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Abstract

Atmospheric aerosol is understood to have a significant impact on the
Earths climate by directly scattering solar radiation and by acting as cloud
condensation nuclei. However, despite decades of research, the impact of
atmospheric aerosol remains the most uncertain area of climate science by
far. The work presented in this thesis focuses on the scattering of light by
aerosol particles. There are many factors affecting how a given aerosol par-
ticle will scatter light, including composition, size and morphology. It is
therefore necessary for many different studies of various aerosol systems
to be carried out to obtain a full understanding of the impact of atmo-
spheric aerosol on the Earths climate. This thesis presents studies on mul-
tiple aerosol systems, each providing unique insights into the scattering
of light by atmospheric aerosol. A new computational method of deter-
mining the optical properties of both homogeneous and core-shell aerosol
from their Mie spectra, has also been developed. In all studies in this the-
sis, optical trapping, Mie spectroscopy, and computational modelling of
Mie spectra were used to determine the size and refractive index of aerosol
particles. The collective aim of these studies is to decrease the uncertainty
of the impact of atmospheric aerosol in climate modelling.

The first and second papers present the study of the optical proper-
ties of inorganic homogeneous aerosol particles which are often used as
aerosol proxies or for calibration in atmospheric aerosol experiments. Firstly,
the optical properties of polystyrene beads were determined as a function
of temperature, providing information which will allow for more accurate
calibration of aerosol measuring equipment, as well as showcasing a new
experimental technique for studying airborne particles at varying temper-
ature. Next, a comprehensive study was carried out on the reliability of the
optical properties of four brands of commercially available silica beads.

In the third and fourth papers, polystyrene and silica beads were used
to study the Mie scattering of core-shell particles. Firstly, sulfuric acid was
shown to form a core-shell morphology when deposited on a silica parti-
cle, and to not form a core-shell particle when deposited on a polystyrene
particle. Finally, in an unprecedented study, two different real-world sam-
ples of organic aerosol, one collected from an urban area (greater Lon-
don) and the other from burning wood, were both shown to form core-
shell particles when deposited on mineral silica particles. The organic
core-shell particles were also shown to maintain core-shell morphology



upon oxidation with ozone, an atmospheric oxidant. The morphology of
aerosol particles significantly impacts how they interact with light: there-
fore both of these studies provide insight for the modelling of composite
organic/mineral aerosol.
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Chapter 1

Introduction

Atmospheric aerosol is defined as any solid or liquid particles suspended
in the Earth’s gaseous atmosphere. Atmospheric aerosol significantly im-
pacts the Earth’s climate in two ways; direct scattering of solar radiation,
and by acting as cloud condensation nuclei [1]. The effects of atmospheric
aerosol are the greatest source of uncertainty in climate modelling [2]. This
is partially due to the large variety of factors affecting atmospheric aerosol
which are difficult to measure exactly or predict. For example, organic thin
films of varying compositions forming on atmospheric aerosol particles or
the oxidation of atmospheric aerosol can both completely change the op-
tical properties of the aerosol. The purpose of this thesis is to study the
optical properties of specific aerosol systems with a focus on core-shell par-
ticle morphology to provide new insights into the direct scattering of solar
radiation and thus the radiative forcing of certain atmospheric aerosol sys-
tems.

The optical properties of atmospheric aerosol, such as size and refrac-
tive index, determine how they will scatter light [1]. For the experiments
described in this thesis, optical trapping, Mie spectroscopy and computa-
tional modelling of homogeneous and core-shell Mie spectra were used to
determine the optical properties of different aerosol systems.

1.1 Atmospheric layers and composition

The Earth’s atmosphere is a layer of gas surrounding the Earth. It is pre-
dominantly composed of nitrogen (78%), oxygen (21%) and noble gases
(0.9%), the amounts of which seem to remain largely unchanged with time

1



2 CHAPTER 1. INTRODUCTION

[1]. The other 0.1% is made up of trace amounts of other gases, includ-
ing carbon dioxide, methane, ammonia and many others, the amounts
of which present in the atmosphere at a given time are much more var-
ied. The concentration of these trace gases varies due to natural physical,
chemical and biological processes both on the Earth’s surface, e.g. volcanic
exhalation, and in the atmosphere, e.g. particle formation. There are also
variations due to pollution of the atmosphere caused by human activity.
For example, in recent years large increases in the amount of CO2 in the
atmosphere due to human activity have been recorded [1].

The Earth’s atmosphere is split into layers based on changes in tem-
perature and pressure, as shown in Figure 1.1. The precise altitude of a
layer’s boundaries varies slightly depending on latitude and the time of
year. The troposphere (10–15 km) contains almost all of the water, clouds,
and aerosol present in the atmosphere. In the troposphere turbulence, hu-
midity and temperature are all heavily influenced by the Earth’s surface.
The stratosphere (15–55 km) is home to the ozone layer and contains a sig-
nificant amount of sulfuric acid aerosol droplets [3]. The mesosphere (55–
90 km) is the coldest point in the atmosphere. Above the mesosphere is
the thermosphere, where absorption of short-wave radiation causes high
temperatures. The ionosphere is a section of the upper mesosphere and
lower thermosphere where ions are produced by photoionization. The ex-
osphere is the outermost layer of the atmosphere, where gas molecules
with sufficient energy are able to overcome Earth’s gravitational force and
escape. The tropopause, stratopause, and mesopause are the boundaries
between the atmospheric layers [1].

1.2 Radiative forcing by atmospheric aerosol

The temperature of the Earth is determined by the amount of solar ra-
diation entering and leaving the Earth’s atmosphere, which is subject to
change over time. Perturbations in the atmosphere, such as an increase
in the concentration of a particular gas or aerosol, can cause the balance
to shift in either direction. As defined by the Intergovernmental Panel on
Climate Change (IPCC), Radiative forcing quantifies the change in energy
fluxes caused by changes in these drivers (such as gas and aerosol concen-
trations) for 2011 relative to 1750. Radiative forcing can also be expressed
in Watts per square meter (Wm−2) [2]. The amount of radiation enter-
ing the top of the atmosphere is basically constant, although the amount
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Figure 1.1: Temperature and pressure of the layers of the Earth’s atmo-
sphere [1]

leaving is variable. The Earth is currently experiencing positive radiative
forcing, as more heat is being trapped in the Earth’s atmosphere than is
leaving [2, 4]. The total anthropogenic radiative forcing has increased dra-
matically from 0.57 Wm−2 in 1970 to 2.29 Wm−2 in 2011.

Atmospheric aerosol has been found to have a huge impact on radia-
tive forcing in two major ways. The first is through reflection and scatter-
ing of light [4, 5, 6], and the second is through acting as cloud condensa-
tion nuclei (CCN) [7]. The radiative forcing of the total aerosol effect in
the atmosphere is 0.9 Wm−2. Figure 1.2 is a graphic from an IPCC report
which shows that aerosol-cloud and aerosol-radiation interactions have
the largest sources of uncertainty of any radiative forcing agent. There-
fore, understanding the radiative forcing caused by atmospheric aerosol is
key for the development of accurate climate modelling.
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Figure 1.2: Graphic from IPCC report comparing the radiative forcing
and associated uncertainties of different forcing agents. Aerosol interac-
tions are shown to have a significantly larger percentage uncertainties than
other forcing agents. The level of confidence in the net forcing from each
forcing agent is given, where L is low, M is medium, H is high, and VH is
very high [2]

1.3 Sources of atmospheric aerosol

The ways in which atmospheric aerosol will scatter light and interact with
water vapour to act as CCN are both dependent on the particles size and
composition. The work in this thesis will focus on the scattering of light
by atmospheric aerosol, therefore the size and refractive index, which is
defined by the aerosol composition, are the most important factors to con-
sider.

There is a vast range of sizes (typically 0.01¯m to 100¯m) of atmospheric
aerosol particles. There are four main size categories, called “modes”, by
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which atmospheric aerosol particles are sorted. These are further sub-
categorized into “fine” and “coarse” modes. The fine modes are the nu-
cleation (1−10 nm) and Aitken (10−100 nm) modes, the smallest sizes by
far. Although particles in the fine modes make up by far the largest pro-
portion of atmospheric aerosol in terms of numeric quantity, due to their
relatively smaller size than those in the coarse mode they make up only a
few percent of the total mass of all atmospheric aerosol. The coarse modes
include larger particles in the accumulation (100 − 1, 000 nm) and large
coarse (1, 000 − 10, 000 nm) modes. Aerosol in the accumulation mode is
generally created by the condensation or coagulation of Aitken mode par-
ticles. Large coarse mode aerosol is produced from condensation or coag-
ulation of accumulation mode aerosol as well as primary sources such as
sea-salt and volcanic ash [1].

Atmospheric aerosol is found in the two lowest layers of the atmo-
sphere, the troposphere (0–15 km) and the stratosphere (15–55 km). Each
of these layers have different sources of aerosol. The composition, and
therefore refractive index, of atmospheric aerosol varies significantly de-
pending on their source. Aerosol can be described as either primary or
secondary atmospheric aerosol dependent on its source or mechanism by
which it was produced. Primary aerosol are in the original state in which
they were emitted into the atmosphere. Direct emission of aerosol is there-
fore a primary source, for example, sea spray or desert sand. Secondary
aerosol is not in its original form, and most primary aerosol will at some
point undergo a chemical reaction, becoming secondary aerosol. There are
a number of secondary sources of atmospheric aerosol, including gas to
particle conversion by the oxidation of gas-phase species [1].

Tropospheric aerosol has many sources, which vary depending on re-
gion. For example, aerosol in an urban area will have a much higher per-
centage of particles from anthropogenic sources, such as the burning of
fossil fuels, wood, and petrol and diesel in cars. Aerosol categorized as
marine, rural, remote, and polar will have a much higher percentage of
aerosol particles from natural sources such as dust, pollen, sea spray and
sand [1]. A study by Shepherd et al. [8] found aerosol samples from ur-
ban, remote, and wood-smoke sources to each have significantly different
refractive indices, with a general increase from remote to urban to wood-
smoke.

Stratospheric aerosol is made up of a very high percentage of sulfuric
acid droplets, sourced from volcanic eruptions and from transfer of sul-
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fur from tropospheric aerosol [9, 10, 11]. After volcanic eruptions sharp
increases in the amount of sulfuric acid droplets in the stratosphere have
been observed [3]. There are also many mineral aerosol particles in the
stratosphere introduced by volcanic eruptions [12]. Therefore, mixing of
sulfuric acid with mineral aerosol in the stratosphere is a common occur-
rence [10]. The morphology adopted, and therefore the effect on the scat-
tering of light by a sulfuric acid droplet when it is deposited on a mineral
particle is unknown. The effect of sulfuric acid deposited onto mineral
aerosol is studied in paper 4 in this thesis.

As there are such a wide range of sizes and composition of atmospheric
aerosol particles, many studies are needed on a wide range of atmospheric
aerosol from different sources for a full understanding of the properties
of aerosol present in the atmosphere. The interactions between different
aerosol particles are also an important area of study to gain a complete
understanding of the impact of aerosol on the Earth’s climate.

1.4 Cloud Condensation Nuclei

Atmospheric aerosol particles act as a surface for water vapour in the at-
mosphere to condense on to, to form visible water droplets (clouds, fogs
etc.). Atmospheric aerosol is necessary for the formation of clouds as water
vapour cannot spontaneously nucleate (on Earth). Although the research
carried out in this thesis is focused on the scattering of light by aerosol
particles, a brief background on atmospheric aerosol acting as cloud con-
densation nuclei is provided here as this is an equally important area of
study for understanding how atmospheric aerosol impacts the Earth’s ra-
diative balance.

Size, morphology, and composition have been shown to be the deter-
mining factors in the effectiveness of atmospheric aerosol as cloud conden-
sation nuclei (CCN) [7]. A study carried out by Ervens et al. [13] compared
the aerosol size distribution with the CCN concentration at Chebogue Point,
Nova Scotia. A substantial increase in the concentration of CCN was found
to correlate with an increase in the size of the aerosol present. A study car-
ried out by Altaf et al. [14] compared homogeneous and phase-separated
particles as CCN and found particle morphology to have a large impact on
the ability of aerosol particles to act as CCN.

The phenomenon of aerosol acting as CCN is described mathematically



1.4. CLOUD CONDENSATION NUCLEI 7

by the Kelvin equation,

ln
p
p0

=
2γVm

rRT
, (1.1)

where p is the vapour pressure of the liquid (water in the case of CCN), p0

is the saturated vapour pressure (vapour pressure on a flat surface), γ is
surface tension of the liquid, Vm is the molar volume of the liquid (water),
r is the radius of the droplet, R is the universal gas constant, and T is
temperature. The Kelvin equation only holds for spheres so atmospheric
aerosol particles must be assumed to be spherical for the purpose of this
calculation.

Equation 1.1 describes how vapour pressure of H2O changes due to a
curved liquid-vapour interface, as exists in approximately spherical CCN,
where a liquid with a high vapour pressure will evaporate more readily
than one with a low vapour pressure. As the radius of the particle and
the vapour pressure are inversely proportional, a particle with a lower ra-
dius will have a higher vapour pressure and will evaporate more readily.
Therefore, larger aerosol are more stable, and last longer as CCN. This the-
ory matches with the results found on the effect of particle size on their
ability to act as CCN by Ervens et al. [13].

Another important factor is the chemical composition of the droplet
formed, as substances within the aerosol can potentially react with the
water to form impurities. Other substances in the atmosphere can also
contaminate the water vapour. Typically, a chemical contaminating the
particle will lower the vapour pressure of water, making it less stable as a
CNN, as demonstrated by Raoult’s law,

pi = p∗i xi, (1.2)

where pi is the partial vapour pressure of component i, p∗i is the vapour
pressure of the pure component i and xi is the mole fraction of component
i in the solution. It is therefore easier for droplets to form on insoluble
particles, as they will not react with and contaminate the water droplet
formed. This idea will be explored further in Section 1.6 where the effect
of organic thin films on solid particles is discussed.

A formulation of Köhler theory,

ln
pwDp

p0
=

4Mwσw

RTρwDp
− 6nsMw

πρwD3
p

, (1.3)

incorporates both the impact of curvature and composition by combin-
ing the Kelvin and Raoult’s equations, where pw is vapour pressure of the
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droplet, Dp is the diameter of the droplet, p0 is the saturation vapour pres-
sure Mw is the molecular weight of water, σW is the surface tension of the
droplet, ρw is the density of pure water and ns is the number of moles of
the impurity.

Atmospheric aerosol acting as cloud condensation nuclei is still far
from completely understood and is therefore an active area of research in
climate science. New behaviours and phenomena are continuously being
discovered. For example, a study on the impact of chemical composition
on CNN in a suburban area in China by Li et al. [15], found that particle
size and chemical composition showed different effects on the CCN acti-
vation ratios in the morning and the afternoon which was not anticipated
and led to an interesting area of further study. As demonstrated in Figure
1.2, aerosol-cloud interactions are equally as urgent an area of study for the
understanding of aerosol effects on the Earth’s climate as aerosol-radiation
interactions. However, the work carried out in this thesis is focused on
aerosol-radiation interactions.

1.5 Attenuation of light by atmospheric aerosol

Aerosol particles scatter light differently depending on their size parame-
ter, x, where,

x =
2πr

λ
, (1.4)

where r is radius of particle and λ is the wavelength of incident light. For
particles which are much smaller than the wavelength of the incident light
and therefore have a size parameter ≪ 1, the Rayleigh approximation,

I = I0

(
1 + cos2 θ

2R2

)(
2π

λ

)4 (n2 − 1
n2 + 2

)2 (d
2

)6

(1.5)

can be applied to model the intensity of scattered light, where I is the in-
tensity of the scattered light, I0 is the intensity of the light before interac-
tion with the particle, θ is the angle of scattering, R is the distance to the
particle, λ is the wavelength of incident light, n is the relative refractive
index (n of particle/n of medium) of the particle and d is the diameter of
the particle [16]. Particles which are approximately the same size as the
wavelength of incident light will have a size parameter ≃ 1 and will scat-
ter light according to Mie theory. Particles which are much larger than
the wavelength of incident light will have a size parameter ≫ 1 and will
follow optical laws of light scattering [16].
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For visible light interacting with atmospheric aerosol, Mie scattering is
the dominant form of light scattering due to the size of particles of atmo-
spheric aerosol being close to the wavelength of visible light (∼ 0.5µm).
The key parameters needed to calculate the Mie scattering of a particle
are the size and refractive index. A detailed formalism of Mie scattering
theory is given in section 2.4.

Determining the refractive index of aerosol particles is key to under-
standing how they interact with light, as the refractive index is a numerical
expression of light scattering and absorption properties. Refractive index
is a complex value, n = m + ki, where m and k are the real and imaginary
components of the refractive index, describing the phase velocity of light
in matter and light absorption respectively and i =

√
−1. Refractive index

varies with wavelength.

The Sellmeier equation [17] described by Wilhelm Sellmeier in 1872,

n2 = 1 + ∑
i

Aiλ
2

λ2 − λ2
i

, (1.6)

where n is the refractive index, λi is the wavelength at which a natural
frequency occurs in the material and Ai is a constant proportional to the
number of oscillators capable of vibrating at these natural frequencies, de-
scribes the relationship between refractive index and the wavelength of
incident light.

The Cauchy equation [17] first described by Augustin-Louis Cauchy in
1836,

n(λ) = A +
B
λ2 +

C
λ4 , (1.7)

where n(λ) is the refractive index, λ is the wavelength, and A, B and C
are material dependent constants is a special case of the Sellmeier equa-
tion where only the first two terms of the expanded Sellmeier equation are
considered and the absorption of light by the material is not accounted for
[17].

The Sellmeier equation is more widely applicable than the Cauchy equa-
tion. However, when studying the real part of the refractive index in the
visible wavelength range the Cauchy equation holds and can be used to
accurately describe the real part of the wavelength-dependent refractive
index of both light-absorbing and non-light-absorbing aerosol. As the
Cauchy equation has less terms than the Sellmeier equation, it is less com-
putationally demanding and therefore an appropriate choice for analysis
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of the refractive index of atmospheric aerosol, and is thus commonly used
as such [18, 19, 20, 21, 22, 23].

The absorption of light by atmospheric aerosol is important for fully
understanding the impact of atmospheric aerosol on radiative forcing. The
specific absorption properties of numerous types of aerosol, for example,
ambient atmospheric aerosol in a suburban environment [24, 25], brown
carbon [26, 27], pollution plumes from the mainland Asian continent [28],
and biomass burning emissions [29, 30] have been studied and it has been
found that the absorption properties of aerosol are dependent on the chem-
ical composition of the aerosol particle [25, 27, 28, 29, 31, 32], the particle
morphology [26, 33, 34, 28], and the size of the aerosol particle [34, 30].

For the work carried out in this thesis, only the real component of the
refractive index was studied, as this provides sufficient information to de-
termine the light scattering properties of the aerosol being studied.

1.6 Morphology of atmospheric aerosol

Most calculations of atmospheric light scattering in atmospheric and cli-
mate modelling assume spherical homogeneous particles [35]. However,
collisions between atmospheric aerosol leads to the formation of non-homogeneous
two-phase particles with complex morphologies, typically either core-shell,
where a thin film of organic material coats the surface of a spherical solid
core, partially-engulfed, where organic material beads up on the surface
of the spherical solid core, or liquid-liquid partially-engulfed [36, 37, 38].
Figure 1.3 shows a depiction of the potential two-phase particle morpholo-
gies. The morphology of aerosol particles has been shown to have a sig-
nificant impact on the optical properties, and thus radiative forcing of at-
mospheric aerosol [39, 37, 40, 41, 42].

