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Abstract

Particles with complex shapes and compositions are omnipresent in industrial processes, such as
encountered in the chemical, pharmaceutical, automobile and food industries. For instance colloidal
drop, i.e. drop with solid particles dispersed in them, are inherent in the spray drying process
used frequently in the food industry. Thus, in order to optimize such processes, there is a need to
characterize these particles in terms of size, colloidal (solid particle) concentration, the size of the
inclusions and possibly also velocity. The present study addresses this need for drop characterisation
and concentrates on some particular examples of complex particles: drops with single embedded
spheres; drops with single embedded platelets (e.g. aluminum flakes); and drops with multiple micro-
or nanoparticle inclusions (colloidal suspension drops). The characterization of a homogeneous
spheroidal particle has also been studied, serving as a validation and reference case.
This thesis focuses on the light scattering of complex particles and characterization of such

particles with the time-shift measurement technique. Within the scope of this study, spheroidal
drops, drops with single embedded flakes or spheres, and drops with multiple spherical inclusions
have been studied. According to the shape, composition and the size parameter of the particle,
corresponding simulation methods have been chosen to simulate the light scattering. The ray-tracing
method has been used to investigate the light scattering properties of spheroidal drop by varying its
aspect ratio, and drops with single embedded flakes or spheres by varying the position of the sphere
and the orientation of the flake within the drop. For drops with multiple inclusions, the polarized
Monte Carlo ray-tracing method as well as the discrete dipole approximation method are used to
study its light scattering properties. In addition, the time-shift signals, which are generated when
the particle falls through a highly focused Gaussian beam of the time-shift instrument, have been
simulated for the drops mentioned before. The goal is to investigate if the time-shift technique is
able to unequivocally detect whether a drop contains a spherical particle or not, or detect if the drop
contains flake. The possibility to use the time-shift technique to estimate the volume concentration
of the inclusions within the drop has been studied as well.
To validate the simulation results, corresponding experiments have been conducted to obtain

the raw time-shift signals by using the time-shift instrument to measure pure water drops as well
as the colloidal drops, which have multiple polystyrene latex nanoparticles embedded. During
the measurement, the size and the volume concentration of the nanoparticles have been varied.
Subsequently, comparison has been made between the measured and simulated time-shift signals to
validate the simulation results. Through signal processing, the relative scattering strength from
the inclusions has been evaluated from the measured time-shift signal to estimate the volume
concentration of the inclusions. The size of the inclusions is estimated through evaluation the
attenuation ratio of the time-shift signal.
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Kurzfassung

Partikel mit komplexen Formen und Zusammensetzungen sind in industriellen Prozessen allgegen-
wärtig. Sie finden in der chemischen, pharmazeutischen, Automobil- und Lebensmittelindustrie
Anwedungen. Beispielsweise sind kolloidale Tröpfchen, d. H. Tröpfchen mit darin dispergierten
festen Partikeln, häufig in Sprühtrocknungsprozess in der Lebensmittelindustrie von Relevanz.
Um die zugehörigen technischen Prozesse optimieren zu können, besteht die Notwendigkeit, diese
Partikel hinsichtlich ihrer Größe, kolloidalen Konzentration (feste Partikel), Größe der Inklusionen
und möglicherweise auch ihrer Geschwindigkeit zu charakterisieren. Die vorliegende Arbeit befasst
sich mit der Tröpfchencharakterisierung unter den genannten Aspekten und konzentriert sich auf
einige besondere Beispiele komplexer Partikel: Tröpfchen mit einzelnen eingebetteten Kugeln; Tröpf-
chen mit einzelnen eingebetteten Flocken (z. B. Aluminiumflocken) und Tröpfchen mit mehreren
Mikro- oder Nanopartikelinklusionen (kolloidale Suspensionströpfchen). Die Charakterisierung eines
homogenen ellipsenförmigen Partikels wird ebenfalls untersucht und dient als Validierungs- und
Referenzfall.
Genauer befasst sich diese Arbeit mit der Lichtstreuung komplexer Partikel und der Charak-

terisierung solcher Partikel mit der Zeitverschiebungsmesstechnik. Hierbei werden kugelförmige
Tröpfchen, Tröpfchen mit einzelnen eingebetteten Flocken oder Kugeln und Tröpfchen mit mehreren
kugelförmigen Inklusionen betrachtet. Entsprechend der Form, Zusammensetzung und geometrischen
Eigenschaften des Partikels werden entsprechende Simulationsmethoden ausgewählt, um die Licht-
streuung der Partikel zu simulieren. Das Raytracing-Verfahren wird verwendet um die Licht-
streuungseigenschaften von kugelförmigen Tröpfchen für unterschiedliche Seitenverhältnisses zu
untersuchen. Bei Tröpfchen mit einzelnen eingebetteten Flocken oder Kugeln wird mittels des
Verfahrens der Einfluss der Position der Kugel innerhalb des Tröpfchens und der Ausrichtung von
Flocken innerhalb des Tröpfchens untersucht. Für Tröpfchen mit mehreren Inklusionen werden das
polarisierte Monte-Carlo-Raytracing-Verfahren sowie die diskrete Dipole Approximation verwendet,
um ihre Lichtstreuungseigenschaften zu untersuchen. Zudem werden die Zeitverschiebungssignale
simuliert, welche entstehen, wenn Tröpfchen mit den zuvor genannten Eigenschaften durch einen
stark fokussierten Gaußschen Strahl eines Zeitverschiebungsmessinstruments fallen. Ziel ist es
zu untersuchen, ob die Zeitverschiebungsmesstechnik eindeutig erkennen kann, ob ein Tröpfchen
ein kugelförmiges Teilchen oder Flocken enthält. Die Möglichkeit, die Volumenkonzentration der
Inklusionen innerhalb des Tröpfchens mit der Zeitverschiebungstechnik abzuschätzen, wird ebenfalls
untersucht.

