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PREFACE

This short review paper is to give an overview of the
particle characterization research carried out at the University
of Kentucky during the last decade This work has been a
product of several MS or PhD students, who still continue on
advancing the field via their research and development
applications. Many different particles have been the focus of
our attention, varying from pulverized coal to soot
agglomerates, from phytoplankton to cotton fibers, fromfat in
milk to bubbles in process columns, from foam to metallic
nano-colloids. The work has been exciting and rewarding,
resulted in several papers, presentations, patents, prototypes.
And, all started from that wonderful inspiration | found at the
view of reddish/yellowish light scattered by the particles
emitted from the Purdue smokestack, long gone from the
silhouette of the Purdue campus. Yet, it had a lasting impact!

INTRODUCTION

When light, or any electromagnetic wave, isincident on a
particle, a surface, or any object, it is absorbed, transmitted,
reflected, refracted, and diffracted. These interactions are
defined rigorously via Maxwell’s equations. If a medium is
comprised of several objects, the fate of the incident wave
within the medium is determined by considering the cumulative
interactions. If a series of assumptions can be made, these
relatively complex equations can be replaced with simpler
expressions of geometric optics. Using these equations, one can
write an expression for the conservation of the radiative energy
along a given direction (see Fig. 1). In its smplest form, this
equation is the familiar radiative transfer equation, the famous
RTE, as can be found in many textbooks or monographs[1-3].

In principle, the RTE represents the change of radiative
intensity along a line-of-sight, per unit time, solid angle, and
frequency. If we consider a beam of radiation propagating
through such a medium in the direction W (see Fig.1), the

intensity at agiven location is defined as I} (W). Asthe beam

moves along, it will lose some of its energy due to absorption
and scattering. Mathematically, the reduction of intensity due
to absorption and scattering along a di stance ds are proportional
to the incident intensity, and can be expressed as -k I, (W)ds
and -s; I, (W)ds, respectively. Here, k; is the spectral absorption
coefficient and s, is the spectral scattering coefficient, with
units of inverse distance, i.e., [m]. The total loss of radiation
energy, known as extinction, is the sum of absorption and
scattering. The spectral extinction coefficient is expressed as
b =k, +s,. Thefraction of attenuated (extinct) energy due to
scattering is known as the single scattering albedo: wy = s, /b
[1-3].

The absorbed energy is promptly converted to thermal
energy (heat). The scattered energy is redistributed throughout
the medium. This scattered energy carries the information
about the medium, and if it is quantified properly, it may help
characterization of the objectsin the medium.
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Fig.1 Schematic to depict the conservation of radiation
intensity along aline of sight.



As shown in Fig. 1, absorption (2) and out-scattering (4)
account for the losses, and the emission (1) and in-scattering (3)
make up the gain terms. Once these terms are tallied, we arrive
at the RTE [1-3].

The term “scattering” refers to the combined effect of
reflection, refraction and diffraction, and it is basically because
of the presence of particles, or any inhomogeneities. If the
frequency or the wavelength of radiation does not change via
scattering, it is elastic scattering. If the frequency shifts during
the absorption/re-emission process, then it is referred to as
inelastic scattering.

The integro-differential form of the RTE is due to the in-
scattering term. For the solution of the RTE, it is necessary to
know how different size and shape particles with different
material properties may scatter incident radiation. This
information either comes from experiments, or by solving the
Maxwell equations, as discussed below, as a function of
particle shape, structure, wavelength of the incident radiation,
and the dielectric constants of the medium and the particles.
The results of these calculations yield absorption and
differential cross-section for single scattering. In the presence
of many particles, the cumulative effect of al need to be
considered, which is done by solving the RTE.

If particles are several wavelength away from each other,
which is as usually the case for most practica situations, then
the single scattering effects can be added linearly (via the in
scattering term), and with this approach the multiple scattering
can be accounted for in the calculations. It should be
understood, however, that there is an implicit approximation
made here for multiple scattering calculations. The single-
scattering calculations are based on a planar wave being
incident on a particle. After scattering, the waves emanated
from the particle are spherical, but, as they radiate away they
become more planar in shape. If the second particle is severd
wavelengths away from the scattering center, then the results of
single-scattering calculations based on a planar wave are valid,
and we can predict the behavior of the scattering by the second
particle easily. If the particles closer to each other than two to
three wavelengths, or if they are touching each other, then we
have to solve more complicated expressions via Maxwell’s
equations to account for this dependent scattering. In the case
of agglomerates of particles, the dependent scattering effects
need to be considered as rigorously as possible.