There is evidence for both partially-engulfed and core-shell morphol-
ogy of atmospheric aerosol. Partially-engulfed particles has been shown
to form in laboratory experiments. Laskina et al. [43] found two-phase
particles of ammonium sulfate with succinic acid to phase separate from
homogeneous to partially-engulfed morphology due to crystallization of
the organic component if the particle is large enough. This is in agree-
ment with work carried out by Veghte et al. [41] where organic aerosol
composed of ammonium sulfate internally mixed with succinic or pimelic
acid was found to undergo phase separation and form a partially-engulfed
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Figure 1.3: Schematic of different morphologies of two-phase aerosol parti-
cles. From left to right; core-shell with solid core and liquid shell, partially-
engulfed with solid core and liquid on surface, partially-engulfed with
solid core and liquid droplet on surface, liquid-liquid two-phase particle.

morphology if the particle was large enough (>170 nm for succinic acid
and >270 nm for pimelic acid) demonstrating that phase separation of
aerosol particles is heavily size dependent. Reid et al. [36] found partially-
engulfed morphology to be the dominant morphology for two-phase par-
ticles of a range organic compounds (including saturated and unsaturated
hydrocarbons, aromatics, alcohols, ketones, carboxylic acids, esters, and
amines). Dennis-Smither et al. [44] found the coagulation of oleic acid
aerosol with an aqueous sodium chloride droplet to form a phase-separated
particle with two partially-engulfed liquid phases.

In the third and fourth papers in this thesis, two examples of atmo-
spherically realistic two-phase particles were formed and were both shown
to adopt a core-shell morphology. Therefore, core-shell morphology is the
main focus of the work carried out in this thesis.

Core-shell morphology

There have been many previous experimental studies of core-shell parti-
cles created with pure chemical compounds [45, 46, 47, 48, 49, 15, 44, 41,
50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60] which have shown thin films on
aerosol particles to have a significant effect on the physical and chemical
properties of aerosol. It is therefore essential to understand core-shell par-
ticles, in terms of their source, composition and how they form. Owing
to the ability of organic aerosol to attach to almost any particle, thin films
on atmospheric aerosol almost all have an organic composition. There are
multiple sources of organic thin-film forming aerosol, including vegeta-
tion waxes and photo-oxidised emissions from the burning of fossil fuels.
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The sea-surface layer is also an abundant source of organic aerosol, such
as the fatty acids which reside at the surface of the ocean [61].

Different methods have been developed for the study of thin films of
organic material. One of the earliest studies was carried out by Hansen
and Shu [62] in 1975, where they used electron microscopy to measure the
differences in how smog and haze particles scattered light. They detected
that the smog aerosol was comprised of solid spheres and the particles of
haze aerosol were hollow, and this caused them to scatter light in different
ways, representative of their unique morphologies. This was taken as in-
direct evidence of thin films on atmospheric aerosol. The same technique
was used by Posfai [63] to study organic coatings on ammonium sulphate
aerosol collected from above the North Atlantic Ocean, whose results sup-
ported those of Hansen and Shu.

Further evidence for organic thin films on atmospheric aerosol was
found by Capel et al. [64], when surface tension techniques were used to
determine that the surface tension of fog aerosol collected from an urban
area of Zurich was less than that of pure water. This implies that the air-
water interface of the aerosol particles were covered with organic chem-
icals. The exact chemical composition of thin films is still somewhat un-
clear and is the focus of much current research in the field. For example,
Takahama et al. [65] used scanning transmission x-ray microscopy along
with near edge x-ray absorption fine structure spectroscopy to determine
the chemical structure of 636 aerosol samples. A large variation in organic
mass fraction of the particles was found, with over half being nearly spher-
ical, and all films were found to be under 0.6µm in thickness and accounted
for between 1% and 98% of the volume of the particle.

Davies et al. [57] carried out a study measuring the influence of organic
films on the evaporation and condensation of water from aerosol particles.
The presence of an organic thin film was found to significantly reduce the
rate of evaporation of water from the surface of a particle. This study also
found a surprising result, that the presence of a multi-component organic
thin film prevented the condensation of water on the particle surface, and
therefore allowed the particle to successfully act as cloud condensation
nuclei. This is contrary to Raoult’s law which states that an increase in
organic substance on the particle surface will make the particle less able
to act as cloud condensation nuclei. This is in line with work carried out
by Cruz and Pandis [66] which found that the extent to which thin films
alter the cloud condensation nuclei activation potential of the aerosol, is
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dependent on the exact composition of the film. While Raoult’s law holds
for many particles, thin films do not necessarily hinder the cloud con-
densation nuclei activation potential of aerosol in all cases. For example
(NH4)2SO4 particles coated in a thick layer of dioctylphthalate did not ex-
perience any change in potential to act as cloud condensation nuclei [66].

A study carried out by Donaldson measuring the adsorption of atmo-
spheric gases at the airwater interface of NH3 showed that thin films in-
hibit the movement of chemicals from the gas to liquid phase of the aerosol
[67]. Thin films have been found to reduce the scavenging of the aerosol by
larger cloud droplet [59]. Thin films have also been shown to impact the
optical properties of atmospheric aerosol. A study carried out by Jones et
al. [68] used optical trapping to measure the Mie scattering of atmospheric
core-shell particles. The addition of an organic thin film to silica particles
was found to significantly change the Mie scattering of the aerosol.

In the fourth paper in this thesis the deposition of sulfuric acid onto
both silica and polystyrene aerosol is studied, where silica acts as a proxy
for mineral aerosol. A significant change in Mie scattering was shown as
the shell was slowly built up over multiple collisions with a silica particle.
This study also found that sulfuric acid deposited onto polystyrene parti-
cles did not form a core-shell and is suspected to have formed a partially-
engulfed particle. All the previous studies mentioned used aerosol prox-
ies to study core-shell particles. In paper 3 in this thesis core-shell parti-
cles made from silica and real atmospheric samples are studied, providing
valuable confirmation of core-shell morphology of atmospherically realis-
tic two-phase aerosol particles.

1.7 Effect of temperature on atmospheric aerosol

Temperature has been shown to affect the properties of atmospheric aerosol
in a number of ways. Changes in chemical and physical properties in at-
mospheric aerosol will impact its refractive index, and hence its ability
to scatter light. The temperature dependence of refractive index of atmo-
spheric aerosol is therefore vital for correct modeling of the scattering of
light by atmospheric aerosol under different temperature conditions.

There are many reactions that can take place in the atmosphere that
may change the physical properties of the aerosol articles, creating sec-
ondary organic aerosol. This of course will have an impact in the refractive
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index of the particles, and thus how they scatter light. Takekawa et al. [69]
determined that temperature is one of the most important factors in sec-
ondary organic aerosol (SOA) formation. The SOA yield from the photo-
oxidation of hydrocarbons in a temperature-controlled smog chamber was
studied and it was found that a much higher SOA yield was obtained
at lower temperatures. Under the condition of the same SOA concentra-
tion, the SOA yield at 283 K was approximately twice that at 303 K. Shee-
han et al. [70] have also shown that the concentration of SOA present in
the atmosphere is heavily influenced by temperature using an absorptive-
partitioning model. The model simulations show that temperature is likely
to have a significant influence on SOA partitioning, and therefore the re-
sulting SOA concentration in the atmosphere, with a 10 ◦C decrease in tem-
perature estimated to increase SOA yields by 20 – 150%, depending on the
vaporization enthalpy. Studies by Yue et al. [9] and Russell et al. [71] have
shown the properties of stratospheric aerosol, including refractive index,
to change as a function of altitude, and therefore temperature.

It is clear that temperature has an impact on the properties of atmo-
spheric aerosol particles, and thus how they scatter light. It would there-
fore be beneficial to be able to study individual particles for a more in
depth look at the temperature dependence of different types of atmospheric
aerosol. A method is described in paper 1 in this thesis which allows for
the scattering of light by individual particles to be studied at varying tem-
perature (20 – 240 ◦C). Polystyrene is used as a test aerosol for the system
in the paper, however there is potential for the study of atmospheric par-
ticles produced at high temperatures to be studied. For example, aerosol
produced by wildfires, and how the sudden increase in temperature pro-
duced by wildfires will affect other atmospheric aerosol in the region.

1.8 Oxidation of atmospheric aerosol

Oxidation can significantly alter the physical and chemical properties of
atmospheric aerosol particles, forming secondary organic aerosol (SOA)
[72]. Ozone (O3), nitrates (NO3) and OH radicals are the most highly stud-
ied atmospheric oxidants that affect the optical properties of atmospheric
aerosol [72].

Oxidation has been shown to cause an increase in the refractive index
of atmospheric aerosol particles. A study carried out by Flores et al. [73]
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found the refractive index of a mixture of biogenic volatile organic com-
pounds (α-pinene and limonene) to increase as it was oxidised with ozone.
Another study by Kim et al. [74] also found the refractive index of atmo-
spheric aerosol proxies to generally increase upon oxidation, from about
1.4 to 1.53 for α-pinene, 1.38 to 1.53 for β-pinene, and 1.4 to 1.6 for toluene,
when oxidised with ozone. Kim et al. [74] also found the refractive index of
SOA to be affected by a number of factors, including mass concentration,
oxidation chemistry, temperature, and aerosol aging [74]. In contrast, a
study by Lambe et al. on the oxidation of gas-phase precursors used as sur-
rogates for anthropogenic (naphthalene, tricyclodecane), biomass burning
(guaiacol), and biogenic (α-pinene) emissions aerosol, found the real re-
fractive index to decrease and the imaginary refractive index to increase
upon oxidation by OH radicals.

A study by Nakayama et al. [75] found SOA generated by the oxida-
tion of isoprene by OH, O3, and NO3, to have a difference in the imagi-
nary part of refractive index depending on if it was formed in the presence
of SO2. Oxidation was found to have a negligible effect on the refractive
index of isoprene, unless reacting in the presence of SO2, when a signifi-
cant light absorption was observed during oxidation by OH radicals, and
a much weaker absorption was observed during oxidation with O3, and
(NO3). Varma et al. [76] determined the refractive index of secondary or-
ganic aerosols (SOA) formed by the NO3 oxidation of β-pinene to be 1.61,
which is significantly larger than the refractive index of SOA produced by
similar methods. Varma et al. [76] suggest that this is potentially caused
by a large proportion of organic nitrates in the particle phase.

There are clearly a number of factors which have been shown to af-
fect the oxidation of atmospheric aerosol. It is therefore difficult to predict
the impact of oxidation on the refractive index of atmospheric aerosol as
there are countless potential reactions between different organic composi-
tions of aerosol and oxidants with each having unique effects on the op-
tical properties of the reacting aerosol. It is therefore important to study
many different atmospheric oxidation reactions and formation of SOA to
get a greater understanding of the properties and subsequently the envi-
ronmental impact of highly oxidising aerosol [74, 77, 72].

All of the previous studies on the oxidation of atmospheric aerosol
have used proxies in place of real atmospheric samples. Studies using real
atmospheric samples are required for a true representation of the impact
of oxidation on the optical properties of atmospheric aerosol. In the third
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paper in this thesis the oxidation by O3 of organic thin films on aerosol
particles is studied. This study provides information on the oxidation of
two specific aerosol systems, using real atmospheric samples.

Oxidation of core-shell particles

As discussed in Section 1.6, atmospheric aerosol can often adopt core-shell
morphology. The reactivity of organic thin films can be quite different
from that of bulk aerosol, owing to the fact that they are exposed to both
chemical matter from within the aerosol as well as gas-phase radicals and
solar radiation. The Köhler effects discussed in section 1.4 will also affect
the reactivity of organic thin films. The vapour pressure of thin films on
aerosol particles will potentially be higher than that of bulk aerosol, ac-
cording to the Kelvin effect, as the organic material is on a curved surface.
Changes in vapour pressure will cause changes in refractive index due to
evaporation of different components from within the material.

It is therefore important to investigate the specific reaction of oxidants
with thin films [58, 78, 79]. Nieto-Gligorovsk et al. [80] studied the reac-
tions of organic films with ozone in the presence of simulated sunlight.
They found the two different compositions of film studied to react differ-
ently to the same oxidation process, with 4-CB/catechol becoming more
hydrophilic and 4-CB/4-phenoxyphenol becoming hydrophobic. This demon-
strates the need for studies of many different compositions of core-shell
particles to get a full understanding of their properties. Lim et al. [81] stud-
ied the oxidation of core-shell particles made of thin coatings of squalane
on ammonium sulfate particles in a flow tube reactor and found the het-
erogeneous transformation of thin organic coatings on particles to be dra-
matically faster than that of pure organic particle. Gorkowski et al. [37]
used optical trapping and Raman spectroscopy to study the morphology
of phase-separated α−pinene secondary organic aerosol at varying rela-
tive humidity. They used their results alongside literature values of ox-
idation of phase-separated secondary organic aerosol to suggest that as
oxidation of phase-separated particles is increased the particles will have
partially-engulfed, then core-shell, then homogeneous morphology. In the
third paper in this thesis it is shown that organic material extracted from
ambient aerosol forms core-shell aerosol when deposited on silica beads
(used as a proxy for mineral aerosol). It was also shown that if a thick
enough organic film is formed (> 10 nm) the particle can maintain a core-
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shell structure during oxidation with gas-phase ozone.

1.9 Organization of this thesis

This thesis is comprised of an introduction chapter, a methodology chap-
ter, four chapters written as papers with unpublished supplementary in-
formation included, and a conclusions chapter. The references for each of
the paper chapters are included within that chapter. The references for the
introduction, methodology and conclusions are included at the end in a
thesis bibliography.

The first paper is a study of the temperature dependence of the real
component of the refractive index of polystyrene beads. Polystyrene beads
are commonly used for the calibration of aerosol monitoring equipment
used in various climate and at various temperatures. This paper provides
valuable information to ensure correct calibration of equipment when us-
ing polystyrene beads. This paper also describes a new technique for mea-
suring the refractive index and size of aerosol particles as a function of
temperature.

The second paper is a comparative study of different brands of com-
mercially available silica beads, which are commonly used in many aerosol
experiments, and are used in the third and fourth papers in this thesis as a
mineral aerosol proxy. This paper offers detail on how reliable the differ-
ent brands of beads are compared with their reported values of refractive
index and size to offer users an accurate understanding of the properties
of the beads they are using.

The third and fourth papers are studies of core-shell particles. The third
studying real atmospheric samples on silica beads and the fourth paper
studying sulfuric acid on silica and polystyrene beads. Both of these pa-
pers provide information on previously unstudied core-shell systems, and
demonstrate a new method of determining the optical properties of core-
shell particles.

1.10 Overall aims and objectives

The overall aim of the work carried out in this thesis is to provide new in-
formation which will reduce the uncertainty in the scattering of radiation
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by atmospheric aerosol. The first way this will be achieved is through pro-
viding new experiential and computational methods which can be used to
carry out complex analysis on atmospheric aerosol particles. The aim is to
demonstrate techniques such that they can be used for future experiments
to improve upon the accuracy of results, through improving instrument
calibration, and by obtaining more accurate results through improved data
analysis techniques. This will also be achieved through carrying out exper-
iments on atmospheric aerosol using optical trapping, Mie spectroscopy
and computational modelling of Mie scattering. Both the new methods
are demonstrated and the experimental results can be used in different
ways to help reduce the large uncertainty in climate modelling calcula-
tions caused by the scattering of radiation by atmospheric aerosol. This
will be carried out by completing the following objectives:

1. Development and demonstration of a new technique for studying the
size and wavelength dependent refractive index of airborne aerosol
particles as a function of temperature.

2. Development and demonstration of a new program which can im-
prove the analysis of Mie spectra, and allow for much more presice
measurments of core-shell particles than was previously possible.

3. Determination of the wavelength and temperature dependant refrac-
tive index of polystyrene beads will allow for improvement in cali-
bration of future experiments

4. An analysis of the refractive index and size dispersion of commer-
ciality available silica beads will also allow for improvement in cali-
bration of future experiments.

5. Two studies on two-phase atmospheric aerosol will also be carried
out which will demonstrate the morphology adopted by two sepa-
rate aerosol systems, including how organic matter acts upon oxida-
tion, on the surface of solid mineral aerosol.



Chapter 2

Methodology

The study of single particles allows the properties and behaviours of at-
mospheric aerosol, such as size, composition, morphology and oxidation
to be unambiguously determined [82]. In this thesis, optical trapping, Mie
spectroscopy and computational modelling of Mie spectra have been used
to determine the size and wavelength-dependent refractive index of indi-
vidual aerosol particles of varying source, including organic and inorganic
aerosol, and morphology, including homogeneous and core-shell particles.

2.1 Optical Trapping

Although the idea of light as photons acting as a particle and being able
to exert pressure on matter was theorized many years earlier by Maxwell
and Einstein [83], in 1900 Lebedev was the first to experimentally show
that light is able to exert a “radiation pressure” on matter [84]. Ashkin was
the first to demonstrate that this phenomena could be used to manipulate
and trap particles. During experiments carried out between 1970 and 1975
[85, 86] Ashkin designed the first optical trap, where a particle is held in
place by beams of light.

In the first experiments carried out, using the set up shown in Figure
2.1(a), Ashkin showed that beams of light were able to exert a large enough
force on transparent latex spheres, suspended in water, to move them in
the direction of the light beams. This was the expected result, due to the
scattering force exerted on the particle, which acts in the direction of the
beam and is proportional to the intensity of incident light. However, the
experiment also revealed the unanticipated component of radiation pres-

19
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sure, known as the gradient force, which acts perpendicular to the beam
strongly pulling the particle into the high intensity region of the beam.
The gradient force has an axial and transverse component, such that if the
particle becomes either axially or radially displaced from the focus of the
beam, the particle will focus or diverge the beam causing a restoring force
to push the particle back into the focal point. From the discovery of the
gradient force, Ashkin was then able to design a two-beam trap, shown in
Figure 2.1(b), where small particles were held in the centre of the beams
[85].

Figure 2.1: Experimental set up used by Ashkin to demonstrate movement
(a) and optical trapping (b) of particles. The thickness of the glass cell, t
= 120 µm, the microscope is marked M, and wo is the radius of the laser
beam (6.2 µm) [85]

In 1975 Ashkin and Dziedzic designed the levitation trap [86] which
was able to levitate and trap large (up to 40 µm diameter) Mie and Rayleigh
particles in air using a loosely focused beam. In levitation traps, particles
are held in place balanced between the downwards force of gravity and
the upwards scattering force from a single laser beam [87]. In a levitation
trap the gradient force must exceed the scattering force to ensure the par-
ticle is not pushed out of the beam’s focus. Thus, optical levitation traps
can suffer from lack of stability and predictability of the particles position
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[88]. Counter-propagating traps, first demonstrated in Ashkin’s 1970 ex-
periment, are a common alternative to levitation traps, where a particle
is trapped between two counter-propagating beams focused just before
they hit the particle, such that it is between the two foci. As the particle
approaches either focus, it scatters more of the light from that beam and
is pushed back towards the centre point. Thus, trapping is dictated by
both the scattering and gradient forces in counter-propagating traps. This
means they are able to hold more highly scattering particles stable, and
thus particles of higher refractive index, than levitation traps [89, 90]. Fig-
ure 2.2 shows a depiction of the forces acing on particles in levitation and
counter-propagating traps. A counter-propagating trap was used for all of
the work presented in this thesis.

Fscat

Fscat

FgradFgrad

Gravity

Fscat
FgradFgrad

Figure 2.2: Forces acting on a particle in a Levitation trap (left) and
counter-propagating trap (right) where Fgrad is the gradient force and Fscat
is the scattering force.

Optical trapping has many uses in biology and atomic physics, as well
as atmospheric physics and chemistry. Ashkin was awarded the Nobel
prize for physics in 2018 “for the optical tweezers and their application
to biological systems" for his groundbreaking work carried out in 1987
where single-beam traps were used to study the tobacco mosaic virus [91].
The prize was won jointly with Gérard Mourou and Donna Strickland “for
their method of generating high-intensity, ultra-short optical pulses."
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Optical trapping has been used in this thesis to study atmospheric aerosol
particles. The size, wavelength-dependant refractive index and morphol-
ogy of various particles was determined using optical trapping and Mie
spectroscopy. Optical trapping proved to be an incredibly useful method
for this work as it allowed for particles to be held in place for examination
without being directly touched or altered in any way. Hence, the morphol-
ogy could be accurately determined without risk of it being affected by the
experiment [90].

Alternative methods

Optical trapping has proven to be an incredibly useful method for un-
derstanding the chemistry and optical properties of atmospheric aerosol.
However, methods other than optical trapping have also previously been
used to measure the refractive index of atmospheric aerosol, each with
their own unique benefits. Optical particle counters can be used to mea-
sure the size distribution and the refractive index, at a given wavelength,
of atmospheric aerosol particles in situ [92]. This method of studying at-
mospheric aerosol benefits from not having to collect and then extract the
aerosol for later experiment, as, unlike laser tweezers, the portable equip-
ment can be used in the field.