Zur Validation der Simulationsergebnisse werden entsprechende Experimente durchgeführt. Hier-
bei werden Zeitverschiebungssignale eines reinen Wassertropfens sowie für kolloidalen Tröpfchen,
in die mehrere Polystyrol-Latex-Nanopartikel eingebettet sind, unter Verwendung des Zeitver-
schiebungsinstruments ermitttelt. Für die Messungen werden die Größe und die Volumenkonzen-
tration der Nanopartikel variiert. Die experimentell ermittelten Zeitverschiebungssignale werden
mit denen aus Simulationen verglichen, um die Simulationsergebnisse zu validieren. Durch Sig-
nalverarbeitung wird hierbei die relative Streustärke durch Inklusionen aus dem gemessenen Zeitver-
schiebungssignalen bewertet, um die Volumenkonzentration der Inklusionen abzuschätzen. Die Größe
der Inklusionen wird durch Auswertung des Dämpfungsverhältnisses des Zeitverschiebungssignals
geschätzt.
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1 Introduction

This chapter provides first a motivation for the study of light scattering properties of complex
particles. Then an overview of the thesis contents is given.

1.1 Complex particles and their industrial relevance

Particles with complex shapes and compositions are omnipresent in industrial processes, such as
encountered in the chemical, pharmaceutical and food industries. For instance colloidal drops, i.e.
drops with solid particles dispersed in them, are inherent in the spray drying process used frequently
in the food industry. Thus, in order to optimize such processes, there is a need to characterize these
particles in terms of size, colloidal (solid particle) concentration and possibly also velocity.
The present study addresses this need for drop characterisation and concentrates on some

particular examples of complex particles: drops with single embedded spheres; drops with single
embedded platelets (e.g. aluminum flakes); and drops with multiple micro- or nanoparticle inclusions
(colloidal suspension drops). The characterization of a homogeneous spheroidal particle has also
been studied, serving as a validation and reference case. These different types of complex drops
are briefly introduced below, outlining their peculiarities and where they can typically be found in
industrial applications.

Microparticles with a core-shell structure

Particles with a core-shell structure are widespread in the pharmaceutical industry. These particles
are usually produced using a micro-encapsulation process, by which a drug core is embedded within
a liquid shell, as pictured in Fig. 1.1 [34]. Coaxial electrohydrodynamic atomization is one of the
micro-encapsulation methods which has been used to produce particles with a core-shell structure,
as Fig. 1.2 illustrates. For this method, a coaxial nozzle is used to mix the drug with the shell liquid.
During the production process, there is a need to determine whether or not the generated drop
contains the drug particle.

3



1 Introduction

Figure 1.1: Particles with a core-shell structure, produced by the micro-encapsulation method. The material
of the shell is alginate and the material of the core is matrigel. The particles within the sub-Figs. (a) - (e)
are created by varying the flow speed of the inner phase and outer phase of the coaxial nozzle. The scale
bars in all images are 200 microns. Permission granted from the publisher John Wiley & Sons, Inc.

Figure 1.2: CEHDA process for producing uniform composite core–shell structured microspheres [65].
Permission granted from the publisher Elsevier Ltd.
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1.1 Complex particles and their industrial relevance

Drop with embedded �akes

Spray painting is a commonly used industrial process to create a radiant surface and to protect the
underlying substrate from erosion. For instance, the automotive industry faces sustained challenges
to optimize its coating processes in terms of energy and resource minimization and environmental
impact. It has been roughly evaluated that the overall transfer e�ciency in the automotive industry
is only between 50% and 60% [43]. Considering the huge production volume of automobiles, even
minor improvements of the paint material usage could lead to a signi�cant economic bene�t and a
reduction of pollutant discharge.

Figure 1.3: Spray coating in the automotive industry.

Many coatings in the automobile industry involve metallic paints, in which aluminum �akes are
embedded in the drops impacting the surface. During the spray coating process, knowing whether
the drops contain an aluminum �ake or not is therefore of great importance, since it directly a�ects
the quality and lustre of the coating. Moreover, knowing the portion of drops containing �akes
could help reduce the overall volume of required paint. Presently, on the commercial market, there
are several optical measurement techniques available to measure the distribution of the drop size,
such as the time-shift measurement technique [51] and the phase Doppler measurement technique
[1]. However, these techniques do not currently o�er the possibility of �ake detection in a drop.
Nevertheless, the time-shift technique is a potential method to capture such information, and this is
one ansatz explored in the present study [28], in particular in Chapter 4.

Colloidal suspension drops

Colloidal suspension drops are widely encountered in industrial processes for transporting powders
drug as suspensions in liquid before spraying them, for instance fuels with dispersed, metallic
nanoparticles, colloidal suspension drops(e.g. ink-jet printing), or encapsulation of particles, in
which a liquid layer covers the particle, typical for pharmaceutical applications. A spray drying
process for the production of the composite powders is illustrated in �gure 1.4 [71]. It is of interest to
characterize such drops not only according to the drop size, but also using the colloidal concentration.
For instance, in spray drying of milk powder, the solubility of the �nal dried milk powder is associated
with the initial concentration of the milk powder in the colloidal drop, thus, for controlling the
solubility, it is necessary to measure the colloidal concentration of the milk drop. Or, as another

5
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example, when cooling hot forge dies by using spray cooling, the drops used for spray cooling usually
contain graphite for lubrication purpose, whereby the concentration of the graphite in each drop
should be uniform [49].