It is obvious that by solving the RTE we will be able to
account for the effect of scattering by particles on the scattered
intensity distribution outside the boundaries of the medium.
This means that if we measure the scattering patterns outside a
medium, we should be able to determine the size, shape, and
structure of these particles following an inverse radiation
analysis. Such an inverse approach requires the availability of
an extensive database which documents the scattering patterns
of different size and shape of particles with different dielectric
constants, or the refractive indices. Therefore, a particle
characterization methodology requires first and the foremost,
accurate solution algorithms to determine the differential
scattering cross-sections of different particles. In the following
section, we give an overview of different techniques we have
devel oped and used for this purpose.

The next step is the design of an experimental system to
obtain the most information for characterization of particles.

For this purpose, angular profiles of scattered light can be used.
However, if dliptically polarized light is employed, more
accurate and detailed characterization will be possible. This
requires the detection of Stokes parameters as a function of
scattering angle, which can be accomplished by using a
predetermined set of polarizers and retarders. This approach
will alow us to quantify the change in the ellipticity of the
polarization of the scattered light, which yield information
about the size, shape and structure of particles. Symmetry is
always beautiful to observe and simple to use; however, one
can obtain much detailed information from asymmetry. The use
of asymmetry in elipticaly polarized scattering light is the
backbone philosophy of our experimental design.

Below, we will first discuss briefly the theoretica and
experimental approaches. After that, we will present a series of
results for different physical systems and particles.

SINGLE SCATTERING MODELS

The single scattering problem is expressed as. Given a
particle of specified size, shape and materia properties that is
illuminated by an arbitrarily polarized monochromatic wave,
determine the electromagnetic (EM) field at al points within
the particle and in the medium in which the particle is
embedded. The field inside the particle is denoted by (E;, Ha);
the field (E,, Hy) in the medium surrounding the particle is the
superposition of the incident field (E;, B;) and the scattered
field (Es, Hs). (SeeFigure?2.)
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Fig.2 Scattering of EM-waves by an arbitrarily-shaped
particle.
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The EM field obeys Maxwell’s equations at al points. Since an
arbitrarily polarized wave can be represented by the
superposition of two orthogonally polarized plane waves, we
need to solve each scattering problem twice, one for the parallel
(s) and one for the perpendicular (p) component, in order to
determine the scattering patterns. For the analysis, we assume a
planar, harmonic wave incident on the particle, which is
expressed as

where k = 2pn/l is the wave number, n is the refractive index,
and | is the wavelength of the incident light in vacuum. At
sufficiently large distances from the origin, (kr >> 1), i.e,, in the
far-field region, the scattered electric field Es is approximately
transverse (&>E:0) [4]. The relation between incident and
scattered fields is conveniently written in matrix form as
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The elements § (j = 1,2,3,4) of the amplitude scattering
matrix depend, in general, on the zenith angle g, and the
azimuthal angle f. The real and imaginary parts of the four
amplitude scattering matrix elements can rarely be measured
for al values of g and f. It is a very difficult measurement at
frequencies corresponding to visible light, which are on the
order of 10" Hz. Hence, very few such experiments have been
performed. However, the amplitude scattering matrix elements
are related to quantities that are much easier to measure than
phases.

Once the electromagnetic fields inside and scattered by the
particle are obtained, Poynting vector at any point can be
determined. The Poynting vector is a measure of the energy
flux carried by an electromagnetic wave. It is defined as the
cross product of the electric and magnetic field vectors:
P=ExH. Suppose that a detector is placed at adistance r from a
scattering particle in the far-field region, with its surface DA
aligned normal to &. The detector records asignal proportional
to Po&DA. The detector “sees’ only the scattered light
provided that it does not “look at” the source of incident light
[4].

Now imagine an arbitrarily polarized EM wave. The
complete polarization state of the wave is expressed via a
column vector of the four Stokes Parameters, where the
brackets < > indicate the time average [4,5]:

I=(E,E, +E.E.)
Q:<E//E;/ - E. E,\>
U=(E,E. +E.E})
V=i(E,E. - E.E))

These four quantities of the scattered light can be measured
by a detector. The Stokes parameters of the incident and
scattered beams are related via 4 x 4 S matrix called the
scattering, or Mueller matrix for asingle particle [4,5].
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The Stokes parameters of the light scattered by a collection
of randomly separated particles are the sum of those of the
individual particles. Therefore, the scattering matrix for such a
collection is merely the sum of the individual particle scattering
matrices. Only the seven of the sixteen scattering matrix
elements are independent if we have large number of particles
in the medium. Measurement of S;1, S, Sz, and Sy are
usually sufficient for characterization of particles with practical
interest [6].