He et al. have used imaging of particles suspended in oil to determine
the refractive index of polystyrene beads as a function of temperature, in a
similar experiment to the first paper presented in this thesis. This method
allows for multiple particles to be studied at once. However using oil as a
medium rather than air risks contamination of particles [93]. Cavity ring-
down spectrometry is another common method of studying the refractive
index of aerosol particles. Lambe et al. used this technique to successfully
study the refractive index of brown carbon in the presence of atmospheric
oxidants [94]. All three of these methods rely on calibration against an-
other material, often polystyrene or silica beads, which as discussed in
the first and second papers in this thesis are not always reliable. Optical
trapping in air does not depend on calibration against any other material,
thus removing a source of error. These methods can also only measure
the refractive index at a single wavelength, but optical trapping and Mie
spectroscopy allows for the determination of the wavelength-dependent
refractive index, over a range of wavelengths [8, 95]. However, devel-
opments are constantly being made in all methods of aerosol study. For
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example, in 2019 Li et al. developed a multi-wavelength cavity ring-down
aerosol extinction spectrometer, that can measure the refractive index of
particles at more than one wavelength [96].

Optical trapping experiments are often carried out in a liquid medium,
as this helps to dampen any external perturbations on the particle, mak-
ing it easier to hold a particle stable in the trap than it is in air [88]. Of
course, trapping in a liquid medium can only be applied to solid particles,
but solid and liquid aerosol particles can both be trapped in air which is
essential for the study at atmospheric aerosol [90].

2.2 Optical set-up used

The experiments in this thesis where carried out using a counter-propagating
optical trap comprised of a Laser Quantum 1064 nm Nd:YAG laser split us-
ing an Oz Optics beam-splitter coupling port into two single-mode fibre-
optic cables to form two laser beams, pointing in opposite directions fo-
cused, using two Mitutoyo M Plan Apo x50 NA 0.42 objectives, as de-
scribed by Fällman and Axner [97], into an aluminium trapping cell. The
upper beam is fully steerable in the x, y, and z axes to a sub-micron accu-
racy using a Physik Instrumente 3-axis piezo-electric stage. The full set-up
of the optical trap is shown in Figure 2.3 Aerosol was dispensed into the
aluminium trapping cell, of length 7.8 cm and width 3.2 cm, via an inlet in
the cell. The process of trapping involved several aerosol particles being
delivered into the cell and the position of the cell was adjusted relative to
the laser focus until a single bead was trapped at the point of focus.

Aerosol generation

Aerosol was released into the trapping cell either by nebulisation or atom-
isation, depending on the aerosol being studied.

A collision atomiser (Topas, ATM 220) was used for the generation of
solid polystyrene and silica aerosol particles. Collision atomisers work
by sending a stream of compressed air through an orifice to create a high
velocity air jet, while also creating a low pressure zone which draws liquid
containing the polystyrene or silica particles suspended in water up where
the compressed air shears the jet to separate it into a spray of droplets.
The atomiser used for many of the experiments in this thesis then had a
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Figure 2.3: Diagram of the optical set-up used for all trapping experiments
presented in this thesis.

Figure 2.4: Image of the Topas ATM 220 atomiser, with diffusion dryer
attached on the left and a diagram of the inside of the atomiser. The la-
bels correspond to; 1. Dispersion gas volume flow, 2. Aerosol, 3. Two-
substance nozzle, 4. Baffle, 5. Liquid reservoir. Both images ares taken
from the Topas ATM 220 atomiser product specifications.



2.2. OPTICAL SET-UP USED 25

Figure 2.5: Image of the Topas diffusion dryer used to dry solid atomised
particles of polystyrene and silica both filled with silica gel and empty
on the left, and a closer view of the mesh pipes that the aerosol travels
through inside the diffusion dryer on the right. Both images ares taken
from the Topas DDU 570 diffusion dryer product specifications.

‘baffle’ to remove coarse spray droplets. An image of the outside and a
diagram of the inside of the atomiser that was used for the work in this
thesis is shown in Figure 2.4. The aerosol then travels through a diffusion
dryer (Topas DDU 570) filled with a desiccant (silica gel) to remove any
remaining water on the beads so they were dry when they are dispersed
into the trapping cell. The aerosol travels through mesh pipes within the
diffusion dryer, as shown in Figure 2.5, and does not come into contact
with the desiccant.

An ultrasonic nebuliser (“Aerosonic Combineb 3019”) was used to gen-
erate liquid droplets of sulfuric acid and organic aerosol for the experi-
ments carried out in papers 3 and 4. Ultrasonic nebulisers use a piezoelec-
tric crystal vibrating at high frequency to create sound waves which travel
through the liquid creating standing waves. At the correct level of power
the standing waves cause the liquid to dissipate into aerosol droplets [98].
A diagram of the nebuliser used for aerosol generation in papers 3 and
4 in this thesis is shown in Figure 2.6. The level of nebulisation can be
controlled using the ‘fan wheel’ to control the level of air flow carrying to
aerosol out of the nebuliser.
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Figure 2.6: Image of the “Aerosonic Combineb 3019” nebuliser on the left.
Diagram (taken from the user manual) of the nebuliser on the right. As
the nebuliser is primarily sold as a device for delivering medication, the
aerosol chamber is labelled here as the ‘medication chamber’ with ‘drug’
inside, where the organic aerosol in propan-1-ol is held.

2.3 Heating of aerosol particles

Temperature has a significant impact on the optical properties of atmo-
spheric aerosol. In paper 1 in this thesis a new technique is demonstrated
for measuring the wavelength and temperature dependent refractive in-
dex of airborne particles. This technique will allow for detailed studies on
the optical properties of atmospheric aerosol produced at high tempera-
tures, for example from wild fires or car exhaust fumes. The technique has
been demonstrated in paper 1 by determining the size and wavelength-
dependant refractive index of polystyrene beads as a function of tempera-
ture.

An aluminium trapping cell, with dimensions 7.8 cm by 3.2 cm, is used
for typical optical trapping experiments. A unique trapping cell with the
same dimensions was designed for this technique which allows for single
particles to be heated while being held in an optical trap. A diagram of
the heating cell design is shown in Figure 2 of paper 1. Insulation was a
key consideration when designing this cell and spacers made from a low
thermal conductivity composite, Macor, were used to insulate heat from
the external components of the trapping cell. Using this design, a particle
is held in the central orifice (of volume ∼ 0.5 cm3) of a ceramic toroidal-
shaped heater (Thorlabs HT19R). The temperature is controlled externally
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by varying the power supplied to the heater.

Before this technique was used to determine the wavelength and tem-
perature dependant refractive index of polystyrene beads, a calibration
was carried out to determine the temperature in the location where the
particle would be held. For this, a K-type thermocouple was placed in the
particles position in the central orifice of the heater, and the temperature
was measured as a function of power supplied to the heater. The uncer-
tainty in the temperature measurements is ± 1 ◦C due to the sensitivity of
the Thorlabs HT19R heater used.

2.4 Mie scattering theory for homogeneous
particles

In the mid-19th century, James Clerk Maxwell developed Maxwell’s equa-
tions, a set of equations which describe how electromagnetic waves in-
teract with matter [83]. In 1908 Gustav Mie used Maxwell’s equations to
formulate his theory of how light is scattered by a homogeneous sphere
with a size similar to the wavelength of incident light [99].

As stated in section 1.5 atmospheric aerosol scatters visible light in the
Mie regime. Therefore all of the experiments carried out in this thesis stud-
ied the Mie scattering of light by aerosol particles using Bohren and Huff-
man’s [100] formalism of the theory of Mie scattering, which is detailed in
this section.

To calculate the intensity of light scattered in the Mie regime, the “Stokes
parameters” of the incident and scattered light must be determined. Stokes
parameters are a set of values which describe the polarization of radiation
[100]. Solar radiation can be assumed to be unpolarised, which means that
Stokes parameters for both the parallel and perpendicular components of
light scattering will need to be determined when calculating Mie scattering
[100].

For unpolarised light, we can use Stokes parameters to calculate the
intensity of scattered radiation, Is, where,

Is = S11 Ii, (2.1)

where Ii is the intensity of incident radiation and S11 is an expression
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of the amplitude of the scattered light [62],

S11 =
1
2

(
|S1|2 + |S2|2

)
, (2.2)

where S1 and S2 are the parallel and perpendicular scattering ampli-
tudes [62],

S1 = ∑
n

2n + 1
n(n + 1)

(anπn + bnτn), (2.3)

and
S2 = ∑

n

2n + 1
n(n + 1)

(anτn + bnπn), (2.4)

where πn and τn are functions of the angle at which light is scattered,
θ,

πn(θ) =
P

′
n(θ)

sin(θ)
, (2.5)

τn(θ) =
dP

′
n(θ)

dθ
, (2.6)

and an and bn are the partial wave amplitudes or scattering amplitude
coefficients,

an(x, m) =
mψn(mx)ψ

′
n(x)− ψn(x)ψ

′
n(mx)

mψn(mx)ξ ′
n(x)− ψn(x)ξ ′

n(mx)
(2.7)

and

bn(x, m) =
ψn(mx)ψ

′
n(x)− mψn(x)ψ

′
n(mx)

ψn(mx)ξ ′
n(x)− mψn(x)ξ ′

n(mx)
(2.8)

where m is the relative refractive index (refractive index of particle di-
vided by refractive index of medium) of the homogeneous sphere, x is the
size parameter and ψn and ξn are Riccati-Bessel functions,

ψn(x) = xjn(x) (2.9)

and
ξn(x) = xhn(x), (2.10)

where jn and hn are spherical Bessel, and spherical Hankel functions of the
first kind of order n [101, 100].



2.5. COLLECTION OF MIE SPECTRA 29

Therefore, for the calculation of the intensity of light scattered by a
Mie particle the required parameters are the radius of the particle and the
wavelength of incident light for calculation of the size parameter, and the
relative refractive index for calculation of the scattering amplitude coeffi-
cients.

Mie scattering theory for core-shell particles

The scattering of light by spherically symmetrical core-shell particles, first
derived by Aden and Kerker in 1951 [102] is similar to that of homoge-
neous spheres, described in Section 2.4. The only difference is the scatter-
ing amplitude coefficients an and bn, as they depend on the radial variation
of the relative permittivity, ϵ, and relative permeability, µ, of the particle
[100, 102]. For non-magnetic materials µ can be approximated to 1, and
at optical frequencies the permittivity is the square of the refractive index.
Therefore the scattering amplitude coefficients can be determined from the
size parameters and the refractive indices of the core and shell only [100].
For a coated sphere the scattering amplitude coefficients become;

an =
ψn(y)[ψ

′
n(m2y)− Anχ

′
n(m2y)]− m2ψ

′
n(y)[ψn(m2y)− Anχn(m2y)]

ξn(y)[ψ
′
n(m2y)− Anχ

′
n(m2y)]− m2ξ

′
n(y)[ψn(m2y)− Anχn(m2y)]

(2.11)
and

bn =
m2ψn(y)[ψ

′
n(m2y)− Bnχ

′
n(m2y)]− ψ

′
n(y)[ψn(m2y)− Bnχn(m2y)]

m2ξn(y)[ψ
′
n(m2y)− Bnχ

′
n(m2y)]− ξ

′
n(y)[ψn(m2y)− Bnχn(m2y)]

(2.12)
where

An =
m2ψn(m2x)ψ

′
n(m1x)− m1ψ

′
n(m2x)ψn(m1x)

m2χn(m2x)ψ′
n(m1x)− m1χ

′
n(m2x)ψn(m1x)

(2.13)

and

Bn =
m2ψn(m1x)ψ

′
n(m2x)− m1ψn(m2x)ψ

′
n(m1x)

m2χ
′
n(m2x)ψn(m1x)− m1ψ

′
n(m1x)χn(m2x)

(2.14)

where m1 and m2 are the refractive indices, and x and y are the size param-
eters of the core and shell respectively.

2.5 Collection of Mie spectra

The intensity of scattered light as a function of wavelength is known as a
‘Mie spectrum’. Figure 2.7 shows an example of the Mie spectra collected
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in the work carried out in this thesis. The trapped particles were illumi-
nated with white LED light (Comar 0.1 LD 555, 6 V) and the elastically
back-scattered light was collected using a Princeton Instruments spectro-
graph (Acton SP-2500i) and charge-coupled device detector.
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Figure 2.7: Example experimental Mie spectrum, captured of a White-
house silica bead for paper 2 in this thesis

Spectrograph

A schematic of the inside of the spectrograph, redrawn based on a dia-
gram from the user manual, is shown in Figure 2.8. The back-scattered
light enters the spectrograph via the entrance slit and hits a collimating
mirror which reflects the light as a collimated beam (where all light rays
in the beam are parallel). This collimated beam of light is then reflected
off a diffraction grating which disperses the white light into its constituent
wavelengths. A diagram of light reflecting off a diffraction grating is shown
in Figure 2.9. Dispersion occurs because each groove on the grating acts
as a point source from which light is reflected. Interference between the
reflected light waves will create areas of maximum intensity, caused by
constructive interference. As the angular locations of maximum intensity
are dependent on the wavelength of incident light, the diffracted light will
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be reflected at different angles depending on the wavelength, dispersing
the white light into its constituent wavelengths.

                   SP-2560
Monochromator/Spectrograph

Motorized 
Mirror

Two CCD Port

Triple Grating Turret

Entrance 
Slit

Figure 2.8: Diagram of the inside of the spectrograph (Acton SP-2500i)
used, redrawn based on a diagram from the user manual.

The relationship determining the angular locations of the principal in-
tensity maxima when light of a given wavelength is diffracted from a grat-
ing of groove spacing d is described by the grating equation,

mλ = d(sinα + sinβ), (2.15)

where m is an integer value, known as the diffraction order, and α and β

are the angles of incidence and diffraction, as demonstrated in Figure 2.9.
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Figure 2.9: Two in phase light rays from incident wavefront A are
diffracted off the grating. The diffracted rays in wavefront B will be in
phase when the difference in the path lengths d sin α and d sin β is an inte-
gral number of the wavelength of incident light, according to the grating
equation. Recreated from the‘Diffraction grating handbook’ [103]

When setting up the spectrograph for experiment, the wavelength range,
wavelength resolution and signal to noise ratio must all be considered.
These factors can be altered by varying the groove spacing on the diffrac-
tion grating, and the exit slit width, where the dispersed light is sent from
the spectrometer to the CCD. The spectrograph used in the work in this
thesis has three optional diffraction gratings (300, 600, or 1200 grooves/mm).
As the number of pixels in the CCD is constant, if a grating with a higher
grooves/mm is used, the wavelength range covered will have to be de-
creased. Therefore, a balance has to be struck between wavelength resolu-
tion and range, when choosing a grating [103].

It is possible to perform a ‘step and glue’ operation, where multiple
spectra can be collected over different wavelength ranges and combined
to generate a Mie spectrum with a longer wavelength range. However, it
takes a certain length of time to collect spectra (in this thesis spectra were
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typically collected over 3 seconds). Therefore taking multiple spectra for
a step and glue operation will take over double the length of time, as the
spectrograph needs time to move position as well as the length of time
required to collect the spectra.

For the work carried out in this thesis it was generally not practical
to use the step and glue function as many of the particle systems studied
were subject to change over time. It was therefore essential to capture
spectra in the quickest time possible to accurately record changes in the
Mie spectra, and hence the optical properties of the particles. It was not
necessary to carry out a step and glue function on the work in this thesis
as adequate wavelength range and resolution were able to be obtained
using the 300 grooves/mm grating. For systems with either important
spectral behaviour over a wider wavelength range, or with very broad
Mie resonances, the increase in wavelength range or resolution provided
by the step and glue function could be vital for obtaining spectra that can
be effectively analysed.

Charge-coupled device detector

The wavelength dispersed light is then analysed by a charge-coupled de-
vice (CCD) detector. CCDs are sensitive photon detectors, comprised of
thousands of pixels. Each pixel has a thin layer of silicon and a capacitor.
When a photon with sufficient energy hits the silicon layer it can cause an
electron to be released from the outer shell of a silicon atom. The energy
of the photon is determined by the photoelectric effect,

E =
hc
λ

. (2.16)

where E is the energy of the photon, h is Planck’s constant, c is the speed
of light and λ is the wavelength of the photon.

The attached capacitor collects the electrons that are released from the
silicon layer. The ‘quantum efficiency’ is the percentage of photons hitting
the CCD that cause electrons to be detected. The quantum efficiency of the
CCD used in this project is 92 − 95%.
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Mie resonances

When light is scattered by an aerosol particle, some rays of light will ex-
perience total internal reflection and become temporarily trapped within
the cavity-like structure of the particle. Standing waves will then form at
resonant frequencies, where the so-called ‘natural frequencies’ of the par-
ticle are matched by certain wavelengths of light, causing an increase in
the intensity of scattered light at certain wavelengths [100].

These areas of increased intensity are known as ‘morphology depen-
dent resonances’ and are vector spherical harmonics, or ‘electromagnetic
normal modes’. Transverse magnetic (TM) modes have no radial mag-
netic component and are weighted by the scattering coefficient an, and
transverse electric (TE) modes, have no radial electric component, and are
weighted by the scattering coefficient bn.

The wavelengths of these resonances depend on the refractive index
and the size of the particle, and are visible in the Mie spectrum as peaks in
intensity, as demonstrated in Figure 2.7. The resonances are therefore the
defining characteristic of the Mie spectrum and can be used to determine
the optical properties of the particle.

2.6 Determining optical properties of aerosol
from Mie spectra

There are multiple methods of determining the optical properties of aerosol
particle from their Mie spectrum. It is possible to determine the size and
wavelength-dependent refractive index of a particle using the wavelength
positions of the Mie resonances only [104, 68, 105, 106] or by using the
whole profile and shape of the Mie spectrum in combination with peak
positions [107, 108].

Lew et al. [105] published a comparison of the various fitting methods
available, and reported that analysis of the full spectrum is a more compli-
cated process which will therefore be more computationally demanding
than only using the Mie resonance positions. Analysing the whole spec-
trum would require consideration of additional parameters that are not
required when analysing the spectrum based purely on the Mie resonance
positions. The intensity profile of the broadband light source [108], and
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the acceptance angle and positioning of the objective used to collect the
scattered light are necessary to correctly reproduce measured spectra, in-
troducing potential additional sources of error.

There are circumstances where analysis of the whole spectrum would
be a very useful and perhaps necessary technique. For example, when
studying spectra of particles with no sharp peaks, due to high absorption
or a low size parameter. However, for all of the work carried out in this
thesis, Mie spectra with many sharp peaks were produced. Therefore, it
was decided that fitting should be carried out using the Mie resonance
positions only. To carry out the fitting process of determining the optical
properties of the aerosol from its Mie spectrum, a program was written in
Python. This program was written to improve upon the speed and effi-
ciency, and decrease the amount of manual effort required than the pre-
vious method used, which involved manual iteration of the parameters
A, B, C and radius, to determine which parameters produced a spectrum
for which the refractive index as a function of wavelength best fit to the
Cauchy equation using a Levenberg-Marquardt algorithm [8]. The opera-
tion of the program is split into two sections, the ’grid-scan’ step and the
’Cauchy fitting’ step, described in the following sections.

Peak finding

The first step in fitting an experimental Mie spectrum is to find the wave-
length positions of the peaks. For this program the function find_peaks
from the Python SciPy [109] package signal was used. The function works
by searching through an array of intensity values provided and, using a
simple comparison of neighbouring values, returns all points in the array
where the two intensity values on either side have a smaller value. The
required difference in potential peak position to neighboring values, for
a peak to be detected, can be set using the prominence input parameter.
Other input parameters such as the necessary distance between two peaks
detected and necessary height of peaks detected can also be used to filter
out any noise in the signal wrongfully detected as a peak. Once the peaks
have been detected using find_peaks, to ensure the centre of the peak is
used for fitting rather than the point of highest amplitude which may not
be in the centre owing to the precision of the spectrometer, a Gaussian
curve is fitted to each peak and the centre of the Gaussian curve is then
taken as the wavelength peak position.
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Adaptive baseline

The LED light source used for light scattering experiments will introduce
some variation in the intensity of the spectrum, due to its own inten-
sity profile across the wavelength range. The spectrum of the Comar 555
white LED light source used is shown in Figure 2.10. Other factors such as
sources of light within the lab can also introduce small amounts of noise
into the spectrum. This can cause problems when trying to find the cor-
rect peak positions for fitting. To compensate for this, we use an “adap-
tive baseline” algorithm to remove some of the background, flattening the
spectrum and making it easier to locate the peaks.
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Figure 2.10: Spectrum of the Comar 555 white LED light source used in all
Mie scattering experiments in this thesis.