Figure 1.4: Spray drying process used to produce composite powders. Copyright Reproduced with permission
from the publisher Elsevier Ltd.

There exists also need to characterize the size of the inclusions or nanoparticle, as Fig. 1.5 shows.
The size of inclusions could range from several tens of nanometer to several hundred micrometer.
When the size of the particle under 100nm, it could be di�cult to characterize its size with normal
scanning electron microscope. With this study, a method is developed for characterization the size
of nanoparticle with the time-shift measurement instrument, which will be described in section 5.3.1

Figure 1.5: Silicon nanoparticle powder

In summary, particles with complex shapes and compositions commonly appear in a multitude
of industrial applications. Characterization of these particles is of great interest to improve the
respective production processes; however, this characterization still remains a challenge. On the other
hand, optical measurement techniques are the preferred choice for this task because of their non-
intrusiveness [58]. A prerequisite for their development and application is however, understanding
and predicting the light scattering properties of such particles.
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1.2 Overview of the thesis

1.2 Overview of the thesis

This thesis focuses on the light scattering of complex particles and characterization of such particles
with the time-shift measurement technique. Within the scope of this study, spheroidal drops, drops
with single embedded �akes or spheres, and particles with multiple spherical inclusions have been
studied.

Chapter 2 provides a review of classical electromagnetic theory. According to the size, shape
and composition of the matter, the corresponding theory for simulation of the light scattering of
the matter is introduced, such as the Lorenz-Mie theory for the computation of the light scattering
of spherical and homogeneous particles; the extended boundary method for simulation of light
scattering from particles with arbitrary symmetry; the ray-tracing method for simulation of large
particles with smooth surfaces; and the discrete dipole approximation method for the simulation of
light scattering from particles with complex shape and composition.

Chapter 3 is about the simulation of the light scattering from complex particles. For simulation
of the light scattering from drops with an embedded particle, the three-dimensional ray-tracing
method was used in this study. For colloidal drops with a large size parameter, the polarized
three-dimensional, Monte-Carlo ray-tracing method has been used for the simulation of the light
scattering; and for colloidal drops with a small size parameter, the discrete dipole approximation
method has been used. The simulation results have been validated by comparing to some reference
cases with known solutions.

Chapter 4 is about the simulated time-shift signals generated from complex particles. An
analytical solution of the time-shift signal generated from a pure drop is given at the beginning.
Subsequently, the time-shift signals have been simulated for spheroidal drops by varying the aspect
ratio, and drops with an embedded sphere or �ake, in order to obtain the signal features to
characterize these particles.

Chapters 5 introduces the experimental facilities and the experiments conducted for the validation
of the simulation results. The signal from a time-shift device has been recorded when a colloidal
suspension drop falls through the laser sheet of the time-shift measurement instrument. The obtained
signals were analyzed and compared with the simulation results for the validation of the simulation
method.
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2 Simulation methods for the light scattering by
particle

In this chapter, the author will brie�y review some methods for the computation of light scattering
from particles. Light is electromagnetic radiation whose wavelength ranges from 380nm to 740nm,
therefore, the analytical and numerical formulation for describing the electromagnetic scattering
properties of particles is built upon classical electromagnetic theory. The author will start from
Maxwell's equations, a set of coupled partial di�erential equations that forms the foundation of
classical electromagnetism. The light scattering problems of particles essentially focus on calculating
the electric �eld within and outside of the particle. Several methods for the simulation of light
scattering of particles will be introduced by solving Maxwell's equations under certain boundary
conditions dictated by the features of the particle.

2.1 Review of electromagnetic theory

2.1.1 Maxwell's equations

�War es ein Gott, der diese Zeichen schrieb?�

� Ludwig Boltzmann

As the physicist Feynman said, the formulation of Maxwell's equations is one of the most signi�cant
events during the 19th century. Before the formulation of the Maxwell's equation, the French
mathematician and physicist François Arago, discovered in 1823 that a magnetic �eld could be
induced by an electric current. Subsequently, the British physicist Michael Faraday discovered
that an electric �eld could be created by changing the magnetic �ux of a closed loop and that the
magnitude of the electric �eld is proportional to the rate of change of the magnetic �ux. Then the
Scottish physicist James Clerk Maxwell used a set of di�erential equations to describe Faraday's
work, achieving the second uni�cation in physics. It mathematically interprets how electric charges
and currents create the electric and magnetic �eld as well as how the electric �eld induces the
magnetic �eld, and vice versa. Maxwell's equations can be formulated either in di�erential or
integral form, as summarized in the following Tab. 2.1.

9



2 Simulation methods for the light scattering by particle

Di�erential Form Integral Form

Gauss' law r � D = �
H

S D � dA =
H

V � dV

Gauss' law for magnetism r � B = 0
H

S B � dA = 0

Faraday's law of induction r � E = � @B
@t

H
C E � dl �

H
C B � v l � dl = �

d
dt

H
S B � dA

Ampère's law r � H = J + @D
@t

H
C H � dl =

H
S J � dA +

H
S

@D
@t � dA

Table 2.1: Maxwell's equations in di�erential and integral form.