The task now is to solve the Maxwell equations to
determine the scattering patterns as a function zenith and
azimuthal angles, and then to calculate each of the relevant

scattering matrix elements. Finally, using these expressions we
determine how much energy would be received by a detector at
agiven angular location. For an dliptically polarized beam, we
will be able to calculate the elliptically polarized scattered
intensity incident on a detector. That information, after being
corrected for multiple scattering effects, can be used to
characterize the size and shape of the particles[6,7].

Below, a series of sample results is outlined in terms of §;
elements for different shape and structure particles. This
information will be needed in the inverse analyses, as it will
comprise the database to be used for data reduction after
carefully conducted experiments.

Si; PROFILES FOR DIFFERENT PARTICLES

The solution of the Maxwell equations is necessary to
obtain the S; elements discussed above. The best known
approach for such a solution is the Lorenz-Mie (LM) theory,
which was originaly developed for homogeneous spherical
particles (see [4,5] for detailed reviews of the LM as well as al
other techniques we discuss here). Even though the symmetry
of a sphere is quite convenient for modeling efforts, most of the
practica particles are not spherical, and for advanced
characterization as well as material process applications, the
asymmetrical nature of scattering objects need to be accounted
for in the calculations.

In modeling non-spherical particles, we first need to
visualize how they look, and then determine how they would
scatter elipticaly polarized light. It is intuitive to construct
particle shapes and structures following a bottom-up
philosophy, as this will allow a more realistic representation of
irregular shaped-particles. To this end, we consider small
monomers, each with 20-50 nm in diameter, and construct any
shape we need to model. This concept was discussed in depth
by Manickavasagam and Mengii¢ [6], where fractal-like soot
agglomerates were constructed. A series of sample structures
considered for this purpose are depicted in Figure 3.

Fig.3 Different structures modeled using volume integral
formulation; each sphere depicts a monomer.



It is important to realize that each monomer that makes up
astructure is either touching at least one other, or within avery
close proximity of the others. Therefore, straight forward
modeling of scattering phenomena as if they are stand-alone,
small spherical particles will not produce acceptable results.
The dependent scattering effects need to be accounted for in the
formulation, as done in discrete-dipole or volume-integral
approximations (see references [6,8,9] for the extensive
literature reviews).
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Fig.4 Angular profiles of S, S, and S, elements,
respectively, for different-size soot agglomerates, where
number of monomers N changes between 20 and 200; as
calculated by AGGLOME. Fractal dimension is 1.8, the value
of the fractal prefactor is 8.0, and the wavelength is 500 nm
(from [8]).

In Figure 4, we depict a series of results obtained for
fractal-like agglomerates using the algorithm developed in [6].
Here, we present three Mueller matrix elements, Sy;, So, and
Sy, respectively. These elements dictate the scattering pattern
of an object, and if they are determined from experimentally
measured scattering signals, they help in characterizing particle
shapes and structures.

The first panel in Fig. 4 shows the S;; contours as a
function of scattering angle and N, the number of monomers
that make up soot agglomerate [8]. Practicaly, the S is
equivalent to the scattering phase function, and it is obvious
that the angular scattered-intensity experiments are not likely to
yield much information about the structure of fractals. Thisis
more obvious especially when we realize that performing
experiments within the forward 10 to 15 degrees is quite
difficult, as forward scattered and transmitted components
usualy difficult to separate. On the other hand, the second and
the third panel show clearly that both S, and S, have much
more detail, and more sensitive to both the N and the scattering
angle. S, can be considered as a measure of depolarization and
Sz, stems from the change in the polarization of dliptically
polarized light. Measurements of these two terms are possible
only if we use polarized light and change its ellipticity
systematically [6]

Fractal agglomerate concept discussed in Fig. 4 is
applicable to many structures, including soot agglomerates. On
the other hand, in material characterization one faces many
different shapes and structures, and these shapes may change
during the actual fabrication process. To explore the possibility
of detecting these structural changes, we have constructed
several different shapes, again using the bottom-up procedure
(see examples in Fig. 3) and determined their scattering
signatures using the dedicated computer programs [6]. In Fig.
5, Sui, Sz and Sy profiles are depicted as a function of
scattering angle, for an ellipse, a rectangle, a square, and a
triangle shaped particles at a wavelength of | =632 nm [9].
Again, we note that the phase function information cannot be
used alone to identify the particle structures, however, a
combined analysis of all three S; profiles will alow us to
determine the required shapes. We aso note that S;, profiles
show that sharp-edged particles depolarize radiation more; i.e.,
(absolute) S, valuesfor these particles are larger.