The simple algorithm used to apply an adaptive baseline was sug-
gested by Friedrich Menges, the author of ‘Spectragryph’ ([110]) spectrum
analysis software. This algorithm was implemented in Python alongside
the rest of the fitting procedure for this project. The baseline is calculated
by first applying a 0th percentile filter over a window of values surround-
ing each point on the spectrum, to find the lowest value in that window.
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The effect of applying the 0th percentile filter is demonstrated by the or-
ange line in the top panel of Figure 2.11. The size of the window consid-
ered at each point is determined by the “coarseness” parameter. A moving
average is then calculated for the 0th percentile spectrum using the same
size window, to smooth the baseline, as demonstrated by the green line
in the top panel of Figure 2.11. Finally, the experimental spectrum is then
divided by the calculated baseline. The bottom panel in Figure 2.11 shows
an example experimental spectrum before and after an adaptive baseline
has been applied.

Using the same method and coarseness, a baseline is applied to all the
of theoretical spectra calculated in the “grid-scan” step to ensure a consis-
tent comparison.

Grid-scan

The grid-scan step of the program, works by comparing the experimen-
tal Mie spectrum to a large range of theoretical spectra generated for a
given range of refractive index and radius values. As the refractive in-
dex of aerosol particles is dependent on wavelength, following Equation
1.7, there are three parameters; the constants A, B and C, that are needed
to determine the wavelength dependent refractive index of the particle.
The refractive index constants along with the radius of the particle create
a four-dimensional ‘grid’ of potential solutions. For each set of potential
solutions a theoretical spectrum is generated using Bohren and Huffman’s
[100] formalism of Mie theory for homogeneous spheres. Each of the theo-
retical spectra is then compared with the experimental spectrum. An aver-
age peak difference is calculated for each theoretical spectrum by averag-
ing the difference in wavelength position between each of the theory and
experimental peaks. It is important that the theoretical spectra are gener-
ated with at least the same, if not greater, precision in wavelength as the
experimental spectra, which for all the work in this thesis was 0.13 nm, for
optimal comparison.

The range and precision for the values A, B, C and radius that make up
the 4-dimensional grid need to be decided on a case-by-case basis. Con-
siderations such as available computing power, previous knowledge of the
physical properties of the particle, and required precision of result, should
all be considered when setting these parameters. As an example, for a
polystyrene bead the refractive index is approximately known from liter-
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Figure 2.11: Effect of both steps in the baselining process are demonstrated
in the top panel. Experimental Mie spectrum of example Whitehouse silica
bead with and without adaptive baseline applied shown in the bottom
panel.

ature as ∼ 1.6 [111], therefore as A has the biggest impact on the refrac-
tive index it can be assumed that A will be within the range 1.55 − 1.65.
As B and C have a much smaller impact on the overall refractive index
it is usually best to allow the full range of physically possible values of
B (0−0.02 µm2) and C (0 − 1 × 10−4 µm4) to be searched. In the case of
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polystyrene beads, the radius is provided by the manufacturer. If the value
quoted is 1 µm then a range of 0.98− 1.02 will typically be sufficient to find
the correct value of radius. The precision of each of these parameters can
be decided based on the needs of the user. Typical precision used in this
thesis were A; 0.001, B: 0.001 µm2, C: 1 × 10−5 µm4 and radius: 0.001 µm.
The parameters B and C can be determined to a lower precision than A
and radius as they have a much smaller impact on the spectrum, and they
will both be determined to a higher precision in the following “Cauchy
fitting” step.

Figure 2.12: Two-dimensional cross section of the four-dimensional pa-
rameter space searched by the grid-scan fitting method. Darker colour
denotes a lower ‘average peak difference’ and thus a better fit. There are
several potential ‘good fits’. However, only one will be the global mini-
mum.

Figure 2.12 shows a two-dimensional slice through the four-dimensional
grid of results, where A and radius were varied and B and C were static. As
shown there are multiple areas of local minima which could be mistaken
for correct solutions. This program allows for the identification of local
minima and therefore allows the user to ensure the global minimum is
found as the correct solution. As shown in Figure 2.12 there are many po-
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tentially correct solutions surrounding the global minimum. It was found
that for many cases there were a range of theoretical spectra with equally
good (within the precision of the spectrograph - 0.13 nm) results, based
purely on the average peak difference. In order to further differentiate be-
tween these minima to improve the precision of the results the “Cauchy
fitting” step, described in the following section, was added. The param-
eters of the theoretical spectrum with the lowest average peak difference,
are taken to be an approximate result for the wavelength-dependent re-
fractive index and radius of the particle. The grid-scan method has proven
to be a very efficient method of determining the approximate values of
refractive index and radius. Figure 2.13 shows an example of an experi-
mental spectrum with theoretical spectrum found as its closest match. The
results from this step will be the basis of the Cauchy fitting step, used to
increase accuracy and precision of the result.

Figure 2.13: Experimental Mie spectrum of an example Corpuscular silica
bead, compared with the theoretical ‘best fit’ spectrum determined from
the grid-scan fitting step. The dots on the peaks denote the peak positions
used for the calculation.
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Cauchy Fitting

The Cauchy fitting step of the program works on the assumption that the
refractive index of the particle as a function of wavelength must fit to the
Cauchy equation. Starting with the radius result from the grid-scan step,
the refractive index is determined at each peak in the experimental spec-
trum and plotted as a function of wavelength, as shown in Figure 2.15. The
refractive index at each peak is determined using the grid-scan method on
each peak. Figure 2.14 demonstrates how, at each peak, spectra were gen-
erated for multiple refractive index values, and compared to the experi-
mental peak position to find the refractive index at that wavelength.

Figure 2.14: Example of the method used to find the refractive index at
a single peak. The black line is the experimental spectra, and the others
are all of the theoretical generated spectra of different refractive indices,
which are compared with the experimental. The thicker orange line is the
theoretical spectrum found to be the best fit in this case.

A Cauchy curve is then fitted to the data using a Levenberg-Marquardt
algorithm. This is then repeated for a range of radii values (∼ ±10 nm of
the radius result from the grid-scan step), as shown in Figure 2.15. Each
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of the curves plotted in Figure 2.15 corresponds to a different value of ra-
dius. Although at first glance it may appear that there is a good fit to the
Cauchy equation at all radii, the Levenberg-Marquardt algorithm returns
a residual for the Cauchy fit at each radius, which is sensitive enough to
always determine a clear best fit. The radius and resulting A, B and C from
the Cauchy fit with the lowest residual value are taken as the final result
of refractive index and radius of the aerosol particle.
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Figure 2.15: Cauchy curves fitted to refractive indices determined at each
peak in a given spectrum as a function of wavelength. The radius was set
at a different value for the calculation of each of the curves. The curve with
the lowest residual as determined by the Levenberg-Marquardt algorithm
is the best fit.

Testing and Errors

The program was tested by generating spectra of known refractive index
and radius in Philips Laven’s MiePlot [112] and fitting them using this pro-
gram to ensure the correct solution was found. For every test case for a ra-
dius between 0.5−3 µm, and refractive index range 1.3− 1.7, the exact cor-
rect parameters were determined as the best fit. Although exact matches
were found for generated ‘perfect’ spectra, in practise, other factors such
as noise in the experimental data, and the precision of the spectrograph,
will increase the uncertainty in results.
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Adaption of fitting program for core-shell particles

In this project, experiments were carried out on both homogeneous and
core-shell particles. An altered version of the fitting program written for
homogeneous spheres was used for analysis on the core-shell particles.
The same grid-scan method was used, but the generation of the theoret-
ical spectra was changed from homogeneous to core-sphere theory. The
program ‘pymiecoated’ [113] written by J. Leinonen, based on Aden and
Kerker’s [102] theory of Mie scattering from core-shell particles was used
for the generation of the theory spectra.

Core-shell particles have eight parameters: A, B and C of the refractive
index of both the core and shell, the radius of the core, and the thickness of
the shell. The optimal way to determine all eight parameters is to obtain
spectra of the core and shell material separately, and to first use the ho-
mogeneous fitting program to determine the parameters of the core, and
the wavelength-dependent refractive index of the shell. If the refractive
index and radius of the core and the refractive index of the shell material
are known, the only parameter to determine with the core-shell program
is the thickness of the shell. This is optimal as it decreases the number to
theoretical spectra to be generated, and therefore the computational time
and power required. In the case where the refractive index of the shell is
known, such as in paper 4 in this thesis where sulfuric acid was deposited
onto silica particles, the calculation of the shell thickness can be carried
out to a precision of 0.001 µm, with consideration of shell thickness’s over
a 1 µm range within a matter of minutes on an 18 core PC, meaning 1000
theoretical core-shell Mie spectra can be generated and compared with an
experimental spectrum in under 20 minutes (of course this is dependent
on computing power available).

However it may not be possible, as indeed was the case for one of the
experiments in this project, to get a spectrum of the organic shell mate-
rial on its own. Therefore the program had to be used to determine the
refractive index and thickness of the shell simultaneously. Due to the op-
timisation and parallelisation of the code this was achievable within a rea-
sonable time. As the time taken for calculation can vary hugely depending
on range and precision of parameters and computer power it is impossi-
ble to state a time for calculation. However the following example gives
an approximate idea of the time required. With the parameters set to the
following ranges and precisions; A: 1.4 − 1.6 at a precision of 0.001, B:
0−0.02 µm2 at a precision of 0.001, C: 0 − 1 × 10−4 µm4 at a precision of
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1 × 10−5 µm4, and shell thickness: 0 − 0.05 at a precision of 0.001 µm, this
calculation would take approximately 6−12 h to complete.

The Cauchy fitting step cannot be carried out on the core-shell spectra
as a change in the refractive index of the shell on a core-shell particle will
have a significantly smaller effect on the spectrum than a change in the
refractive index of a homogeneous particle. Therefore it is not possible to
determine the refractive index to the required accuracy that is needed for
this step.

Testing and Errors

Comparison with spectra generated in MiePlot [112] was also used for the
testing of the core-shell program. However, unlike the homogeneous pro-
gram which was able to find perfect matches for a large range of sizes and
refractive indices, the results of testing were more complex. It was found
that the error in the determined refractive index was much higher for thin-
ner shells. Spectra with a core of radius 1 µm and refractive index 1.45, and
a shell of refractive index 1.52 and shells of 1 nm, 10 nm, 20 nm, and 50 nm
were generated using Mieplot. Figure 2.16 demonstrates that the refrac-
tive index of the shell becomes easier to accurately determine as the shell
becomes thicker. It is also shown in the bottom panel of 2.16 that the shell
thickness can be determined with equal accuracy for any shell thickness,
from 1 nm.

A second test was carried out to check if spectra of core-shell parti-
cles with thin films were equally insensitive to refractive index at a higher
value of refractive index. A plot of average peak difference against refrac-
tive index is shown in Figure 2.17 for spectra of core-shell particles with a
1 nm shell and refractive index of 1.52 and 1.6. It was found that the same
behaviour is exhibited for both values of refractive index.

2.7 Methodology summary

Optical trapping and Mie spectroscopy have been used to study the optical
properties of various aerosol particles. Optical trapping provides a non-
invasive method of studying aerosol, which was leveraged in this thesis
by studying the properties of heated polystyrene without risk of contami-
nation of the particles, and by studying the morphology of two-phase par-
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Figure 2.16: The top panel shows how the refractive index of a shell mate-
rial is harder to determine for a core-shell particle with a thinner shell. For
a 1 nm shell the refractive index cannot be definitively determined within
a refractive index of 0.2. However the refractive index of a shell >20 nm
can be determined. The bottom panel demonstrates that the shell thick-
ness can be determined to an equal precision for a shell of 1−50 nm and a
shell of 50 nm.
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Figure 2.17: Plot of average peak difference against refractive index for
core-shell particles with a 1 nm shell of refractive indices of 1.52 and 1.6.

ticles without risk of the experiment disturbing the particles morphology.
Mie spectroscopy collects the back-scattered light from aerosol particles,
and provides a spectrum of the intensity as a function of wavelength. This
allows for the wavelength-dependent refractive index to be determined for
all aerosol studied.

To determine the optical properties of aerosol from their Mie spectrum,
computational analysis is required. For this thesis, a new program has
been written to provide a method of determining the size and wavelength-
dependent refractive index of both homogeneous and core-shell aerosol
particles in a much faster way the previous method used, requiring signifi-
cantly less manual effort. This increase in speed and efficiency has allowed
for analysis of core-shell Mie spectra which was previously unfeasible. The
thickness and wavelength-dependent refractive index of the shell on core-
shell particles have been determined simultaneously for many core-shell
spectra, where in previous methods the refractive index would have had
to be already known, and only the thickness could be determined.
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ABSTRACT: Polystyrene beads are often used as test particles in
aerosol science. Here, a contact-less technique is reported for
determining the refractive index of a solid aerosol particle as a
function of wavelength and temperature (20−234 °C) simulta-
neously. Polystyrene beads with a diameter of 2 μm were optically
trapped in air in the central orifice of a ceramic heating element, and
Mie spectroscopy was used to determine the radius and refractive
index (to precisions of 0.8 nm and 0.0014) of eight beads as a
function of heating and cooling. Refractive index, n, as a function of
wavelength, λ (0.480−0.650 μm), and temperature, T, in centigrade,
was found to be n = 1.5753 − (1.7336 × 10−4)T + (9.733 × 10−3)λ−2 in the temperature range 20 < T < 100 °C and n = 1.5877 −
(2.9739 × 10−4)T + (9.733 × 10−3)λ−2 in the temperature range 100 < T < 234 °C. The technique represents a step change in
measuring the refractive index of materials across an extended range of temperature and wavelength in an absolute manner and with
high precision.

■ INTRODUCTION
The real component of the refractive index of a material is
important for modelling the light scattering of aerosol.1 In the
atmosphere, it is especially critical in the evaluation of radiative
forcing for modern climate change.2 As a material is heated, its
volume will change due to thermal expansion and any phase
changes, causing a change in the refractive index of that
material. There is a need to measure the refractive index of
aerosol in the visible spectrum at elevated temperatures for the
calculation of light scattering from aerosol produced by
processes such as wildfires3,4 and biogenic and anthropogenic
combustion.5−8 The intensity of light scattered back to space
from aerosol in the Earth’s atmosphere is a strong function of
the aerosol particle’s size and refractive index.1

An emerging issue in atmospheric science is the trans-
portation and deposition of microplastics as they may pose
serious risks to both human health and the environment.9−15 It
is therefore useful to study the refractive index of one such
plastic, polystyrene.
Polystyrene beads are frequently used in atmospheric and

aerosol science as test aerosol particles and for the calibration
of instruments such as nephelometers16−19 and cavity ring-
down aerosol spectrometers.20−22 Precise measurement of the
temperature dependence of the refractive index of polystyrene
beads is required for an accurate calibration of such
instruments. Miles et al.23 reported that uncertainties in the
size and real refractive index of the polystyrene beads, used for
the calibration of aerosol cavity ring-down spectroscopy, lead
to errors of up to 2.9% in the measurements of refractive index,
demonstrating the need for accurate determinations of the

refractive index of polystyrene beads. The uncertainty
highlighted in the work by Miles et al.23 would obviously be
larger at elevated temperatures because the temperature
dependence of the refractive index of the polystyrene beads
used for calibration was unknown.
More traditional methods of measuring the refractive index

of a material, such as ellipsometry24 and refractometry,25 have
previously been used to determine the refractive index of
macroscopic thin films of polystyrene as a function of
temperature.26−28 Ellipsometry uses the difference in polar-
ization between the incident and refracted light from a thin
film on a surface. Beaucage et al.26 and Efremov et al.28 used
ellipsometry to calculate the refractive index of thin films of
polystyrene as a function of temperature. Krause and Lu27 used
a Bausch and Lomb precision refractometer, which measures
the angle at which light is refracted when passed through a thin
film of material, to determine the refractive index. These
methods are normally used on macroscopic thin films and for a
single wavelength.
In an alternative method, He et al.29 used microsphere

imaging to calculate the refractive index of several polymer
beads as a function of temperature. Illuminating the micro-
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spheres while they are submerged in oil gives rise to a dark ring
in their image. The refractive index can then be determined
from the ratio of the size of the dark ring to the size of the
microsphere. The microsphere imaging described by He et al.29

only determines the refractive index at one wavelength of light,
and measurements are dependent on the values and
uncertainties of the refractive index of the oil used. The
temperature dependences of the refractive index of polystyrene
reported by Beaucage et al.,26 Efremov et al.,28 He et al.,29 and
Krause and Lu27 do not agree and are limited to single
wavelengths. Thus, there is a need for a technique that can
report the wavelength-dependent refractive index of polystyr-
ene as a function of temperature. It would be advantageous if
the method avoided potential contamination by oils and did
not rely on the value and uncertainty of a reference refractive
index.
Described here, optical trapping was used along with a

ceramic toroidal-shaped heater to record the Mie spectra
(intensity of back-scattered white light as a function of visible
wavelength) produced by polystyrene beads of approximately 2
μm diameter, trapped in air, as the temperature was varied
between 20 °C and a maximum of 234 °C through a range of
heating and cooling cycles. Measurements were taken across
the glass transition temperature, Tg, and up to the melting
point of polystyrene. The glass transition temperature, Tg, is
the temperature at which a polymer transitions from an
equilibrium, liquid-like or rubbery state, into a nonequilibrium
glassy state as a result of the restriction of molecular mobility.30

The glass transition causes significant additional change in the
refractive index of polystyrene. The method described here was
used to determine the glass transition temperature of airborne
polystyrene particles.
Optical trapping is a powerful technique for studying the

Mie scattering of airborne particles.31−39 Precise measurements
of both the radius and wavelength-resolved refractive index
have been obtained to a precision of ±0.8 nm and ±0.0014,
respectively, by reproducing experimental Mie spectra of
trapped particles with calculated Mie spectra using known
values of radius and wavelength-resolved refractive index.
Polystyrene was an exemplary material for this study as it has
two well-known phase transitions, its glass transition temper-
ature, which has been reported as values between 96.9 and 107
°C40−44 and its melting point 240 °C.40 The phase transition
temperatures have been used to validate the experimental
variation of refractive index with temperature measurement.

■ METHOD
The strategy for performing the experiment was to levitate an
airborne, solid, spherical, polystyrene bead in air using an
optical trap.32 Throughout this paper, the back-scattered white
light from the trapped particle is referred to as a Mie spectrum.
The temperature in the trapping cell was changed in steps,
allowing the temperature to equilibrate between the apparatus
and the bead at each step. The Mie spectra of back-scattered
light was continuously recorded using a spectrometer with a 3 s
integration. These experimental Mie spectra were then
compared to calculated theoretical spectra from a known
refractive index as a function of wavelength, described by a
Cauchy equation,45 and a known radius to determine the
refractive index of the bead as a function of both wavelength
and temperature.
Optical Trapping of Airborne Particles. The optical

setup of the laser trap is shown in Figure 1 and has been

described in detail previously.32 A 1064 nm Nd:YAG laser
(Laser Quantum) was coupled to two single-mode fiber-optic
cables via a beam-splitter coupling port (Oz Optics) to deliver
laser beams of power 10 and 15 mW (measured at the point of
focus) pointing upward and downward, respectively. The
beams were focused using two Mitutoyo M Plan Apo ×50 NA
0.42 objectives into an aluminum trapping cell and aligned to
submicron accuracy using a 3-axis piezo-electric stage (Physik
Instrumente). Polystyrene beads (Invitrogen batch S37500) of
reported diameter 2 ± 0.1 μm suspended in water were
aerosolized using an atomizer (Topas, ATM 220) and
delivered as dry beads into the aluminum trapping cell via a
diffusion dryer filled with silica gel. The process of trapping
involved several beads being delivered into the cell, and the
position of the cell containing the aerosol was adjusted relative
to the laser focus until a single bead was trapped at the point of
focus. The remaining beads were removed by collisions with
the cell walls over a period of approximately 2 min.