In this table E is the electric �eld, H is the magnetic �eld, D is the electric displacement,B is
the magnetic induction, v l is the velocity of a part of the boundary loop, J is the current density
and � represents the macroscopic free charge density without counting the induced dipole charges
bounded by the matter [38]. The Gauss law for the electric displacement formulates how a certain
amount of free charge within a space volume results in the electric �eld. It also states brie�y that
electric lines diverge away from a positive electric charges and converge towards a negative charge.
For the magnetic �eld, the divergence is zero everywhere; therefore, no magnetic monopole exists.
The third equation is a formulation for Faraday's law of induction, which indicates that the time
varying magnetic �eld can induce the electric �eld. The fourth equation is a generalization of the
Ampère's law, which indicates that an electric current induces a magnetic �eld that swirls around its
direction and that a time varying electric �eld could also contribute to the magnetic �eld. When the
properties of the matter do not change continuously, the boundary conditions depicted as Eqs. (2.1)
and (2.2) need to be invoked.

n � (E1 � E2) = 0 (2.1)

n � (B 1 � B 2) = 0 (2.2)

in which n is the normal vector at the boundary. Eqs. (2.1) and (2.2) indicate that the tangential
component of B and the normal component of E should be continuous.

2.2 Methods for simulation of light scattering from particles

Following Tropea [58], particles can be classi�ed according to their shape and composition, as
depicted in Fig. 2.1.

10



2.2 Methods for simulation of light scattering from particles

Figure 2.1: Particle classi�cation. Permission granted from the publisher Annual Reviews [58]

To simulate the light scattering of particles, the most appropriate method depends on their shape,
size parameter and the composition of the particle. The size parameter is de�ned as the particle
diameter (d) relative to the wavelength � of the incident light

x =
�d
�

(2.3)

and is often known as the Mie parameter. The Lorenz-Mie theory embodies a rigorous analytic
solution for the light scattering of homogeneous spherical particles illuminated by a plane wave
[36]. Subsequently, analytic solutions for homogeneous in�nitely long cylinders[47], homogeneous
spheroids [3] and a multi-layered spherical particle[21] were also obtained. The Debye series
decomposition of the light scattering by a spheroid has been studied, which gives more physical
insight into the light scattering by a spheroidal particle [ 60]. For particles with irregular shapes
or inhomogeneous composition, the Discrete Dipole Approximation (DDA) method, which is a
numerically exact solution of the electromagnetic scattering of matter, can be used to compute the
electromagnetic scattering of such particles [73]. However, as the size parameter and the refractive
index of the particle increases, the computation time rises dramatically. The extended boundary
condition method can be used to solve the light scattering problem for single or compounded
particles with arbitrary shapes as well, especially when particles with arbitrary symmetry and only
the orientation average is desired. This method is also known as the T-Matrix method [37]. The
intersection between the shaped beam and the particles, which is a more common situation for
the practical usage, has been addressed in numerous studies [13] [63] [33]. When the particle is
homogeneous and with a smooth surface and large size parameter, geometric optics methods can be
used [48] [61] [62] [57] [55]. These various methods for the computation of light scattering, many of
which are used in the present study, will be brie�y introduced in the following subsections.
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2 Simulation methods for the light scattering by particle

2.2.1 Lorenz-Mie theory

The German physicist Gustav Mie gave an exact analytical solution for the scattering of a plane
wave by a homogeneous sphere. The idea is to solve Maxwell's equations in a spherical coordinate
system by using the variable separation method [36]. Details of the solution can be found in [5];
here only a short introduction of the solution is given. The time dependent harmonic electric �eld
E satis�es the vector wave function, when it propagates in a linear, isotropic and homogeneous
medium, as the following equation prescribes [37].

r 2E + k2E = 0 (2.4)

where k is the wave number and equal to!
p

�� , and ! is the angular frequency of the electric �eld,
� is the permittivity and � is the magnetic permeability. However, this does not mean that the
single component ofE satis�es the scalar wave function. Solving this vector wave function can be
changed into solving a scalar wave function by constructing a vector functionM = r � (c	) , in
which 	 is a scalar function, c is constant vector and M is divergence free and satis�es the vector
wave function. Using vector identities, the following equation can be obtained.

r 2M + k2M = r � [c(r 2	 + k2	)] (2.5)

Finding the solution M for the vector wave function is replaced by �nding the solution for the scalar
wave function 	 . An equation for the scalar wave function in spherical coordinates is given as

1
r 2

@
@r

(r 2 @	
@r

) +
1

r 2 sin �
@
@�

(sin �
@	
@�

) +
1

r 2 sin �
@2	
@�2

+ k2	 = 0 (2.6)

Using the separation of variables a solution in the following form is postulated.

	( r; �; � ) = R(r )Y (�; � ) = R(r )�( � )�( � ) (2.7)

Here Y(�; � ) is the solution of the Laplace function of the angular part in a spherical coordinate
system, known as spherical harmonics. The spherical harmonic function is a set of orthogonal
basic functions de�ned on the surface of a sphere; therefore, any function de�ned on the surface of
the sphere can be expressed with spherical harmonics. Substituting Eq. (2.7) into Eq. (2.6), the
following equations can be obtained

d2�
d� 2 + m2

c� = 0 (2.8)

1
sin �

d
d�

(sin �
d�
d�

) + [ nc(nc + 1) �
m2

c

sin2�
]� = 0 (2.9)

d
dr

(r 2 dR
dr

) + [ k2r 2 � nc(nc + 1)] R = 0 (2.10)

in which the separation constantsmc and nc can be determined by subsidiary conditions that must
satisfy. The Eqs. (2.9) and (2.10) are the Legendre equation and the Bessel di�erential equation
respectively, whose solutions are the associated Legendre functions and the Bessel functions. Then
the generating function  that satis�es the scalar wave function can be constructed. By using the
same procedure, the scalar wave function for the magnetic �eldH can also be constructed.
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2.2 Methods for simulation of light scattering from particles

The incident plane wave is expanded using vector spherical harmonics, as well as the scattered
�eld. The solution is then obtained by invoking the following boundary condition and utilizing the
orthogonality of the vector harmonics.

n � (E incident + Escattered � E inside ) = 0 (2.11)

n � (H incident + H scattered � H inside ) = 0 (2.12)

The general solution of the scattered electric �eld is given in the form of an in�nite series, as the
following equations describe.

