0.173 cm™'. The particle size was changed in steps of
100 nm, and 10 million photon packets were simulated for each particle size. The experimentally obtained
scattered powers corresponding to a sample with (actual) particle size = 2000 nm are shown with dotted
lines. The measured power at a particular detector may correspond to the simulated power for more than
one particle size, but only one particle size corresponds to the measured power levels at both the detectors.

As mentioned before, in the Monte Carlo model the photon packets are treated as classical entity.
Wave effects like coherence [119] and polarization [43,120], which incorporate the Mueller matrix, can be
included in the simulations as well, but these are rarely used since the polarization and phase information
of the scattered light is usually lost due to multiple scattering and decoherence while propagating through
a turbid medium. Over the past few years, variations in the Monte Carlo model have also been reported for
applications to anisotropic (birefringent) media [121,122] and inhomogeneous scattering media [123,124], in
which the medium is divided into voxels; 'voxel' refers to an infinitesimally small three dimensional region
inside which the scattering parameters are assumed to be constant.

If a photon packet moves from one voxel to another, the remaining step size of the packet is scaled
according to the scattering coefficients of the previous— and the current voxels, and the scattering angle after
an interaction event is chosen according to p(6) or g of the voxel inside which the scattering took place [125].
Monte Carlo simulations can also be performed for turbid mixtures, i.c., media which comprise more than
one type of particles [126], by using equivalent scattering parameters which are the weighted average of the
parameters for each type of particles, with the weights depending on their respective concentrations [127-
130]. Equivalent scattering parameters, for example, can be used to model light propagation in a bidisperse
mixture for the determination of the concentration of the two types of constituents in the mixture [126].
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4 Conclusion

In this review, we have discussed various methods employed to determine the scattered light from
particulate matter through analytical or numerical calculations. Almost all the methods are based on the
solution of the Maxwell’s equations, which dictate the light scattering phenomenon. The Mie theory, which
gives analytical solution of the scattering problem for spherical particles, has been discussed in detail,
followed by other approximate and numerical methods. We then extended our discussion to the case of
multiple particles, i.e., a turbid (scattering) medium. The propagation of light inside a turbid medium can
be modelled both analytically and through stochastic simulations, which form the basis of the radiative
transfer equation (RTE) and the Monte Carlo method, respectively.

The inverse problem has become a focal topic of research in recent years due to its umpteen
possibilities of practical applications, for both single particles and turbid media, whose properties can be
determined by comparing the measured scattered power with that obtained from simulations or calculations
for a variety of test parameters. Light scattering methodologies can also be ‘inverted’ for applications to cases
where the effect of scattered light needs to be removed or minimized, e.g. in imaging of objects hidden inside
a scattering medium [117,131,132], improving visibility in haze [133], and measurements on biological
samples [134]. Further, light scattering calculations can also be used for optimization of the experimental
setups [135], in terms of various factors such as sensitivity, dynamic range, and cost. The importance of
simulations is also in the development and verification of analytical methods, where the ‘experimental’ data
is obtained numerically in lieu of actual experiments [ 136-138]. Thus, calculations pertaining to the scattered
light are intertwined with various light scattering techniques, and research is continuously ongoing with the
aim of making the numerical predictions of light scattering studies faster, more accurate, and versatile.
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