Heating Apparatus. The toroidal-shaped ceramic heater
(Thorlabs HT19R) was placed inside the aluminum trapping
cell, such that the focus of the counter-propagating laser beams
is delivered through the 4 mm aperture in the heater; see
Figure 2. The heated volume inside the torus and thus adjacent
to where a polystyrene bead was to be held in the optical trap
was ∼0.5 cm3.
The ceramic heater was used to control the temperature of

the polystyrene bead and surrounding air. A detailed diagram
of the heating cell is shown in Figure 2. The top and bottom

Figure 1. Optical set up of laser trap.

Figure 2. Schematic of the cross-section of the aluminum trapping
cell demonstrating the positioning of the heater. The long axis of the
cell is 7.8 cm and the width is 3.2 cm. The two circular holes on the
right hand side of the diagram are for addition and exhaust of aerosol.
The counter propagating beams enter from above and below the cell
in this orientation.
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heater clamps were constructed from Macor. Macor is a low
thermal conductivity composite and thus insulates the heating
element from the external components of the cell. The
temperature of the polystyrene particle was set by the current
flowing through the heater. The temperature was calibrated by
placing a K-type thermocouple in the center of the heater
instead of the trapped particle. During the experiments with a
trapped polystyrene bead, the temperature of the heater was
monitored by a K-type thermocouple in contact with the
heater. The uncertainty in the temperature of the particle in
the trap was estimated to be ±1 °C based on the calibration
technique.
Mie Spectroscopy for Trapped Particles. As depicted in

Figure 1, an LED white light source (Comar 01 LP 555, 6 V)
with a typical white LED spectrum (e.g., similar to Thorlabs
MCWHL6) illuminated the trapped bead from below. Visible
light back-scattered from the polystyrene bead was collected
over the wavelength range of 480−660 nm at a resolution of
0.13 nm and focused into a spectrograph (Acton SP2500i, 300
groove mm−1 grating). The collected Mie spectrum was then
imaged onto a charge-coupled device detector (Princeton
Instrument Spec 10:400 BR). The wavelength of the
spectrograph was calibrated using the gas discharge spectral
lines produced by a Hg−Ne PenRay lamp.
Mie spectra were accumulated over 3 s intervals continu-

ously for each of the polystyrene beads as the temperature was
changed. Descriptions of the experiments performed on each
bead are summarized in Table 1. The typical rate of heating/

cooling of the beads was ∼1.8 °C min−1 for all experiments.
For comparison, He et al.29 cooled polystyrene beads at a rate
of 10 °C min−1; Krause and Lu27 cooled polystyrene thin films
at a rate of 0.33 °C min−1 until 10 °C before Tg, then at 0.167
°C min−1 until just before Tg, and then at 0.0017 °C min−1 in
the vicinity of Tg.
Data Analysis. It is possible to determine the size and

wavelength-dependent refractive index of a particle using the
Mie spectral peak positions only32,46−48 or the profile of the
Mie spectrum in combination with peak positions.49,50 Before
describing the results, it is useful to explain how the
experimental Mie spectra will be modelled to determine the
radius and the wavelength-dependent refractive index. For the
work described here, only the peak positions of the Mie spectra
were used for determining the refractive index and diameter of
the particle.
Generating Theoretical Mie Spectra. The technique

described here determines the refractive index, n, as a function
of wavelength, λ, using the Cauchy equation45

n A
B C

2 4λ λ
= + +

(1)

where A, B, and C are material-dependent, empirical constants
needed to determine the refractive index as a function of
wavelength, λ, of the polystyrene beads. The fitting process is
carried out in two steps, named either the “grid-scan” or the
“Cauchy fitting.”
First, a large parameter space (typically ∼106 calculations)

for potential values of A, B, C, and the radius was searched
using a “grid-scan” method. A second step then refined the
best-fit values of A, B, C, and the radius produced by the grid-
scan. The best-fit values of A, B, C, and radius were found as
those that minimized the difference between the experimental
and calculated peak wavelength positions in the Mie spectra.
The fitting process a priori assumes that the wavelength
dispersion of the refractive index was described by a Cauchy
equation and that the particle was a sphere.

Step 1: Grid-Scan Search. In order to determine the
radius and values for the constants A, B, and C from eq 1 and
to reproduce the experimentally measured Mie spectra,
theoretical Mie spectra were calculated using the method
described by Bohren and Huffman51 in their Fortran BHMie
code. A program was written in Python3 based on the BHMie
method that was modified for calculating the scattering over
the numerical aperture of the objective lens at 0.5° intervals to
match our experimental data. The program was used to
generate a four-dimensional space of theoretical spectra for a
given range of each of the parameters A, B, C, and radius, r. A
grid search of such a large parameter space allowed for the
identification and disregard of false minima.49 The figure-of-
merit for assessing a goodness-of-fit between the calculated and
experimental Mie spectra was the average difference between
the experimental and calculated peak positions in the
wavelength range 480−650 nm. The values of the parameters,
A, B, C, and r, that describe the theoretical spectrum with the
smallest average peak position difference relative to the
experimental Mie spectrum were taken as the starting point
for the secondary step in the fitting process, “Cauchy fitting.”
The resolution of the four-dimensional grid-scan search is as
follows: A at a precision of 1 × 10−4, B at a precision of 5 ×
10−5 μm2, C at a precision of 1 × 10−6 μm4, radius at a
precision of 2 nm, and wavelength at a precision of 0.05 nm.
The “Cauchy fitting” step was at higher precision, so finer
resolution at this stage was unwarranted.

Step 2: Cauchy Fitting. For a range of radii (10 nm above
and below the “best radius” found from the grid-scan step at a
precision of 1 nm), each peak in the experimental Mie
spectrum was fitted using a peak comparison to the equivalent
peak in the theoretical spectrum. ±10 nm was found to be a
reasonable range that resulted in finding a clear best-fit and
therefore the most probable radius.52 For each value of radius,
the refractive index at each wavelength that corresponded to a
peak position was then plotted as a function of wavelength. A
Cauchy curve was then fit to the refractive indices against the
wavelength plot using a Levenberg−Marquardt algorithm. A
figure of merit, ϕ, was found for each Cauchy curve by
combining the errors of each of the Cauchy parameters, A, B,
and C, using the equation

A
B C

i

N

i i1

2
2

2

2

4∑ϕ
λ λ

= Δ + Δ + Δ

= (2)

where λi is the wavelength of the ith peak and N is the number
of peaks in the Mie spectrum. The minimum in the resulting
plot of ϕ versus radius along with the determined values of A,

Table 1. Summary of Heating/Cooling Cycles

bead maximum temperature/°C heating/cooling cycles

PB1 163 heated, cooled
PB2 234 heated up to melting point
PB3 147 heated, cooled
PB4 151 heated, cooled, reheated
PB5 180 heated, cooled (quickly 3 times)
PB6 180 heated, cooled (quickly 3 times)
PB7 180 heated, cooled (quickly once)
PB8 175 heated, cooled
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B, and C from the fit were taken to be the most probable
parameters of the polystyrene bead.
The overall uncertainty for both steps of this fitting process

was estimated by carrying out the two-step process on an
indicative number (10) of spectra fitted per typical experiment.
Ten different spectra of the same particle were taken 3 s apart
and the standard deviation of the radii was determined for the
10 spectra. The standard deviation of the radii was found to be
±0.8 nm, which leads to an average uncertainty in the
refractive index of ±0.0014.
Thermal Expansion Coefficient. The aim of this work

was to produce a precise determination of the refractive index
of polystyrene spheres as a function of temperature. However,
the change in radius of the particle was also measured to a
precision of ±0.8 nm, thus enabling a calculation of volume
changes of the polystyrene bead with heating. The volumetric
thermal expansion coefficient of a solid

V
V
T

1
Vα δ

δ
=

(3)

where V is the volume of the solid and T is the temperature
(δV is the fractional amount by which the volume will expand
when heated by δT). Comparison of the volume change as a
function of temperature with the literature values for
polystyrene40 will validate the calibration of the heating cell.

■ RESULTS

The results focus on the comparison of the experimental Mie
spectra with the calculated Mie spectra. Comparison of the
Mie spectra has enabled the determination of refractive index
as a function of wavelength and size. The variation in these
parameters with temperature was then reported to demon-
strate the thermal expansion and phase change of spherical
polystyrene beads.

Figure 3. Top panel shows the experimental Mie spectra (solid lines) of polystyrene bead (PB2) in air at 22, 100, 176, and 234 °C. Each
experimental Mie spectrum is compared with their matching calculated spectra (dashed lines) from Mie theory. The shift in peak positions between
22 and 234 °C is also shown as vertical dotted lines. Note that the spectra are shifted vertically for each temperature for clarity. The bottom panel
shows the refractive index of a polystyrene bead as a function of wavelength for polystyrene bead PB2 at four separate temperatures. The points are
plotted at the positions of peaks in the Mie spectrum. Uncertainty in refractive index is ±0.0014.
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Mie Spectra Fitting. Figure 3 shows the change in Mie
spectra as a typical bead (PB2) was heated from room
temperature, 22 to 234 °C. The melting point of polystyrene is
240 °C. The experimental data in Figure 3 are shown by the
solid lines, and the calculated Mie spectra are shown by the
dashed lines. Figure 3 demonstrates the excellent reproduction
of the experimental data. The Mie spectra are vertically offset
for clarity. The vertical dotted lines track the progression of the
Mie spectra peak positions as the temperature rises.
Refractive Index Variation as a Function of Temper-

ature. A total of eight different polystyrene beads were
studied, as summarized in Table 1. The refractive index (at a
wavelength of 589 nm) for all polystyrene beads studied as a
function of temperature is shown in Figure 4. The real

component of the refractive index decreased with an increase
in temperature. The rate of change in refractive index with
temperature is different before and after the glass transition
temperature (Tg). The rate of change of refractive index with
temperature was found to be independent of the wavelength. A
demonstration of the rate of change of refractive index being
independent of wavelength is included in the Supporting
Information. It is noted that beads from the same sample were
polydisperse in both size and refractive index.32 The range of
measured refractive indices for the polystyrene bead sample
was broad from 1.5923 to 1.6009 at room temperature. Thus,
the phase change at Tg was calculated from a single bead (PB2)
by extrapolation of linear fits between the refractive index and
temperature between 20 and 90 and 110 and 150 °C. The
intersection of these linear fits was at a temperature of 100.2
°C which falls into the range of literature values 96.9−107
°C.40−44 There was no observation of hysteresis in either
radius or refractive index over a cycle of heating and cooling.
The change in the refractive index as a function of

temperature at a wavelength 589 nm for all beads is compared

with the experiments by Krause and Lu27 Beaucage et al.,26 and
He et al.29 in Figure 4 (inset). It should be noted that the
experiments by Beaucage et al.26 and He et al.29 were carried
out at wavelengths of 633 and 532 nm, respectively, while the
data plotted in Figure 4 and Krause and Lu27 are reported at
589 nm. Figure 3 shows the refractive index of a bead (PB2) as
a function of wavelength for a range of temperatures (22−234
°C), which demonstrates that the refractive index can be
defined by a Cauchy eq 1 across the temperature range studied.
The wavelength-dependent variation of the refractive index

is defined here by the parameters A, B, and C of the Cauchy eq
1. Figure 5 shows the values of A, B, and C as a function of

temperature. The variation in A was found to have statistically
significant linear correlation with temperature below and above
Tg, described by eqs 4 and 5

A T

T

(1.5753 0.0072) ((1.7336 0.0522) 10 ) ;

22 C 100 C

4= ± − ± ×

° < < °

−

(4)

A T

T

(1.5877 0.0140) ((2.9739 0.1345) 10 ) ;

100 C 234 C

4= ± − ± ×

° < < °

−

(5)

below and above Tg, respectively. Parameters B and C had no
statistically significant correlation with temperature. The value
of B is the average value 9.73 ± 0.3 × 10−3 μm2 and C is
effectively 0 μm4. Thus, the change in refractive index with
wavelength is summarized by the equations

n T(1.5753 0.0072) ((1.7336 0.0522) 10 )

(9.7333 0.3001) 10

4

3

2λ

= ± − ± ×

+ ± ×

−

−

(6)

and

n T(1.5877 0.0140) ((2.9739 0.1345) 10 )

(9.7333 0.3001) 10

4

3

2λ

= ± − ± ×

+ ± ×

−

−

(7)

Figure 4. Refractive index at 589 nm for all polystyrene beads as a
function of temperature. The gray line is a linear fit, to guide the eye,
of the refractive index before and after Tg, determined from bead PB2
(T = 100.2, n = 1.5842). The shaded area represents 3 standard
deviations in the refractive index. The inset replots the data, compared
with results from He et al. (red dots: refractive index reported at 532
nm),29 Beaucage et al. (green, purple, and pink “+” symbols: refractive
index reported at 633 nm),26 and Krause and Lu (blue “×” symbols:
refractive index reported at 589 nm).27

Figure 5. Cauchy eq 1 parameters A, B/λ2, and C/λ4 as a function of
temperature. The plot demonstrates the contribution of each of the
terms in eq 1 to the change in refractive index as a function of
temperature. The legend is the same as the legend from Figure 4.
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in the temperature ranges 20 °C < T < 100 °C and 100 °C < T
< 234 °C, respectively.
Thermal Expansion of Polystyrene Beads. The change

in bead radius as a function of temperature was determined for
all beads. Figure 6 shows the change in radius for bead PB2. All

other beads studied exhibited similar behavior, but because the
bead size at room temperature for the other polystyrene beads
varied between 0.986 and 1.007 μm, they are not shown for
clarity.
Figure 6 shows the maximum and minimum theoretical radii

calculated from the thermal expansion literature values of αV,
both below and above Tg.

40 Below the glass transition
temperature, Tg, the expansion of the bead agrees with
literature within literature uncertainty. Above Tg, the expansion
of the polystyrene bead agrees with literature within literature
uncertainty until 150 °C, after which there is slight deviation.
Approaching 240 °C, the polystyrene bead starts to melt
causing the volume to decrease rapidly.

■ DISCUSSION
Radius and Refractive Index as a Function of

Temperature. The refractive index of polystyrene is depend-
ent on its chemical and physical properties, following the
Lorentz−Lorenz equation53

n
n

N
M

1
2 3

2

2
mαρ−

+
=

(8)

where n is the refractive index, ρm is the mass density, N is the
Avogadro constant, α is the mean polarizability, and M is the
molecular weight of polystyrene. As N and M are constant and
α is found to be effectively constant with changing temper-
ature,54 the density is the significant factor determining the
change in refractive index as a function of temperature.55−57

As the polystyrene beads are heated, thermal expansion
causes the mass density ρm to decrease, causing a decrease in
the refractive index. This is consistent with the results found in
this study, where an increase in radius and a decrease in
refractive index were found as the temperature increased, with

the rate of change of the refractive index with temperature
increasing at the glass transition temperature because of
physical changes occurring more rapidly at this point.
Measurements were carried out from room temperature to

234 °C, just below the melting point of polystyrene (240 °C)
without disturbing the optical trapping stability. The particle
was stable in the trap throughout the changes. Even
approaching the melting temperature, the bead was retained
for sufficient time to enable spectral acquisitions, indicating a
rapid loss of material, possibly due to evaporation of the
shorter chain length polystyrene molecules. The wavelength-
dependent refractive index determined at room temperature
compares well within uncertainty with previous work.32

Figure 4 shows a comparison between the determined
refractive index of all results obtained and the results from He
et al.,29 Beaucage et al.,26 and Krause and Lu,27 which were all
monochromatic studies. The inset in Figure 4 compares the
refractive index data recorded by others26,27,29 at similar, but
different, wavelengths. There is good agreement between this
study and He et al.,29 before the glass transition temperature
(Tg), whereas Krause and Lu

27 found the refractive index to be
slightly lower and Beaucage et al.26 found the refractive index
to be substantially lower. The offset observed between this
study and those of Krause and Lu and Beaucage et al. is likely
to be due to differences in the properties of the polystyrene
studied. The glass transition temperatures for all four studies
were 100.2 °C for this study, 98.3 °C for He et al., 100 °C for
Krause and Lu, and 86.4, 91.6, and 111.5 °C for Beaucage et al.
at different film thicknesses.
The polystyrene beads used by He et al. were immersed in

oil and were approximately 60 μm in diameter, whereas here
they were only approximately 2 μm in diameter. Both Krause
and Lu and Beaucage et al. studied thin films of polystyrene.
The heating rate was also different in each of the experiments.
In this study, the beads were heated and cooled at ∼1.8 °C
min−1, He et al.29 cooled polystyrene beads at a rate of 10 °C
min−1, Krause and Lu27 cooled polystyrene thin films at a rate
of between 0.33 and 0.0017 °C min−1, and Beaucage et al.
heated and cooled polystyrene films at a rate of 2 °C min−1.
The recorded thermal expansion of a single polystyrene bead

is in agreement with literature values of the thermal expansion
of bulk polystyrene at temperatures below 150 °C, as shown in
Figure 6. The difference above this temperature, namely, a
lower expansion than expected, may be due to the loss of lower
molecular weight material from the bead as it approaches the
melting point. He et al., Krause and Lu, and Beaucage et al. all
do not exceed 140 °C in their reported measurements.
A limitation of this technique is that only one particle can be

studied at a time. However, the technique can be used to
determine the refractive index over a range of wavelengths
between 480 and 650 nm, rather than for a single wavelength,
and the size of the particle at the same time. It would also be
possible to determine the change in density with temperature,
provided the density at room temperature is known. The
technique gives an absolute measurement and therefore is not
measured relative to the refractive index of another material. As
the particles are airborne rather than submerged in oil, it is a
contact-less method and the medium (air) will not affect the
light scattered by the particle or have the potential for particle
contamination. Air is an excellent choice of bath gas because its
refractive index variation with temperature is well documented
and is almost unity, within the precision of our experiment.
The refractive index of air does change slightly with

Figure 6. Radius as a function of temperature for polystyrene bead
PB2 compared with minimum (solid line) and maximum (dashed
line) radii based on literature values for the volumetric thermal
expansion coefficient.40
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temperature; it is 1.00027 at room temperature and 1.00021 at
100 °C,58 and it was found that this change in refractive index
of the medium led to no significant change in the determined
refractive index or size of the particle within uncertainty and
therefore does not need to be considered.
Polystyrene as a Test Aerosol. Polystyrene has two

distinct phase changes in the temperature range studied. These
may be used as reference points to accurately calibrate
recorded temperatures, and polystyrene is an excellent test
aerosol for this system. Figure 6 shows that the glass transition
temperature was seen to occur at the expected temperature of
100 °C,40 and there was evidence for a phase transition
approaching the melting temperature of 240 °C,40 which gives
confidence in this method.

■ CONCLUSIONS
A technique has been developed with clear applications in
combustion aerosol science, heterogeneous catalysis, and
climate science for precisely determining the wavelength
dispersion of refractive index, as a function of temperature,
for trapped airborne particles. By determining the refractive
index of polystyrene beads, as a function of wavelength and
temperature simultaneously, and the size as a function of
temperature, it has been demonstrated that the technique is
robust due to polystyrene’s known phase changes. A contact-
less method has been demonstrated for measuring the
refractive index associated with the phase changes of
polystyrene. Presence of a contact surface may compromise
such measurements. The technique has the potential to be
applied to other airborne particles for measuring the refractive
index dispersion during liquid-to-solid or solid-to-liquid phase
changes. The glass transition temperature of polystyrene has
been reported as 100 °C, and the temperature range of the
recorded behavior of polystyrene as a function of temperature
has been extended by ∼100 °C using a polychromatic method.
There is potential for an increase in the temperature range

that can be studied using this technique. Higher temperatures
could be reached through better insulation and improved cell
design. Temperatures below room temperature could be
reached by cooling the aluminum cell.
The work presented here represents a step change in

measuring the refractive index of airborne particles in an
absolute manner, with high precision, as a function of both
temperature and wavelength. The work also demonstrates a
new development in the measurement of the refractive index of
airborne particles, as a function of wavelength and temper-
ature, for measuring in situ phase changes.
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1 Laser power measurement

Laser power was measured using a Thorlabs PM100A power meter with the
sensor placed at the point of each focus. Beams were 4mm diameter at the
entrance to the objective lenses. This diameter just overfills the back aperture
of the objective lenses.