S1(�; m; � ) =
1X

n=1

2n + 1
n(n + 1)

[an (�; m )� n (cos(� )) + bn (�; m )� n (cos(� ))] (2.13)

S2(�; m; � ) =
1X

n=1

2n + 1
n(n + 1)

[an (�; m )� n (cos(� )) + bn (�; m )� n (cos(� ))] (2.14)

in which an and bn are scattering coe�cient; � n and � n are related through Legendre polynomials
de�ned as follows

� n =
P1

n

sin(� )
(2.15)

� n = cos �� n (cos� ) � (1 � cos� 2)
d� n (cos� )

dcos�
(2.16)

an =
m n (mx) 

0

n (x) �  n (x) 
0

n (mx)
m n (mx)� 0

n (x) � � n (x) 0
n (mx)

(2.17)

bn =
m n (x) 

0

n (mx) �  n (mx) 
0

n (x)
m� n (x) 0

n (mx) �  n (mx)� 0
n (x)

(2.18)

Although with the Lorenz-Mie theory the incident wave is limited to a monochromatic wave
with arbitrary polarization, an arbitrary �eld can be viewed as the superposition of numerous
monochromatic �elds using a Fourier decomposition [1]. Therefore, for an arbitrary wave that is
incident on a homogeneous spherical particle, the solution for its light scattering can be obtained by
superimposing the solution from single Fourier components of the arbitrary incident �eld [5].

2.2.2 Debye series decomposition

Peter Debye solved the Maxwell's equations, for a plane wave incident on a homogeneous in�nite
long cylinder, which is known as the Debye series decomposition [8]. Debye theory provides further
physical insight into the light scattering problem. The scattering coe�cients an and bn in the
Lorenz-Mie theory can be expressed using the Debye series decomposition [30] [54].

an =
1
2

[1 � R212
n;T M �

1X

p=1

T21
n;T M T12

n;T M

1 � R121
n;T M

] (2.19)
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2 Simulation methods for the light scattering by particle

bn =
1
2

[1 � R212
n;T E �

1X

p=1

T21
n;T E T12

n;T E

1 � R121
n;T E

] (2.20)

in which R212
n and R121

n are the coe�cients for re�ection of the partial-wave and T21
n ; T12

n are the
coe�cient for transmission of partial-wave; the subscript TE and TM refer to the transverse electric
wave and transverse magnetic wave respectively. These coe�cients are formulated with Eqs. (2.21) -
(2.24)[30].

T12
n = �

2i
D 1

n
(2.21)

T12
n = �

m1

m2

2i
D 1

n
(2.22)

R212
n = �

�� (2)
0

n (m2ka)� (2)
n (m1ka) � �� (2)

n (m2ka)� (2)
0

n (m1ka)
D 1

n
(2.23)

R121
n = �

�� (1)
0

n (m2ka)� (1)
n (m1ka) � �� (1)

n (m2ka)� (1)
0

n (m1ka)
D 1

n
(2.24)

in which � (1)
n and � (2)

n are the Riccati-Bessel functions andDn is given by Eq. (2.25).

Dn = � �� (1)
0

n (m2ka)� (2)
n (m1ka) + �� (1)

n (m2ka)� (2)
0

n (m1ka) (2.25)

� =

(
1 TE wave
m1
m2

TM wave
(2.26)

� =

(
m1
m2

TE wave

1 TM wave
(2.27)

Eqs. (2.19) and (2.20) can be rewritten as

an =
1
2

[1 � R212
n;T M �

1X

p=1

T21
n;T M (R121

n;T M )p� 1 T12
n;T M ] (2.28)

bn =
1
2

[1 � R212
n;T E �

1X

p=1

T21
n;T E (R121

n;T E )p� 1 T12
n;T E ] (2.29)

in right hand side of Eqs. (2.28) and (2.29), the physical meaning of the three terms are the
di�raction around the particle, the outgoing waves re�ected from the particle surface and the sum
of outgoing waves afterp � 1 internal re�ections respectively, as Fig. 2.2 illustrates.

14



2.2 Methods for simulation of light scattering from particles

Figure 2.2: Illustration for Debye series decomposition.

2.2.3 Discrete dipole approximation

The Discrete Dipole Approximation method, also known as DDA, is a common method to study
electromagnetic scattering and absorption of a particle of arbitrary shape and composition. It
was originally developed to study interstellar light scattering by Purcell and Pennypacker [44].
Several DDA codes were developed, such as the DDSCAT by Draine et al. [9], which is written in
Fortran and ADDA by Yurkin et al., which is written in C [ 72]. The basic idea of DDA is based
on the physical principle that matter is composed of electrons and protons. When matter is in an
electric �eld, the positive charges and the negative charges become polarized. Then the matter
is equivalent to many electric dipoles, polarized in the electric �eld, as Fig. 2.3 illustrates. Then
the total scattered �eld can be obtained by superposition of the scattered vector �eld from the
individual dipoles.