Several other approaches have been considered over the
years to determine the S; elements for different particle
geometries, including coated spheres [10] and multilayer
cylinders [11], and recently those of bubbles in a homogeneous
media [12,13]. In addition, the discrete-dipol e approximation of
Draine [14] has been adapted for investigation of agglomerate
properties for dependent scattering predictions [15,16] as well
as for the interpretation of sooty diffusion flames [17,18].
These models, as well as those available from the literature [5],
are likely to provide an extensive database for interpretation of
future experimental data.

EXPERIMENTAL RESULTS

In order to detect the fine structura variations of small
particles and agglomerates we discussed above, we have
developed severa nephelometers over the years and the
concept was continually improved [6,8,9,19-24]. In most recent
attempts, we used elliptically polarized light, where first we had
to determine six unique sets of retarder and polarizer settings to



make six different and accurate scattering measurements [6,23].
These unique settings are pre-determined following a series of
numerical experiments using the available agorithms. After
thet, the six S;; elements, Sy1, Si2, Sy, Ss3, Su, Sea are recovered
from the recorded intensitiesin a numerical inverse anaysis.
Figure 6 depicts the latest version of the dliptic
nephelometer, which is discussed in Adan et a. [24]. These
types of equipment are usually calibrated with particles of
known properties. In this case, the system was designed for
detection of cotton-fiber properties. For that reason, we tested
the system using quartz fibers. The detailed results of these
experiments are shown in Fig. 7, where the data for a single
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Fig.5 Angular profiles of S;3, Spp, and Sz elements for
different structures: 1: elipse, 2: rectangle, 3: sguare, 4:
triangle [9].
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Fig.6 Schematic of the experimenta nephelometer used for
cotton-fiber experiments. L: Lens, P: Polarizer; BE: Beam
expander; NDF: Neutral density filter; PMT: Photo-multiplier
tube; IR: Iris; RS: Rotary scale. [24].
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Fig. 7 Results of calibration experiments. the Lorenz-Mie
predictions are compared against the experimental data
obtained for circular cylinders: cylinder diameter: 4.005 mm;
the quartz index of refraction of m=1.457-i0, | =532 nm. [24].

quartz fiber are compared against the Lorenz-Mie predictions
for cylindrical fibers. The agreement is near perfect for al
elements, even though only S;; is shown here.

The system was later used to detect the scattering patterns
of convoluted cotton-fibers and the data were compared against
a finite element method developed by Jun Yamada (see [24]).
Figure 8 shows that the agreement is quite satisfactory. These
experiments allowed us to establish a relationship between
scattering signals and the cotton fineness and maturity [24].

The same system was later modified and used for detection
of various metallic nano-particles. These types of particles are
usualy difficult to model, as they have large imaginary
components of the refractive index, and they tend to
agglomerate. Figure 9 depicts the TEM images of three
different particles considered in the experiments. And finally,
Fig. 10 shows the normalized S,, profiles recovered from



extensive experiments [25] and the comparisons against the
numerical models. These results clearly show that the particles
are not spherica, and agglomeration can be predicted
effectively using Chebyshev polynomials. More detailed
numerical studies are currently being carried out in our
laboratory. It is obvious that by such shape characterization, a
material fabrication process can be better understood and
improved to achieve the desired structures and size
distributions.

SUMMARY

In this paper, an outline of our on-going particle
characterization research is presented. Even though we believe
that the elliptically-polarized light scattering approach we have
developed over the years is a robust and accurate
characterization technique for fine particles, by no means we
claim that this is the only approach available. Neither have we
claimed that this paper is an exclusive review of the literature.
However, in each paper we referred, the reader will find more
detailed and relevant review of the literature.

This approach can be extended to nano-structures if the
novel experimental tools can be developed, which is our current
research focus.
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Fig. 8 Comparisons of single cotton-fiber experiments with the
finite element model predictions. Only the phase function
profilesare shown. [24].

Fig. 9 TEM pictures for three different metallic particles:
For Silver, the scale is 25 pm (left) and 10 pm (right); for the
others, it is 250 um (left) and 1 um (right). [25].
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Fig. 10 Normalized S, profiles measured for the metallic
structures shown in Fig. 9. Match with Chebyshev T4(0.4)
particles show that particles are not spherical in shape and
about 150 nm in average size (effective diameter) [25].
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