2 Uncertainty in temperature

The uncertainty in recorded temperature is ± 1°C, due to the sensitivity of the
temperature sensor. A 1°C change in temperature will cause a change of 0.0002
and 0.0003 in refractive index before and after Tg respectively. As our reported
uncertainty in refractive index is 0.0014, the sensitivity of the heater does not
have a significant impact on the refractive index reported.
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Figure S1: Variation in Cauchy parameters, A, B and C with temperature. B
and C were not found to vary significantly with temperature, and were there-
fore taken as single values, for determining refractive index as a function of
temperature and wavelength.
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Are silica beads a poor standard: Variation in the size

and refractive index of silica and glass beads
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Abstract

Silica beads are often used for calibration of instruments and as a min-
eral aerosol proxy in atmospheric experiments, where having the correct size
and refractive index of the beads is essential. Suppliers of silica beads may
use slightly different variations of the Stöber process for production, produc-
ing beads of varying refractive index, and with varying distributions of size
and refractive index. The accuracy and reliability of the given values of size
and refractive index of samples of silica beads from three different suppli-
ers; Whitehouse Scientific Ltd., Bangs Laboratories Inc., and Microspheres-
Nanospheres Corpuscular Inc., were found to have refractive indices rang-
ing from 1.3500 to 1.4442 at 589 nm, showing that the refractive index of
bulk silica (∼ 1.45) can not be assumed for all silica particles. One sample
of borosilicate glass from Thermo Scientific Duke Standards has also been
studied and was found to have a refractive index of 1.5197 at 589 nm.

If the assumed refractive index is different to the measured refractive
index this could lead to an error in radius calculation. Based on the back-
scattering efficiency, of 0.006 µm (6%) for a particle of radius 0.1 µm, an error
in radius of 0.14 µm (14%) for a particle of radius 1 µm, an error in radius of
2 µm (20%) for a particle of radius 10 µm.
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1. Introduction

As silica is found abundantly in the atmosphere, silica beads are often
used to test atmospheric measurement systems (Alois et al., 2017; Bohannon
et al., 2017; Greswell et al., 2010), and have been used as an atmospheric
aerosol proxy to study atmospheric core-shell systems (Jones et al., 2015).
For atmospheric studies it is not only important that the size and refractive
index of the silica beads are accurate, but that the refractive index is as close
as possible to that of naturally occurring silica mineral aerosol particles.
Silica (SiO2) beads are also commonly used for many biological purposes,
including biomolecular detection (Demir and Serpengüzel, 2005), drug deliv-
ery systems (Panagiotaki et al., 2020) and separating proteins (Unger et al.,
1986). Silica beads are also used for the calibration of instruments such as
electron microscopes (SEMs and TEMs) (Chen et al., 2011) and flow cytome-
ters used to measure forward scattering of light from bacteria (Parida et al.,
2015; Foladori et al., 2008). The correct size and refractive index of the silica
bead is vital for correct calibration of these instruments.

Mono-disperse silica beads in aqueous solution are typically produced by
the hydrolysis of a silica precursor (typically tetraethyl orthosilicate) in the
presence of ethanol and ammonia, using the Stöber process (Stöber et al.,
1968). The process used by manufacturers of silica beads is likely to be based
on this process but may have variations. It has been shown that the Stöber
process can produce silica beads of varying refractive indices based on the
porosity of the beads produced. Silica beads of higher porosity will have a
higher density and lower refractive index (Thomas, 1992; Tamar et al., 2014;
Beganskiene et al., 2004). A study by Malitson (Malitson, 1965) determined
the refractive index of fused bulk silica over a wavelength range of 0.21-
3.7 µm, and determined a value of 1.4584 at 589 nm. A European report by
the scientific committee on consumer safety (Scientific Committee on Con-
sumer Safety, 2015) reported the refractive index of silica nanoparticles as
1.45 at unspecified wavelength and a study by Khlebtsov et al. (Khlebtsov
et al., 2008) found the average refractive index of silica nanoparticles to be
1.475 ± 0.005 over the wavelength range 200-400 nm.

There are multiple manufacturers of silica beads. Each manufacturer
provides a value of size, polydispersity, and typically a value of refractive
index based on bulk silica. The aim of this study is to demonstrate the
variation in refractive index in a single batch and also between silica beads
produced by different manufacturers. In this study, samples from three sup-
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pliers of silica beads: Whitehouse Scientific Ltd. (Catalogue No: MSS002),
Bangs Laboratories Inc. (Catalogue No: SS04N, Manufacturer Lot number:
7920, Inventory number: L061215B), and Microspheres-Nanospheres Cor-
puscular Inc. (Catalogue No: 140212-10), and one supplier of borosilicate
glass beads: Thermo Scientific Duke Standards (Catalogue No: 9002, Batch
number: 9002-003), were tested and compared. The size and refractive index
of approximately ten silica beads from each supplier were obtained using op-
tical trapping combined with Mie spectroscopy (Jones et al., 2013; Preston
et al., 2014; Thanopulos et al., 2014; David et al., 2015; McGrory et al., 2020;
Jones et al., 2015; Shepherd et al., 2017). Optical trapping in air provides
good contrast between the refractive index of the medium and the refractive
index of the silica particles being studied. If the manufactures of the silica
beads provide a refractive index for the beads, it will generally only be pro-
vided for a given wavelength (typically 589 nm). Mie spectroscopy allows for
the determination of the wavelength-dependent real refractive indices, over
the range 425−600 nm, for the four different suppliers of beads studied.

2. Method

The method used to study the silica and glass beads has been explained
in detail elsewhere (McGrory et al., 2020; Jones et al., 2013). Briefly, the
silica beads were held in air using optical trapping with a 1064 nm counter-
propagating trap, and illuminated with white light. Mie spectra (the back-
scattered light from particles with a size similar to the wavelength of the
scattered light) over a wavelength range of 425−600 nm were collected over
3 second intervals using a spectrometer, with a resolution in wavelength of
0.131 nm. The set-up of the optical trap is the same as was used in previous
work (McGrory et al., 2020; Jones et al., 2015). Silica beads of each sample
were aerosolized from aqueous suspension using an atomizer (Topas, ATM
220) and released into the trapping cell via a diffusion dryer until a single
bead was trapped. This process was repeated to trap 10 beads from each
sample, all at room temperature and pressure.

The wavelength-dependent refractive index can be expressed using the
Cauchy equation (Jenkins and White, 2010),

n = A+
B

λ2
+
C

λ4
, (1)

where A, B, and C are material specific constants. Initial values of A, B, and
C and radius of the silica beads were determined from their Mie spectra by
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comparing the experimental Mie spectra to a range of calculated Mie spectra
of known radius and refractive index, produced using Bohren and Huffman’s
formalism of Mie theory (Bohren and Huffman, 2008).

To improve the precision of the results obtained, the wavelength, λ, vari-
ation of refractive index, n, was constrained by a Levenberg-Marquardt algo-
rithm, to reduce the parameters A, B, and C, to optimize the best fit to the
Cauchy equation. The radius and wavelength-dependent refractive indices of
the beads were determined to a precision of 1.2 nm and 0.0022 respectively.
Further information on the method used for analysis of Mie spectra can be
found in McGrory et al. (McGrory et al., 2020).

3. Results

A summary of the average determined values of refractive index at 589 nm
and radius compared with the values quoted by the manufacturers are shown
in Table 1. Table 2 shows the average Cauchy parameters, A, B and C, which
describe the wavelength dependant refractive index, determined for each of
the bead samples. The uncertainties of the determined values in both tables
are the standard deviation of values found for each parameter.

RI (at 589nm) Radius / µm
Supplier Reported Determined Reported Determined

Microspheres-Nanospheres Corpuscular Inc. - 1.4328±0.0069 1.0±0.02 1.003±0.003
Whitehouse Scientific Ltd. - 1.4175±0.0124 1.015±0.1575 1.016±0.052

Bangs Laboratories Inc. 1.43-1.46 1.3773±0.01030 1.035±0.1015 0.958±0.013
Thermo Scientific Duke Standards Inc. (borosilicate) 1.56 1.5197±0.0242 0.95±0.25 0.866±0.107

Table 1: Table comparing the average refractive index and radius of silica beads reported
by the manufacturer, with the average values determined from the samples in this study.
The uncertainties on the values determined in this study are the standard deviation of all
values for each sample.

Supplier A B / µm−2 C / µm−4

Microspheres-Nanospheres Corpuscular Inc. 1.4234 ± 0.0062 0.0030 ± 0.0006 6.93 ± 4.14 × 10−5

Whitehouse Scientific Ltd. 1.4093 ± 0.0127 0.0027 ± 0.0003 4.27 ± 4.93 × 10−5

Bangs Laboratories Inc. 1.3713 ± 0.0103 0.0018 ± 0.0015 1.20 ± 1.24 × 10−4

Thermo Scientific Duke Standards Inc. (borosilicate) 1.5035 ± 0.0247 0.0056 ± 0.0011 2.52 ± 7.48 × 10−5

Table 2: Average Cauchy coefficients which describe the wavelength-dependent refractive
index of each bead sample, with uncertainties showing the range of values found for each
sample (valid for the wavelength range 425−600 nm)

Example experimental Mie spectra from each sample are shown in Figure
1 along with corresponding calculated spectra of their determined size and
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refractive index. Figure 2 shows the wavelength dispersion of refractive index
as a fitted Cauchy curve for each of the beads studied. The dispersion relation
for the refractive index of bulk silica reported by Malitson et al (Malitson,
1965) is plotted as a dashed line in Figure 2 for comparison with the results
determined in this study.
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Figure 1: Example experimental spectrum from each of the bead samples compared with
its corresponding theoretically generated spectrum (dashed) of known size and refractive
index values. The intensity of each spectrum is a fair representation of the data.

The refractive index for the Corpuscular and Whitehouse samples were
not stated. However, the beads from the Corpuscular and Whitehouse sam-
ples were found to have the closest values of refractive index to that of bulk
silica (∼ 1.45). The Corpuscular sample was found to have the smallest
spread of values across the sample. It was noted that beads from the Bangs
sample were found to have significantly lower values of refractive index than
bulk silica, and lower than the quoted values from the manufacturer. The
average refractive index of the borosilicate Dukes beads was slightly lower
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than the quoted value from the manufacturer (1.56) and was much closer to
the literature value of borosilicate glass (∼ 1.52 (Serway et al., 2011)). The
Dukes sample had a wider range of refractive index values than the other
samples.

Figure 3 shows the histogram distribution of radii found for each of the
bead samples studied. The distribution of radius across all of the samples was
largest for the Dukes sample, followed by the Bangs sample, then the White-
house sample, and the Corpuscular sample was found to have the smallest
distribution of radius values across the sample. The trend in distribution be-
tween the samples correspond to the manufacturers quoted values, and the
determined values in this study. The determined radius of all beads studied
were found to be within the manufacturers quoted values and uncertainties.

Figure 2: Cauchy curves showing the wavelength-dependent refractive index of all beads
studied, compared with results from Malitsons study on bulk silica (dashed).
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Figure 3: Determined radius distribution of all beads studied plotted as bar graphs. The
bin widths for the Dukes, Bangs and Whitehouse samples are 50 nm, and the bin width
for the Corpuscular sample is 20 nm. The manufacturers values of radius with associated
uncertainties are plotted as Gaussian curves for comparison.

4. Discussion

The radius of the beads in the all samples were found to be within the
quoted radius range given by the manufacturers, with Dukes having the
largest and Corpuscular having the narrowest distribution of size, both in
the quoted values and in the values determined from the samples in this
study.

The average refractive index of the Dukes and Bangs samples were both
slightly lower than their quoted values of refractive index (by 0.041 and 0.068
respectively). The Dukes and Bangs samples were also found to have a larger
distribution of refractive indices across the sample than the Corpuscular and
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Whitehouse samples. Although this study was not exhaustive as only a
small number of beads from each sample were tested, the variance in values
of refractive index determined for all beads show that the value of refractive
index for bulk silica can not be correctly assumed for all silica beads produced
by the Stöber process or iterations thereof. Silica beads should therefore
be used with caution in situations where the an accurate refractive index
is required, for example, in atmospheric experiments. If it is necessary to
determine the refractive index of the specific silica bead being used in each
atmospheric experiment, as it has been demonstrated here that the refractive
index can vary significantly, even within the same sample.

The reliability of the refractive index and radius values of four suppliers
of silica beads have been tested. Based on this study, Corpuscular beads
have the smallest variance in values of both size and refractive index. The
Corpuscular sample beads were also found to have the closest refractive index
to that of bulk silica (∼ 1.45), therefore being the ideal choice for atmospheric
aerosol experiments, from the samples considered.

4.1. Atmospheric implication

Nephelometers are often used in atmospheric science to study the num-
ber density and other properties of atmospheric aerosol, such as radius, using
their light scattering. They are calibrated with a test aerosol of known op-
tical properties, such as polystyrene Manfred et al. (2018) or silica particles
(Greswell et al., 2010). The maximum refractive index reported for the silica
particles studied was 1.46 and the minimum determined refractive index of
the beads was 1.35, a difference of 0.11. To calculate the impact an error
of 0.11 in refractive index would produce on the size determined by a neph-
elometer the particle radii were log-normally distributed with a geometric
mean standard deviation of 1.25, around a median radii of 0.1, 1 and 10
µm, and the back-scattering efficiency Bohren and Huffman (2008) of these
distributions was calculated as a function of wavelength 425−600 nm with
a reflective index of 1.46 using Philip Lavens Mieplot Philip Laven (2021).
The calculated back-scattering coefficient variation with wavelength was then
fitted with another Mie calculation assuming a refractive index of 1.35 and
varying the median radii. It was found that an error in refractive index of
0.11 could lead to an error in radius of 0.006 µm (6%) for a particle distribu-
tion with a median radius of 0.1 µm, 0.14 µm (14%) for a distribution with a
median radius 1 µm, and 2 µm (20%) for a distribution with a median radius
10 µm.
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5. Conclusion

The technique used in this work is shown to be an excellent method of
determining the size and wavelength dependent refractive index of airborne
particles at a high precision.

It has been shown that silica beads from different suppliers, and even
beads within the same sample can have a large variance in refractive index,
indicating that silica beads produced by the Stöber process do not all have
the same refractive index as that of bulk silica, and great care should be
taken before assuming the refractive index of silica beads, for calibration or
experimental purposes.

It is also been shown that many available silica beads are not necessarily
appropriate for atmospheric work. Based on the limited samples studied
here, Corpuscular beads are recommended for atmospheric studies, as they
have the closest refractive index to that of atmospheric silica particles.
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Abstract

Two-phase particles have been created by depositing thin films (∼ 10−40 nm) of

aged urban and domestic wood-burning aerosol samples onto optically trapped min-

eral silica particles (diameter ∼2 µm). They were shown to have core-shell morphology

where the Mie scattering of light from the optically trapped particles was consistent

with the scattering of light by core-shell aerosol, and not with the scattering of ho-

mogeneous or partially-engulfed aerosol. The work is a first demonstration of organic

materials extracted from the atmosphere favouring a core-shell morphology on solid

particles. The particles were also shown to maintain a core-shell morphology during

oxidation with gas-phase ozone, an atmospheric oxidant.

The refractive indices and film thicknesses were calculated by reproducing Mie scat-

tered light as a function of wavelength. The refractive index of ∼40 nm thick shells

were determined to a precision of ∼0.01 and ∼0.006, and the thickness of the shell was

determined to a precision of 0.2 nm and 0.1 nm for the aged urban and wood-smoke

samples respectively, throughout the oxidation process. Wood-smoke and aged urban
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aerosol deposited onto solid aerosol can be assumed to form a core-shell morphology,

significantly reducing the complexity of atmospheric modelling of the radiative prop-

erties of these aerosol.

Atmospheric aerosol significantly impacts the Earth’s climate both indirectly and directly

through forming cloud condensation nuclei, and scattering light entering the Earth’s atmo-

sphere, respectively eg. 1. However, the impact of atmospheric aerosol remains the least well

quantified factor affecting the Earth’s climate2. The refractive index, size, and morphology

of aerosol particles are key factors for determining the interactions of atmospheric aerosol

with light eg. 3. There are many different compositions and proposed morphologies of aerosol

particles produced by both natural and anthropogenic sources, as well as secondary organic

aerosol produced by reactions in the atmosphere eg. 4.

Most calculations of atmospheric light scattering in atmospheric and climate modelling

assume spherical homogeneous particles eg. 5. However, recent work has suggested that many

particles have at least two immiscible phases which can adopt several potential morpholo-

gies with very different light scattering properties, and thus radiative forcings6–10. Two

of the most common morphologies for two-phase particles are partially-engulfed9,11–15 and

core-shell10,16–25. Mie scattering modelling studies on core-shell16,17, and thermodynamic

modelling of partially-engulfed11 particles predict how the scattering of light by core-shell

particles differs from that of homogeneous spheres. There have been a number of experi-

mental studies with chemically pure compounds which have shown the formation of both

core-shell10,18–25 and partially-engulfed9,11–15 morphologies. Studies using pure chemical com-

ponents or oxidation of a pure compound have also shown organic-inorganic two phase par-

ticles to form both core-shell and partially-engulfed morphologies depending on the organic-

to-inorganic mixing ratios26,27 and relative humidity7.

To the authors knowledge the typical morphology adopted by material found in atmo-

spheric aerosol, which is a complex mixture and not well represented by a simple pure

chemical, hasn’t been shown. In this work it is demonstrated for the first time that or-
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ganic material extracted from ambient atmospheric aerosol forms core-shell morphology on

spherical (core) silica airborne particles. Micron-sized silica beads are used as a proxy for

mineral aerosol readily present in the atmosphere2,28. It is also shown that if a thick enough

shell is formed (> 10 nm) the particle will maintain a core-shell structure during subsequent

oxidation with gas-phase ozone, a common atmospheric oxidant. The core-shell morphology

(even during oxidation) allows atmospheric modellers a significant reduction in the complex-

ity of their models. To our knowledge this is the first demonstration of the morphology of

two-phase aerosol with atmospheric matter, as opposed to experiments with pure chemicals.

Atmospheric aerosol was collected on quartz fibre filters (Whatman QM-A) from ambient

urban air in greater London as described by Jones et al.29, and from domestic wood burn-

ing of air-dried wild cherry tree in a domestic metal burner, using the same method29,30.

The organic components on the filters were extracted into chloroform and transferred to

propan-1-ol for delivery to the experiment. Propan-1-ol was chosen as the carrier solvent

because it dissolves the material of interest easily, nebulises to produce a short-lived mist,

and evaporates readily, as shown previously30.

The samples were deposited onto optically trapped eg. 31–39 spherical silica beads, which

were delivered into the trapping cell using a Topas ATM 220 atomizer. As optical trapping

is a contact-less method, it allows the particle to be studied without disturbing the particle

morphology in any way. The optical set-up used for this study has been described in detail

previously32,40.

Organic material extracted from wood-smoke was introduced to the silica bead using a

different method to the aged urban sample. Using two different methods of thin layer forma-

tion shows a robustness to the technique used and gives confidence in the results obtained.

The aged urban aerosol was deposited onto the trapped silica bead using a nebuliser (the

wood-smoke sample was too viscous to nebulised). Extracted wood-smoke particles were

produced by blowing dry N2 gas over the sample at 150 ◦C and through a cooled metal tube

(15 ◦C) to form aerosol which subsequently collided with the silica bead. This is similar
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to the method used previously for producing core-shell oleic acid on silica particles41. Mild

temperatures of 150 ◦C were deemed not to damage samples produced in hotter environments

(fire), where as the same method may degrade the aged urban sample. Collisions between

the silica bead and the organic samples were monitored by continuously recording the in-

tensity of back-scatted light as a function of wavelength between 425−600 nm (henceforth

called Mie spectra) over 3 second intervals, using Mie spectroscopy. The organic sample was

continually added for typically 2-3 collisions, and was held stable in the trap.

Once the two-phase particle was formed the opportunity for further exploration was

taken and the two-phase particle was reacted with gas-phase ozone (18.3 or 8.5 ppm in

oxygen) to simulate atmospheric oxidation, but with shorter reaction times42. Oxygen (O2)

was bubbled through water (H2O), at ambient temperature, into a UV ozonizer, to produce

ozone (O3) at a relatively large mixing ratio of 18.3 ppm and 8.5 ppm for the wood-smoke

and aged urban aerosol samples respectively. A large mixing ratio of ozone was used to

ensure a reasonably rapid reaction as the oxidation experiments were initially exploratory

and the main aim was to demonstrate core-shell morphology. Throughout the experiment

the particles were illuminated by a 6 V Comar 555 LED white light source. The output of

the LED light is shown in Figure S6 in the supplementary information. For all particles

studied, no reaction was observed until the ozone was introduced, meaning it is unlikely any

significant photochemical oxidation took place within the trapping cell.