By introducing a volume current density J r , the vector Helmholtz Eq. (2.4) can be rewritten as

(r � r � I � k2)E(r ) = i!� 0J(r ) (2.30)

J(r ) =

(
� i!� 0[� r (r ) � 1]E(r ) : r 2 Vinternal

0 : r 2 Vexternal
(2.31)

in which I is the identity dyadic, � 0 is the vacuum permittivity, � r (r ) is the relative permittivity and
J(r ) is the volume current density. This linear inhomogeneous di�erential equation can be solved
by adding the solution of the solution for the homogeneous equation when the right-hand side of

15



2 Simulation methods for the light scattering by particle

Figure 2.3: Polarization of material by an electric �eld to create dipoles throughout the matter.

the Eq. (2.30) is 0 and a particular solution of this inhomogeneous equation. The homogeneous
equation describes the electric �eld in free space when matter is absent; and the particular solution
of Eq. (2.30) corresponds to the scattered electric �eld by the matter. A standard technique to
�nd the solution is to use Green's function and the Dirac delta function. Green's function has the
following property, which can be expressed by [74]

(r � r � I � k2)G 0(r ; r 0) = I � 3(r � r 0) (2.32)

Green's function in Eq. (2.32) can be analytically expressed as

G 0(r ; r 0) = [ I +
1
k0

rr ]
exp(ik 0jr � r 0j)

4� jr � r 0j
(2.33)

By using Green's function, the solution of Eq. (2.30) can be written as

E(r ) = E incident (r ) + i!� 0

Z

Vinternal

d3r 0G 0(r ; r 0)J(r ) (2.34)

in which E incident (r ) is the incident electric �eld. Eq. (2.34) can be evaluated numerically by
discretizing the interior region of the matter into N cells, as Fig. 2.4 illustrates.

Figure 2.4: Discretisation of a sphere using the DDA method. The left part is a sphere with the diameter
of 10 � m; the right part shows the discretisation of the sphere.
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2.2 Methods for simulation of light scattering from particles

The discretisation leads to a reformulation of Eq. (2.34) [23].

E(r ) � i!� 0

Z

Vm

d3r 0G 0(r ; r 0)J(r ) = E incident (r ) + i!� 0

NX

k=1 k6= m

Z

Vk

d3r 0G 0(r ; r 0)J(r ) (2.35)

The right-hand side of Eq. (2.35) can be physically treated as the excited electric �eldEexcited

throughout the volume Vm by the incident electric �eld and the contributions from all the other
cells Vk . By invoking the long-wave approximation, Eq. (2.35) can be further converted into a set of
simultaneous algebraic equations that are solved using standard procedures.

E incident
i = Eexcited

i �
X

i 6= j

G ij � ij Eexcited
j (2.36)

where � ij is the polarization tensor[73]. A review about the calculation of � ij has been given by
Yurkin and Hoekstra [72].

Fig. 2.5 shows the scattering diagram of a sphere, computed with the Lorenz-Mie theory and
the DDA method respectively. Comparing these two scattering diagrams, the agreement in the
forward direction is excellent and only small deviations can be observed in the direction of backward
scattering.

Figure 2.5: Comparison of the scattering diagram of a spherical particle illuminated by a plane wave for
parallel polarization by using the Lorenz-Mie theory and the DDA method. The results for DDA method
were obtained using the ADDA code. [72] (Refractive index of medium is 1, refractive index of particle is
1.4, size of particle 2.5� m, wavelength of the plane wave 405 nm)

2.2.4 Ray-tracing technique

For particles with a large size parameter and a smooth surface, a complete electromagnetic description
of the scattering is computationally time consuming; the ray-tracing method then provides a faster
approach to obtain the light scattering properties of particles. Numerous studies have been conducted
for improving the ray-tracing technique. In the study from Hovenac and Lock [16], forward di�raction
has been taken into consideration; in Yang and Liou's integral geometrical optics model, the ray-
tracing technique has been combined with electromagnetic wave method to solve the near �eld
and far �eld of the light scattering from ice crystals [ 66]; in the vector complex ray model from
Ren et al. [48], the divergence of a ray bundle has been considered. One direct comparison of the
geometrical optics approach and optical measurements of arbitrarily shaped particles was published
by Stegmann and Tropea. [57]
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2 Simulation methods for the light scattering by particle

When the incident beam is not a plane wave, it can be expanded as the sum of many individual
plane waves using a Fourier decomposition. Therefore, only the plane wave will be discussed here.
The ray-tracing method treats the light source as a bundle of light rays. Each ray is speci�ed with
an amplitude Aq, phase q and propagation direction k i , as Eq. (2.37) describes.

E = Aq� exp(� i q)k i (2.37)

The polarization state of the light rays is described with the Stokes vectorS. When the light
ray intersects with matter, at the intersection boundary it will be re�ected and transmitted. The
re�ection and the transmission follows the Fresnel's equation and Snell's law [14]; an alternative way
is to track the Stokes vector by multiplying the Mueller matrix and the rotation matrix [ 29], which
will be discussed in Chapter 3 in more detail. Fig. 2.6 illustrates the re�ection and transmission of
the electromagnetic wave at an intersection boundary for di�erent polarization states. Fig. 2.7 shows

Figure 2.6: Sketch of re�ection and refraction at an intersection boundary for di�erent polarization of the
electromagnetic wave.

the scattering diagram of a water drop with a diameter of 800� m, computed using the Lorenz-Mie
theory and the three-dimensional ray-tracing technique respectively. Fig. 2.8 shows the scattering
diagram for the �rst four scattering orders, computed with the Debye series decomposition and the
ray-tracing technique respectively. For particles with a large size parameter, the scattering diagrams
computed with the ray-tracing technique exhibit very good agreement with the Lorenz-Mie theory.

Figure 2.7: Comparison of parallel polarized scattering diagrams from Lorenz-Mie theory and geometrical
optics for a sphere. The results for Debye series decomposition and the ray-tracing method from Young
were obtained using the MiePlot software [25]. (DDrop = 800 � m, nt = 1.33, � = 0.6328 � m). Reproduced
from [28].
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2.2 Methods for simulation of light scattering from particles

Figure 2.8: Comparison of parallel polarized scattering diagrams from Debye series decomposition, ray-
tracing method from Young and geometrical optics for a sphere. The results for Debye series decomposition
and the ray-tracing method from Young were obtained using the MiePlot software [25]. (DDrop =800 � m,
nt = 1.33, � = 0.6328 � m). Reproduced from [28].

Figure 2.9: Comparison of orthogonal polarized scattering diagrams from Debye Series and geometric optic
for a sphere. Black line and blue line represents the scattering diagram from the Debye Series and geometric
optic separately for di�erent scattering orders. (DDrop = 40 � m, nt = 1.33, � = 0 :6328� m)
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2 Simulation methods for the light scattering by particle

Figure 2.10: Comparison of parallel polarized scattering diagrams from Debye Series (DS), geometric optics
(GO) and Young theory (Y) for a sphere. The black line and blue line represent the scattering diagram
from the Debye Series and geometric optic separately for di�erent scattering orders. (DDrop = 40 �m , nt

= 1.33, � = 0 :6328�m )

As the Figs. 2.8 and 2.9 depict, when the size parameter of the particle increases, the agreement
between the results from geometric optics and the Lorenz-Mie theory becomes better.
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3 Simulation of light scattering by particles with
inclusions

This chapter deals with the simulation of light scattering from complex particles. The simulations
were carried out for drop with an embedded spherical �ake, drop with an embedded spherical
particle and for drop with multiple nanoparticle inclusions.

3.1 Light scattering from a drop with an embedded particle

This part of the study is devoted to light scattering from drops with an embedded particle, as would
be expected in an encapsulation/coating process or with spraying of metallic paints. A ray-tracing
approach is taken, in which the polarization and intensity of all rays impinging onto a de�ned
detector aperture are documented, allowing the signal generation arising from the drop passing
through a plane wave or focused Gaussian beam to be simulated. The geometric situation considered
is that of a spherical drop with a single embedded spherical particle or �ake, situated arbitrarily in
the drop. It will be assumed that any rays intersecting the embedded particle are fully re�ected at
the interface. Parts of this work have been published in the article "Light scattering from a drop
with an embedded particle and its exploitation in the time-shift technique" (Journal of Quantitative
Spectroscopy and Radiative Transfer, 227, 20-31) [28])

Overview of algorithm

The input parameters to the code include the above-mentioned parameters of the incident beam,
the geometric parameters of the drop and embedded particle, and the relative refractive index
between medium and drop,nt . Furthermore, the number of scattering orders to be computed must
be speci�ed. The drop is described by the generalized ellipsoidal form:

x2

a2 +
y2

b2 +
z2

c2 = 1 (3.1)

in which, the a, b and c are the half-axes of the ellipsoid. Similarly, the embedded particle is also
described using the general ellipsoidal form, albeit with a possible o�set within the drop (x0; y0; z0),
the center of the drop being the origin of the coordinate system:

(x � x0)2

R2
x

+
(y � y0)2

R2
y

+
(z � z0)2

R2
z

= 1 (3.2)

Although the algorithm is capable of accepting ellipsoidal drops and particles with arbitrary
orientation with respect to the incident beam, the present study is restricted to spherical geometries
for the main drop and for the embedded particles, i.e.a = b = c; Rx = Ry = Rz. Furthermore, the
drops and �akes are aligned such that the drop centered x axis coincides with the beam X axis.

The �rst step determines which of the initial rays intersect with the drop. If intersection occurs,
the intersection coordinate is determined and is used as the basis for the normal vectorn , the
incident angle � i , re�ected angle � r and refracted (transmitted) angle � t . The coordinate of the
intersection points from each scattering order of each ray are saved in a cell, which is a data type in
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3 Simulation of light scattering by particles with inclusions

Matlab. When the ray impinges on the outer drop surface, the amplitudes of the electric �eld of
the re�ected ray and refracted ray are given by the Fresnel equations, whereby the incident electric
�eld amplitude E i is decomposed into two parts:Epi , which is parallel to the plane of incidence,
and Eoi , which is orthogonal to the plane of incidence.

E i = Epi + Eoi (3.3)

Eoi =
E i � (n � k i )
(jn � k i j)2 � (n � k i ) (3.4)

Epi = E i � Eoi (3.5)

These two decomposed vectors are then used to compute the parallel (p) and perpendicular (o)
electric �elds for transmitted and re�ected light, respectively, using the Fresnel amplitude coe�cients

Epr = Epi � r jj (3.6)

Ept = Epi � t jj (3.7)

Eor = Eoi � r? (3.8)

Eot = Eoi � t? (3.9)

E r = Epr + Eor (3.10)

E t = Ept + Eot (3.11)

In the plane of incidence, measured in the clockwise direction, the rotation angle of the re�ected ray
and transmitted ray are given by:

� rot r = � + 2 � i (3.12)

� rot t = j� i � � t j (3.13)

For the ray with parallel polarization, after using the Fresnel equation to calculate the amplitude of
the re�ected and transmitted electric �eld, rotation is needed to obtain the vector of the re�ected
electric �eld and transmitted electric �eld. The 3D rotation is based on the Rodrigues' rotation
formula [2]

V rot = V cos� + ( D RA � V ) sin � + D RA (D RA � V )(1 � cos� ) (3.14)
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3.1 Light scattering from a drop with an embedded particle

V is the vector to be rotated; Vector D RA is the unit vector that describes the rotation axis. It is
the cross product of any two unit non-zero vectorsA i and B i in the plane of rotation.