Mie resonances (peaks in the Mie spectrum) will be much sharper and more prominent

if a particle is spherically symmetrical43. If a particle looses spherical symmetry Mie reso-

nances will become significantly weaker and almost or completely disappear43,44. For both

samples studied, when the sample was deposited onto the silica core the Mie resonances did

not become weaker or broader, demonstrating that the particle maintained spherical symme-

try. If a partially-engulfed particle was formed it would no longer be spherically symmetrical

and the peaks would have become significantly weaker and broader43,44. Thus, from initial

inspection of the Mie spectra the two-phase particles were consistent with a core-shell mor-
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phology. To further confirm the core-shell morphology the experimental Mie spectra were

reproduced with calculated Mie spectra from core-shell theory45 and were found not to be

consistent with homogeneous46 Mie theory.

The real component of the refractive index and the thickness of the shell were both deter-

mined throughout the oxidation process. Three core-shell particles were created and studied

from each atmospheric sample. It was possible to determine the wavelength-dependent re-

fractive index and the thickness of the shell simultaneously from the core-shell spectra by

matching the Mie resonances in the experimental Mie spectra produced by the scattering

of visible light from the aerosol particle, to the Mie resonances in the theoretical calculated

spectra of known refractive index and size. The theoretical spectra were generated using a

model46,47 based on Aden and Kerker’s formalism of scattering by core-shell particles45.

The refractive index and radius of the core silica particle were readily determined from

a Mie spectrum of the silica core, using the method described previously40 for homogeneous

spheres, before the addition of organic material. The parameters of the silica core where

then fixed in the generation of the calculated core-shell spectra, and the refractive index and

thickness of the shell were varied to find the best fit for these parameters. All Mie spectra

collected are available online at DOI: 10.5281/zenodo.5082022.

It was found that fitting of core-shell Mie spectra were much more sensitive to shell

thickness than refractive index, particularly for thinner films. The film thickness was able

to be determined to within 1 nm for any film thickness. However, for refractive index much

greater variation was found (∼ 0.2) for thin films approaching 1 nm. Therefore the refractive

index determined for thick films (∼40 nm) of the same sample were assumed when fitting

the thinner films of thickness <10 nm. This behaviour is demonstrated in Figure S5 in the

supplementary information.

As shown in Figure 1, the Mie scattering of both propan-1-ol/wood smoke on silica,

and propan-1-ol/aged urban aerosol on silica particles is consistent with core-shell aerosol

scattering. The authors may be bold enough to suggest that as a first approximation both
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wood-smoke and aged urban aerosol deposited on mineral aerosol may be modelled as a

core-shell with some confidence as shown by this study.

The aged urban aerosol shell was found to react when exposed to ozone which may be

in contrast to a previous study29 where similar aerosol samples from the same location were

found to be unreactive to ozone when placed at the air-water interface. There are two

possible explanations fro this discrepancy. The samples were collected at a different time

to the previous study and are chemically different30, or this may suggest of the unsaturated

organic not being stable at the air-water interface, a very different interface to the air-mineral

interface studied here.

Aged urban aerosol core-shell particles with thick films (∼ 30–40 nm) were able to main-

tain core-shell morphology during oxidation. In the case where a thin film of 10 nm was

formed, upon oxidation the shell was completely removed, within the precision of this ex-

periment (<1 nm), leaving the silica core only as shown in Figure 2. The complete removal

of the film and the Mie spectrum returning to that of the silica bead provides conformation

that the silica core remains after deposition and removal of a film, countering one possible

scenario that the silica bead was ejected by a similar sized organic droplet. Further confir-

mation was that fitting these spectra with the homogeneous model gave an approximately

four times statistically worse fit than when using the core-shell model.

Thicker films were not completely removed from the two-phase urban aerosol particles,

as demonstrated in Figures S2 and S3 in the supplementary information. Oxidation of aged

urban aerosol films did not appear to markedly change the refractive index of the shell but

thin films are removed and thick films loose substantial amount of material but were not

removed completely. Figure 3 shows how the shell thickness and refractive index changed

with oxidation for three aged urban aerosol, silica core-shell particle. As the films are a

complex mixture of compounds, when oxidised the gas-phase ozone will preferentially react

with and remove species with carbon-carbon double bonds and not react with saturated

organic species. In the thin film; after reaction of all carbon-carbon double bonds with
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Figure 1: Typical experimental Mie spectra for two-phase particles created using the aged
urban and wood-smoke aerosol samples. The dashed spectra show the corresponding theoret-
ical fit for both spectra generated using core-shell theory45,47. The top two spectra are urban
aerosol on a silica core (of radius 0.999 µm and refractive index parameters; A = 1.4402, B
= 0.00363 and C = 1.875e-7). The core-shell experimental spectrum (solid) is compared
with its corresponding calculated spectrum (dashed). The shell thickness was calculated
as 40 nm and the refractive index parameters of the shell were calculated as A = 1.417, B
= 0.017 and C = 0. The bottom two spectra are wood-smoke aerosol on a silica core (of
radius 1.0 µm and refractive index parameters; A = 1.4234, B = 0.00365 and C = 6.46e-5).
The core-shell experimental spectrum (solid) is compared with its corresponding calculated
spectrum (dashed). The shell thickness was calculated as 41 nm and the refractive index
parameters of the shell were calculated as A = 1.420, B = 0.015 and C = 0.
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Figure 2: Mie spectra of silica core (blue), silica/urban aerosol core-shell particle 1 before
reaction (gold) and 120s after reaction (green), demonstrating that a thin film of 10 nm
was formed and removed, leaving the silica core only. The grey dashed vertical lines are to
demonstrate the bare silica and the oxidised core-shell particle have the same Mie resonances.

ozone any remaining film of saturated organic compounds may be below the detection limit

(>1 nm) However, a product film remaining detectable after oxidation of the thick films

suggests the reduction of unsaturated material with remaining saturated material remaining

observable.

Multiple collisions of wood smoke aerosol were needed to generate a core-shell particle.

After each collision there is a sudden increase in radius followed by a slower decay owing,

presumably, to the loss of volatile components from the organic mixture. After each collision

the decrease in the rate of loss of radius slows relative to the previous collision. A simple

explanation of this may be that as the mixture is forming the film becomes more concentrated

in heavier molecular weight components as the lighter ones may evaporate more readily. The

loss of propan-1-ol was assumed to be rapid compared with loss of smoke components30. After
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4-5 collisions a thicker film (∼40 nm) was formed, and was consequently richer in less volatile

components. Figure S1 in the supplementary information demonstrates this behaviour.

0 250 500
Time / s

1.55

1.60

1.65

R
e
fr

a
ct

iv
e
 I
n
d
e
x

thick film

thin film

thin film (no O3)

100 0 100
Time / s

1.40

1.45

1.50

1.55

1.60

R
e
fr

a
ct

iv
e
 I
n
d
e
x

Particle 2

Particle 3
0 250 500

Time / s

0.00

0.02

0.04

S
h
e
ll 

T
h
ic

kn
e
ss

 /
m

Wood-smoke sample

thick film

thin film

thin film (no O3)

100 0 100
Time / s

0.00

0.01

0.02

0.03

0.04

S
h
e
ll 

T
h
ic

kn
e
ss

 /
m

Urban aerosol sample

Particle 1

Particle 2

Particle 3

Figure 3: The left panels show how the refractive index (at 598 nm) and the shell thickness
of the wood-smoke sample changed upon reaction with ozone. The right panels show the
change in refractive index (at 598 nm) and shell thickness of the urban aerosol sample upon
reaction with ozone. The grey dashed lines represent the point where the reaction started.
The refractive indices of the shells were determined to a precision of 0.00967 and 0.0063
and the thickness of the shell was determined to a precision of 0.2 nm and 0.1 nm for the
aged urban and wood-smoke samples respectively, throughout the oxidation process. The
average refractive index determined for the two thick films (∼40 nm) of the urban sample
were assumed when fitting the thin film with thickness <10 nm.

The core-shell of silica and wood-smoke particle with a relatively thick thin film (∼40 nm)

was found to be a stable core-sell morphology for over 500 seconds before it was exposed to

ozone. Figure 3 shows the oxidation of a thin film and the change in a thin film when no

O3 is present. Unlike the urban aerosol film on silica, the refractive index of wood-smoke
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film did change upon oxidation. The wavelength-dependent refractive indices of all organic

thin films studied were in broad agreement with the determined refractive indices of similar

samples of homogeneous spheres collected in previous work30, as shown in Figure 4, giving

confidence to this method.

Figure 4: Cauchy curves showing the wavelength-dependent refractive index of the organic
samples used in this study compared with the determined refractive index of similar samples
used in previous work30.

Gorkowski et al.7 used optical trapping and Raman spectroscopy to study the morphol-

ogy of phase separated laboratory generated α−pinene secondary organic aerosol at varying

relative humidities. Their results combined with literature values of oxidation of phase sep-

arated secondary organic aerosol predicted that as oxidation of the material in an aerosol

is increased the particles move from partially-engulfed, to core-shell, to homogeneous. This

10



study has shown that material extracted from the atmosphere also forms core-shell mor-

phologies, like the proxy laboratory materials and that during oxidation on a solid core

maintains the core-shell morphology.

It has been demonstrated here that organic materials extracted from atmospheric aerosol

form stable core-shell particles with mineral aerosol, and can retain this morphology during

oxidation. It has also been shown that optical trapping can be used to study core-shell

aerosol with real atmospheric matter. The results in these studies suggest mineral aerosol

with organic material can be modelled as mineral core with a thin coating.
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Optical trapping of airbourne particles

The optical trap used in this experiment was able to trap and hold silica beads (Corpuscular)

in a gas phase atmosphere while organic samples from the atmosphere where deposited onto

their surface, and throughout the process of oxidation by gas-phase ozone.

A schematic of the equipment is shown in Figure S1 and consisted of a 1064 nm Nd:YAG

laser (Laser Quantum) coupled to two single-mode fibre-optic cables via a beam-splitter

coupling port (Oz Optics), delivering laser beams of power 10 mW and 15 mW (measured at
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Figure 1: Set-up of optical trap used.

the point of focus) pointing upwards and downwards respectively. The beams were focused

into an aluminium trapping cell using two Mitutoyo M Plan Apo x50 NA 0.42 objectives.

The silica beads were aerosolized using an atomizer (Topas, ATM 220) and multiple beads

were delivered into the aluminium trapping cell through an inlet in the back of the cell, via

a diffusion dryer filled with silica gel. The trapping cell was then adjusted to sub-micron

accuracy, using a 3-axis piezo-electric stage (Physik Instrumente), relative to the laser focus

until a single bead was trapped at the point of focus. The remaining beads were removed

by collisions with the cell walls over a period of approximately 2 minutes.

Aerosol collection and extraction

The aged urban aerosol sample was collected from a site at Royal Holloway, University of

London, which is located a few kilometers from three of Englands busiest motorways, and a
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very large international airport (Heathrow airport). The wood-smoke sample was collected

from the burning of wood from air dried wild cherry trees using a domestic log burner popular

as a form of heating domestic houses. Both samples were collected using an air pump which

pulled air through clean stainless-steel tubes at a flow rate of 30 lmin−1, onto a Quartz filter

(pre-combusted Whatman QM-A) inside a PFA (perfluoroalkoxy) Savillex filter holder. The

collected samples were stored in darkness at −18 °C until the samples were extracted.

To prepare the atmospheric aerosol samples for optical trapping, the quartz filters were

each placed in a mixture of 10 ml of chloroform (Sigma-Aldrich, 0.51% ethanol as stabiliser)

and 10 ml of ultrapure water. The mixture was then agitated for 10 min to ensure all atmo-

spheric aerosol organic (non-aqueous) extract was dissolved in the chloroform.

The mixture was then filtered through pre-combusted quartz filters to remove filter debris

and any unextracted material. The filtrate was poured into a glass-separating funnel and

the chloroform layer containing the aerosol extracts was drawn off. The samples were stored

in chloroform in darkness at −18 °C until the experiments were carried out. Finally, the

chloroform was removed from the atmospheric aerosol extracts by blowing down under dry

nitrogen before the experiments. Once all the chloroform had been removed, the samples

were mixed with propan-1-ol was for the experiments.

The filter holder was dissembled in a clean glove box to prevent contamination, and

all instrumentation used in the collection and extraction of the samples was cleaned with

ultrapure water and chloroform before use.

Uncertainties

The uncertainties in the refractive index and shell thicknesses were found by determining

the refractive index and shell thickness of an example particle over 10 consecutive spectra,

where the particle properties would not be expected to change. The standard deviation in

the refractive indices and shell thickness determined was then taken as the uncertainty for
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that parameter. The method used of estimating the uncertainties was carried out on an

example particle from each sample, as it combines all sources of error, including changes in

the spectrum due to noise, errors in peak finding and all fitting errors, to give an overall

estimate of the uncertainty.

Supporting Figures

Figure S2 demonstrates how the shell of a core-shell trapped particle became less volatile

and more stable as the volume/thickness of the shell was increased by multiple collisions of

organic aerosol with the particle, due to the shell becoming richer in less volatile components.

Figure 2 in the paper shows how a thin film of aged urban aerosol on a silica core was

completely removed by oxidation with gas-phase ozone, as the Mie spectra returned to that

of pure silica. Figures S3 and S4 here however demonstrates that if a thick enough film is

formed, the film will not get completely removed upon reaction with gas-phase ozone, as

demonstrated by the fact that the Mie spectra do not return to that of pure silica.

Figure S5 demonstrates the phenomenon that was discovered when fitting the shell thick-

ness and refractive index of the thin films simultaneously. It was found that the core-shell

Mie spectra were much more sensitive to shell thickness than refractive index, particularly

for thinner films. This is demonstrated in the top panel of the figure as a plot of refractive

index against ’average peak difference’ which is a measure of how good a fit is, shows a much

clearer minimum was determined for thicker shells. Spectra were generated using Philip

Lavens Mieplot1 for this test at a refractive index of 1.52. The bottom panel demonstrates

that an equally clear minimum average peak difference can be determined for any thickness

of shell from 1 nm.

Figure S6 shows the output spectrum of the Comar 555 LED white light source used in

this study to illuminate particles in the trapping chamber.
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Figure 2: Silica/wood-smoke core-shell particles experienced a sudden increase in radius
followed by a slower decrease owing, presumably, to the loss of volatile components within
the organic mixture after each collision. The decrease in radius slows with each collision as
the mixture forming the film becomes richer in heavier weight films. After 4-5 collisions a
thicker film (∼ 40 nm) was formed, assumed to be rich in less volatile components that did
not rapidly evaporate, as understood by its constant film thickness with time. The rate of
acquisition was too slow to accurately determine the shell thickness at the first collision, the
dashed lines show the assumed behaviour during this time.
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Figure 3: Mie spectra of silica core, silica/urban aerosol core-shell particle 2 before reaction
and 120s after reaction, demonstrating that the thin film was not removed from surface
completely, leaving a core-shell particle.
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Figure 4: Mie spectra of silica core, silica/urban aerosol core-shell particle 3 before reaction
and 120s after reaction, demonstrating that the thin film was not removed from surface
completely, leaving a core-shell particle.
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Figure 5: The top panel shows a plot of refractive index against ’average peak difference’
for a range of shell thickness’ between 1 nm and 50 nm. The correct refractive index for the
generated plots studied is 1.52. A much more accurate and precise minimum was determined
for thicker shells. The bottom panel demonstrates that an equally clear minimum average
peak difference can be determined for any thickness of shell from 1 nm.
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Mie scattering from optically levitated mixed sulfuric acid-silica core-
shell aerosols: observation of core-shell morphology for atmospheric
science†

Megan R. McGrory,a,b Rosalie H. Shepherd,∗a,b Martin D. King,b Nicholas Davidson,c Francis
D. Pope,c I. Matthew Watson,d Roy G. Grainger,e Anthony C. Jones f ,g and Andrew D.
Ward∗a †

Sulfuric acid is shown to form a core-shell particle on a micron-sized, optically-trapped spherical
silica bead. The refractive indices of the silica and sulfuric acid, along with the shell thickness
and bead radius were determined by reproducing Mie scattered optical white light as a function of
wavelength in Mie spectroscopy. Micron-sized silica aerosols (silica beads were used as a proxy for
atmospheric silica minerals) were levitated in a mist of sulfuric acid particles; continuous collection of
Mie spectra throughout the collision of sulfuric acid aerosols with the optically trapped silica aerosol
demonstrated that the resulting aerosol had a core-shell morphology. Contrastingly, the collision
of aqueous sulfuric acid aerosols with optically trapped polystyrene aerosol resulted in a partially
coated system. The light scattering from the optically levitated aerosols was successfully modelled
to determine the diameter of the core aerosol (±0.003 µm), the shell thickness (±0.0003 µm) and
the refractive index (±0.007). The experiment demonstrated that the presence of a thin film rapidly
changed the light scattering of the original aerosol. When a 1.964 µm diameter silica aerosol was
covered with a film of sulfuric acid 0.287 µm thick, the wavelength dependent Mie peak positions
resembled sulfuric acid. Thus mineral aerosol advected into the stratosphere would likely be coated
with sulfuric acid, with a core-shell morphology, and its light scattering properties would be effectively
indistinguishable from a homogenous sulfuric acid aerosol if the film thickness was greater than a
few 100s of nm.