D RA =
A i � B i

jA i � B i j
(3.15)

For the computation of the �rst scattering order, the code checks whether the transmitted ray
impinges onto the embedded particle; for subsequent scattering orders, the code checks whether the
(internally) re�ected ray again impinges onto the embedded particle. For rays re�ected from the
embedded particle, the amplitude of the electric �eld remains the same after re�ection.

For each ray, the computation for one scattering order is followed by the computation for the next
scattering order, based on the computational results up to that stage. This process is repeated until
the computation of all prescribed scattering orders of all rays is complete. The scattered intensity is
the intensity sum of all rays impinging onto the detector surface. All rays are treated completely
incoherent, and the intensity of individual rays is �rst computed. If M stands for the number of the
rays which falls onto the prescribed detector aperture, the total received intensity is given by

I k =
cl n� 0

2
jEk j2 (3.16)

I total (� i ; � i ) =
MX

k=1

I k (3.17)

in which cl is the speed of the light in vacuum,n is the refractive index and � 0 is the permittivity in
vacuum.

3.1.1 Scattering diagrams for a drop with an embedded spherical particle

Following the validation of the ray-tracing code, scattering diagrams for a drop with an embedded
particle have been computed. First an embedded spherical particle will be examined, followed by
an embedded circular �ake. In the scope of the geometric optics, the size of the drop will have no
in�uence on the computed scattering diagrams or later on the simulated signals generated by a
time-shift optical con�guration, other than through the scattered intensity; therefore, all geometric
dimensions are scaled to the drop diameter to achieve a more universal representation of the results,
including the relative position ( x0; y0; z0) of the embedded spherical particle or circular �ake.

D �
P =

DP article

DDrop
(3.18)

D �
F =

DF lake

DDrop
(3.19)

 =
(x0; y0; z0)

DDrop
(3.20)

The scattered light from a drop of diameter DDrop with a spherical particle of diameter DP article

centered and embedded in the drop has been simulated for a plane incident wave and fors polarization.
The scattering plane is the YZ plane, as de�ned in Fig. 3.1
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3 Simulation of light scattering by particles with inclusions

Figure 3.1: s polarized plane wave incident on a drop with an embedded spherical particle. De�nition of
coordinate system.

In the �rst set of simulations D �
P is changed from 0 (no particle case for comparison) to 0.45,

leaving the particle in the centre of the drop. Figure 3.2 shows the simulation results, indicating
that scattering in the forward direction is signi�cantly a�ected. The scattered light from �rst-order
refraction in the forward direction has been blocked by the embedded particle and the blocking
e�ect increases with embedded particle size. Nevertheless, the rainbow could still be captured. This
interpretation is con�rmed by examining the scattering diagram for �rst-order refraction only, as is
shown in 3.3.

Figure 3.2: Simulation results by changing diameter of particle. (nt = 1.33). Reproduced from [28].
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3.1 Light scattering from a drop with an embedded particle

Figure 3.3: Scattering diagram for �rst-order refraction and varying the diameter of the embedded particle.
(nt = 1.33). Reproduced from [28].

Figure 3.4: Simulation results by varying the position of embedded particle on the Y-axis. (nt = 1.33).
Reproduced from [28].

Clearly the �rst-order refraction is the scattering order being a�ected by the embedded particle in
the forward direction (compare to the result without a particle inside, D �

P = 0). However, a uniform
backward scattering level is also obtained. This backward scattering arises from light re�ecting o�
the surface of the embedded particle and could be useful for detecting an embedded particle. The
results obtained by changing the position of the particle along the Y-axis are shown in Fig. 3.4. This
�gure shows that by changing the y position of the embedded particle, also the forward scattering
is a�ected, since the blocking e�ect of �rst-order refraction will depend on the particle position.
As before, a uniform backscatter intensity is obtained. Fig. 3.5 shows the simulation results when
changing the z position of the embedded particle. Compared with the results shown in Fig. 3.4, the
scattering exhibits less sensitivity to position changes in the z direction.

25




	Abstract
	Kurzfassung
	Acknowledgments
	Introduction
	Complex particles and their industrial relevance
	Overview of the thesis

	Simulation methods for the light scattering by particle
	Review of electromagnetic theory
	Maxwell's equations

	Methods for simulation of light scattering from particles
	Lorenz-Mie theory
	Debye series decomposition
	Discrete dipole approximation
	Ray-tracing technique


	Simulation of light scattering by particles with inclusions
	Light scattering from a drop with an embedded particle
	Scattering diagrams for a drop with an embedded spherical particle
	Scattering diagrams for drop with embedded flake

	Polarized Monte Carlo ray-tracing method for simulation the light scattering of colloidal drop
	Discrete dipole approximation method for computation the light scattering of colloidal drop

	Simulation of time-shift signals from complex particles
	Measurement principle of the time-shift technique
	Mathematical expression of the time-shift signal for pure a drop
	Simulated time-shift signal of complex particles
	Spheroidal particles
	Drop with an embedded particle


	Application of time-shift technique to colloidal drops
	Theory for the measurement of the volume concentration
	Experimental setup
	Results of experiment and simulations
	Calculation of the size of the colloidal particles


	Summary and Outlook
	Bibliography
	Nomenclature
	List of Figures
	List of Tables
	Publications
	Appendix