1 Introduction
Stratospheric aerosols have a large impact on the Earth’s cli-
mate1–7; the scattering of incoming solar radiation8 depends on
the shape, composition and refractive index of the aerosol5,9,10.
Quantification of the optical properties of stratospheric aerosol
is needed to fully understand the influence of stratospheric

a a. Central Laser Facility, Research Complex, STFC Rutherford Appleton Laboratory,
Oxford, OX11 0FA, UK. E-mail: andy.ward@stfc.ac.uk
b b. Department of Earth Sciences, Royal Holloway, University of London, Egham,
Surrey, TW20 0EX, UK.
c School of Geography, Earth & Environmental Sciences, University of Birmingham,
Birmingham, B15 2TT, UK .
d School of Earth Science, University of Bristol, Wills Memorial Building, Bristol, BS8
1RJ, UK.
e National Centre for Earth Observation, Atmospheric, oceanic and Planetary Physics,
University of Oxford, Parks Road, Oxford OX1 3PU, UK.
f Met Office, Fitzroy Road, Exeter, EX1 3PB, UK
g College of Engineering Maths and Physical Sciences, University of Exeter, Exeter, EX4
4PY, UK
† Electronic Supplementary Information (ESI) available: Raw data for the work
presented here is available. See DOI: DOI: 10.5281/zenodo.5041496

aerosols upon the planet’s radiative balance11. Sulfuric acid
aerosols are relatively abundant in the stratosphere12–14: the
number density of sulfuric acid in the stratosphere has been de-
termined from balloon-borne mass spectrometer experiments to
be 104 − 105 molecules cm−3 below an altitude of 30 km and
106 − 107 molecules cm−3 between 30 to 35 km15,16. Anthro-
pogenic emissions, biogenic processes and volcanic emissions act
as the major sources of stratospheric sulfuric acid17–19. Owing
to the abundance of sulfuric acid within the stratosphere, the
condensation of sulfuric acid onto other stratospheric aerosol oc-
curs readily20,21: Saunders et al.22 estimated an encounter oc-
curring purely from Brownian motion between a mineral dust
particle with a radii of 0.0015 µm and a sulfuric acid aerosol
with radii of 0.25 µm would take approximately 4 days. Desh-
ler et al.23 demonstrated that volcanic eruptions have influenced
stratospheric aerosol size distributions for twenty of the last thirty
years. Glass fragments make up a large proportion (60 to 80 %) of
mineralogy from volcanic eruptions24 and tend to become coated
in sulfuric acid, as shown by U2 flights in Mount St Helen’s ash
cloud24. The formation of a thin film of sulfuric acid on a strato-
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spheric mineral aerosol would change the refractive index of the
mineral aerosol and hence change the amount of incoming so-
lar radiation that the aerosol scatters25,26. Stratospheric mineral
aerosol coated in a thin film of stratospheric sulfuric acid could ef-
fectively have the optical properties of (a) the mineral aerosol, (b)
the mineral aerosol slightly modified by thin film development or
(c) sulfuric acid resulting from a core-shell aerosol resembling the
sulfuric acid shell to a first approximation. In the study presented,
the light scattering from an optically trapped silica bead coated
in a thin film of sulfuric acid has been studied. The study will
(a) determine that aqueous sulfuric acid can wet and uniformly
coat mineral aerosol to form an aerosol with core-shell morphol-
ogy and (b) record the back-scattered, visible Mie scattered light
to size the aerosol and determine the refractive index and shell
thickness. Additionally, the Mie scattering as sulfuric acid col-
lides with polystyrene aerosol was monitored: in the presented
study it was observed that sulfuric acid did not wet on polystyrene
aerosols, thus demonstrating the lack of core-shell geometry. The
polystyrene-sulfuric acid system provides an exemplar of a control
experiment to demonstrate that a Mie spectra for a non core-shell
morphology is readily apparent in the Mie scattering. Comparison
between the two systems that used either silica or polystyrene as
the core aerosol provided additional evidence for the formation of
core-shell aerosol when sulfuric acid collided with silica aerosol.
Atmospheric films on liquid or solid aerosols have been studied
previously25,25–42and inorganic coatings on atmospheric aerosol
have also been investigated26,27,43–45. For example, Rkiouak et
al.26 applied Raman spectroscopy to follow the development of
sulfuric acid films on silica aerosol, whilst Tang et al.44 studied
the heterogeneous reaction of N2O5 on silica particles. Film de-
velopment on atmospheric aerosols has previously been studied
through application of optical trapping techniques,26,27,46. For
example, Jones et al.25 determined the refractive index change
as a film of oleic acid developed on a silica aerosol. Organic coat-
ings of liquid core particles with a mixture of organic materials
(from the oxidation of α-pinene) have also been studied47–51.
Other studies have focused on the deliberate injection of par-
ticles into the stratosphere as a method of combating climate
change10,21,52–54. It is reported that the injection of particles with
a large refractive index may greatly increase the amount of solar
radiation reflected back to space. Sulfates released into the strato-
sphere (and which later convert into sulfuric acid55) have been
suggested as a material to purposefully implant into the strato-
sphere56. However, very little attention has been given to the mi-
crophysical interactions between the perturbing material and the
ambient stratospheric aerosol layer. Owing to the composition
and size of the acid aerosols52, sulfuric acid does not have the
desirable characteristics of a highly reflective aerosol and there-
fore recent studies have begun to explore other, non-sulfate pos-
sibilities such as silica or titania27,52. Understanding how a thin
film of sulfuric acid alters the scattering properties of the mineral
aerosol is crucial to estimate how effective mineral aerosols are
at scattering solar radiation.

2 Experimental
To investigate the light scattering from a sulfuric acid film
of varying thickness upon a mineral aerosol, single mineral
aerosols were optically levitated using vertically aligned, counter-
propagating laser beams57–60. The counter-propagating laser
beams provided a contact free method of levitating aerosols, al-
lowing a replication of airborne processes with the correct aerosol
morphology. Mie theory was applied to the backscattered spec-
trum to determine aerosol radius and refractive index using the
relationship between wavelength and refractive index expressed
in the Cauchy equation61:

n = A+
B

λ 2 +
C
λ 4 (1)

where the unknown parameters can be determined as a func-
tion of wavelength. Within the Cauchy equation, n is the refrac-
tive index, λ is wavelength and A, B and C are the Cauchy coeffi-
cients. To study core-shell systems, it was important to study the
core and shell material separately at the beginning of the study.
The application of Mie theory allowed the refractive index of sul-
furic acid aerosols and the refractive index and size of the core
mineral aerosol to be determined prior to formation of a core-
shell system. Afterwards, a film of sulfuric acid could be formed
on the silica aerosol from a mist of sulfuric acid in air generated
from a bulk aqueous sulfuric acid solution. The airborne aque-
ous sulfuric acid aerosols wetted and spread on the core mineral
aerosol. Backscattered white light was recorded as a function of
wavelength to produce a Mie spectra. Mie spectra were continu-
ously collected whilst sulfuric acid aerosols collided with the silica
aerosol; the experimental Mie spectra were then simulated allow-
ing the refractive index, radius and film thickness of the core-shell
system to be characterised. For the purpose of the study, silica was
used as a proxy-mineral aerosol.

2.1 Sulfuric Acid and Silica Aerosol

VWR Chemicals supplied aqueous sulfuric acid as a 50% w/w
solution. Dilutions were made by weight using water with con-
ductivity below 18 MΩ cm−1. Spherical silica beads were sourced
from Bangs Laboratories Inc., product number SS04N, lot num-
ber 7920. The beads are reported as non-porous with a reported
density of 2 g cm−3 and a radius of approximately 1.035 µm. To
determine the refractive index and radius of a trapped aerosol
Mie spectroscopy requires the shape of the aerosol to be accu-
rately known, and thus use of mineral aerosol samples extracted
from the atmosphere was not possible. Additionally, Bangs Labo-
ratories Inc. supplied polystyrene beads: product number PS04N,
lot number 12487. The polystyrene beads had a density of
1.04−1.15 g cm−3 and a radius of approximately 1.04 µm.

2.2 Aerosol Generation

An ultrasonic nebuliser (aerosonic travel ultrasonic nebuliser) de-
livered sulfuric acid aerosols to the sample cell. The radius of the
trapped aqueous sulfuric acid aerosol varied from 0.1 µm to over
5 µm. Aerosols in the range 1.4 to 2.0 µm were used for Mie scat-
tering studies. An atomiser (Topas, ATM 220) with diffusion dryer
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Fig. 1 Measured and simulated Mie spectra for optically trapped sulfuric
acid aerosols, each of the six spectra represent a sulfuric acid aerosol
that originates from a different concentration bulk aqueous sulfuric acid
solution. Simulated Mie spectra for each experimental Mie spectra are
additionally shown. The displayed spectra are offset to provide a clear
depiction of the spectra.

(Topas, DDU 570/L) was used to deliver silica and polystyrene to
the sample cell from aqueous suspensions. Prior to atomisation,
the silica or polystyrene beads were dispersed in water at a con-
centration of 2 % w/w.

2.3 Optical Trapping

A 1064 nm, continuous wave Nd:YAG laser beam (Ventus, Laser
Quantum) was split into two paths. The beams were delivered,
via beam expansion optics, to two opposing microscope objective
lenses (Mitutoyo NIR ×50, NA 0.42) that focused the two beams
to form an optical trap63. A piezo-stage (Physik-Instrumente)
was used to control the x, y and z positions on the upper laser
beam pathway allowing accurate alignment of the focused beams.
The power of the laser beam at the point of focus was set to
10 mW for the upward propagating beam and 15 mW for the
downwards propagating beam. A simplified schematic of the
optical trapping equipment is depicted in Jones et al.58 Optical
trapping techniques have recently been reviewed64. A custom-
made aluminium sample cell was used as a chamber to trap the
aerosols. The cell had two-quarter inch fittings to allow entry
of the aerosols and to provide an exhaust path. Windows at the
top and bottom allowed the laser beam to enter the cell. Bright-
field illumination was configured along the same axis using the
lower microscope objective for imaging, with an optical filter to
attenuate the laser wavelength. The radius of the trapped aerosol
was estimated from images with a resolution of 0.5 µm to pro-
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Fig. 2 Experimental (red diamond) refractive index of trapped sulfuric
acid aerosols as a function of wavelength are compared to literature val-
ues for aqueous sulfuric acid solutions that have different mass ratios of
sulfuric acid to water at a temperature of 21◦C62.

vide a coarse starting value for aerosol size when modelling the
Mie light scattering with wavelength. Brightfield sources were
isolated whilst a spectrum was acquired. Brightfield microscopy
allowed imaging of aerosols and the surface. By raising the cover
slip the trapped aerosol particle could be placed in a clean loca-
tion to permit inspection. The deposited aerosol was imaged to
validate that a silica bead, surrounded by liquid formed the final
aerosol

2.4 Acquisitions and Modelling of Mie Spectra
A white-light LED was focussed on the trapped aerosol and the
elastic, backscattered light collected using the microscope objec-
tive; the light was then dispersed by a spectrometer onto a charge-
coupled device detector (Princeton Instrument Spec 10:400 BR),
which recorded light intensity as a function of wavelength. Typi-
cally a 600 line mm−1 grating dispersed the collected light across
a wavelength range of 520 to 600 nm with a resolution of 0.06
nm per pixel as shown in figure 1. Henceforth, in the study pre-
sented, the spectrum of the intensity of backscattered light ver-
sus wavelength will be called a Mie spectrum. An argon pen-ray
lamp was used for the wavelength calibration of the spectrome-
ter. To determine the refractive index and radius of the trapped
aerosol, the experimental Mie spectrum was compared to a calcu-
lated Mie spectrum produced through application of Mie theory
based on Bohren and Huffman65; the radius and refractive in-
dex was varied until a global minimum was determined with the
least squares fitting residual between experimental and theoret-
ical peak positions58,66. Additionally, core-shell Mie theory67,68
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Table 1 The mass ratio of sulfuric acid aerosols increased upon trapping, as determined by Mie theory. A, B and C are the Cauchy coefficients from
Equation 1.
Bulk Sulfuric Acid Sulfuric Acid droplet
Concentration Radius Concentration Refractive Index (589 nm) A B C
/ % w/w /µm / % w/w /nm2 /nm4

5 1.349±0.006 56 1.402±0.007 1.395 2425 1.0×107

10 1.459±0.006 50 1.395±0.007 1.386 3105 7.9×105

10 1.709±0.006 43 1.385±0.007 1.376 3237 7.4×106

10 1.733±0.006 52 1.400±0.007 1.393 2210 3.0×106

15 1.605±0.006 52 1.396±0.007 1.394 425 8.5×107

20 1.785±0.006 48 1.392±0.007 1.384 2750 8.0×107
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Fig. 3 Mie spectra showing how the Mie scattering of silica aerosol alters
upon growth of a film of sulfuric acid. Core-shell Mie theory was applied
to determine thickness of the developing shell, the Mie theory simulations
are depicted with blue, dashed lines. Seven collisions are depicted: the
first collision formed a film of sulfuric acid on the silica of thickness
0.262 µm, whilst the subsequent collisions thickened the film further to
a total film thicknesses of 0.287,0.321,0.337,0.369,0.824 µm

was applied to calculate the Mie spectra of the core-shell silica-
sulfuric acid aerosol; the calculated spectra simulated a series of
sulfuric acid films of known thickness on a silica aerosol of known
radius and refractive index. The calculated Mie spectra were then
compared to experimentally collected core-shell Mie spectra to
determine the thickness of the acid film. Further advances in the
efficient modelling of core-shell Mie modelling can be found else-
where69,70.

3 Results and Disscussion

3.1 Sulfuric Acid

The optical properties of aqueous sulfuric acid has been charac-
terised for a range of sulfuric acid concentrations: Remsburg et
al.71 studied aqueous sulfuric acid in the concentration range 75
to 90 % w/w, whilst Palmer and Williams72 studied the concen-
tration range 25 to 95.6 % w/w. In more recent years, studies
have begun to determine the optical properties of sulfuric acid
experiencing stratospheric-like conditions, for example Tisdale et
al.73, Niedziela et al.74 and Lund-Myhre et al.75 studied the ef-
fect of temperature upon the optical properties of sulfuric acid
droplets, whilst Wagner et al.76 investigated the change in re-
fractive index as a sulfuric acid system was supercooled. In the
study presented here, precursory experiments to determine the
optical properties, and hence concentration of optically trapped
aqueous sulfuric acid aerosols was paramount for calculation of
core-shell silica-sulfuric acid systems; the refractive index of op-
tically trapped sulfuric acid was required to create accurate sim-
ulations of core-shell silica-sulfuric acid aerosol. Bulk aqueous
solutions with the concentrations of 5, 10, 15 or 20 % w/w were
prepared and nebulised separately to deliver aerosols to the op-
tical trap.77 The Mie spectrum for each aerosol was obtained:
Figure 2 depicts the experimental and calculated Mie spectra for
the aqueous sulfuric acid aerosols for each initial concentration.
The refractive index and radius of the optically trapped aerosols
are summarised in Table 1. The refractive index can be deter-
mined with a precision of 0.007, whilst the radius of the aerosol
was determined to ±0.003µm. Figure 2 compares the refractive
index dispersion for the optically trapped sulfuric acid aerosols
to literature refractive index dispersions for bulk aqueous sulfuric
acid solutions of known mass ratio78. The refractive index for
experimental sulfuric acid aerosols lie at a refractive index of ap-
proximately 1.395±0.007 at 589 nm, which corresponds to a mass
ratio of 50±4 % w/w. The mass ratio of sulfuric acid to water of
the optically trapped aerosols has increased upon trapping; water
has evaporated. The relationship between sulfuric acid concen-
tration and the surrounding environment was demonstrated by
Mund and Zellner79, in particular showing a dependence on the
local relative humidity and temperature of the surrounding envi-
ronment. The relative humidity of the laboratory was measured
between 30 and 35 percent during these experiments, which is
commensurate with an equilibrium of 50 to 53 % w/w sulfuric
acid80. The sulfuric acid to water ratio is controlled by local rela-
tive humidity, and this is refined by the microenvironment of the
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Fig. 4 Graphs depicting (a) the Mie-theory simulated spectra for sulfuric
acid film development on the experimental obtained Mie spectrum for
pure polystyrene and (b) the experimentally obtained Mie spectra for the
growth of a film of sulfuric acid on polystyrene.

aerosol. For all experiments hereafter, it is assumed that nebu-
lised sulfuric acid aerosols will equilibrate with the surrounding
environment to reach a concentration of 50 % w/w with a re-
fractive index of 1.395±0.007 at 589 nm; the assumed refractive
index will be used in calculations of core-shell silica-sulfuric acid
aerosol.

3.2 Silica Aerosol
Simulation of Mie spectra for core-shell aerosols requires the size
and refractive index of the core aerosol to be measured first. The

silica Mie spectrum depicted in Figure 3 is typical of mineral
aerosol.

Eighteen separate silica beads were individually optically
trapped and gave an average and standard deviation radius of
0.958± 0.005µm, whilst the refractive index was measured as
1.383± 0.018 at 589 nm. The variation in values of refrac-
tive index with wavelength were calculated to be 1.374± 0.018,
2763±483 nm2 and 1×108 nm4 for A, B and C respectively as de-
fined in Equation 1. The measured values of refractive index for
silica is notably lower than published values, for example 1.458
at 589 nm was determined by Malitson et al.78. Variation in re-
fractive index for different silica samples could be attributed to
the mass density of silica.25 The density determined by the man-
ufacturers and our own densitometer measurements is also lower
than bulk silica. Previously low refractive index values of silica
beads has been attributed to particle porosity as demonstrated by
Tisdale et al.81 who measured the refractive index for silica beads
to range from 1.38 to 1.42; increased porosity would reduce the
density of the bead.

3.3 Sulfuric Acid Film Growth on Silica Aerosol

Mie spectra of the optically trapped aerosol were obtained
throughout the collision of sulfuric acid with silica aerosol. Fig-
ure 3 depicts the Mie light scattering spectra during growth of a
film of sulfuric acid upon the silica. The film thickness of the sul-
furic acid film was calculated by assuming a constant silica core
surrounded by a shell of increasing thickness with the refractive
index of a 50 % w/w aqueous sulfuric acid solution. After the first
collision, the thickness of the acid film was 0.262± 0.0003 µm,
requiring a sulfuric acid aerosol with a volume of 4.097 µm3 to
collide with the silica aerosol. After the second collision the film
was 0.287± 0.0003 µm thick; to develop the film a second sul-
furic acid aerosol with a volume of 0.496 µm3 collided with the
silica aerosol. To determine whether the film of sulfuric acid al-
ters the light scattering properties of the core silica aerosol, the
Mie scattering properties of the core-shell aerosol were compared
with those of pure sulfuric acid.The product of the first collision
had a radius of 1.244±0.0003 µm, and has a similar Mie spectrum
to a sulfuric acid aerosol with a larger radius of 1.246 µm. The
product aerosol particles from the second and all of the subse-
quent collisions had Mie spectra similar to that of a pure homoge-
nous aerosol particle with the same radius as a core-shell aerosol
within error. Therefore, we infer that when a micron-sized sul-
furic acid aerosol collides with an optically trapped silica aerosol
the resultant core-shell aerosol will begin to resemble a sulfuric
acid aerosol of the same diameter as the shell becomes thicker.

3.4 Sulfuric Acid Film Growth on Polystyrene Aerosol

As further evidence for demonstrating the sensitivity of the tech-
nique to core-shell aerosol formation, a system unlikely to form a
core-shell system was chosen. Hydrophobic polystyrene aerosols
were trapped and the collision of aqueous sulfuric acid with the
polystyrene followed with Mie spectroscopy. Figure 4a depicts
calculated core-shell Mie spectra as a film of sulfuric acid develops
on a polystyrene aerosol; the simulation shows an increase in the
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number of resonances as the film thickens. Contrastingly, the ex-
perimental results depicted in Figure 4b demonstrate a loss of res-
onances as the sulfuric acid collided with the polystyrene aerosol.
The contrast in Mie spectra shown in Figures 4a and 4b indicate
that sulfuric acid and polystyrene do not form a core-shell geome-
try. Owing to the contrast in hydrophobic and hydrophilic nature
of polystyrene and aqueous sulfuric acid, the condensation prod-
uct may represent a partially engulfed system.47,82Phase separa-
tion between contrasting liquids in aerosols has been extensively
studied83–86. In particular, Reid et al.82 investigated the mor-
phology of mixed phase systems through application of optical
trapping techniques; concentrating on compounds containing hy-
drophobic and hydrophilic domains demonstrated that systems
containing partitioning constituents do not always form core-shell
morphology.

3.3

3.1

2.9

2.7

2.5

2.3

2.1

1.9

Q
Sc

at
te

r

2.42.01.61.20.80.4

Radius / µm

 Sulfuric acid shell on silica core
 Pure sulfuric acid 
 Pure silica 

Fig. 5 The scattering efficiency of a silica, a sulfuric acid and core-
shell silica-sulfuric acid aerosol particle as a function of median aerosol
diameter. Qscatter is calculated over a log-normal size distribution with a
geometric standard deviation of 1.5. When the shell upon a 0.8 µm core
aerosol is 0.75 µm thick, the optical properties resemble the sulfuric acid
shell. The wavelength of light is 532 nm.

3.5 Stratospheric Implications

Owing to the relative abundance of sulfuric acid aerosols resid-
ing in the stratospheric aerosol layer12–14, the consequences of
the collision of sulfuric acid aerosols with solid aerosols is highly
relevant to understanding the optical scattering efficiency of the
stratosphere. The difference in optical properties of a coated
aerosol in comparison to an uncoated sphere has drawn signif-
icant attention in recent years25,87–91: in particular Kahnert et
al.89 has modelled the encapsulation of aggregates by a sulfate
film whilst Soewono and Rogak88 and Wu et al.90have explored
the effect of a sulfate film on a soot particle.

As demonstrated in the study presented, sulfuric acid collides
with a silica aerosol, and then wets and spreads over the surface

of the silica aerosol to form a symmetrical core-shell aerosol. Lab-
oratory experiments, at room temperature and pressure, demon-
strated that the light scattering properties of the core-shell aerosol
system moved rapidly away from the mineral aerosol, and be-
gan to represent the Mie spectra of a pure aqueous sulfuric acid
aerosol. Assuming similar behaviour at the lower temperatures
and pressures of the stratosphere the scattering efficiency of a
typical stratospheric silica aerosol was calculated as a function of
sulfuric acid film thickness. In the calculation a refractive index of
1.55-0.002i to represent the silica aerosol24, 1.44-0i to represent
sulfuric acid62,72 and 0.80 µm as the median core diameter23,24

for a log-normally distributed silica particle size distribution with
a geometric standard deviation of 1.5. The shell thickness was in-
creased in 0.03 µm increments until the total diameter of the core-
shell system had reached 4.80 µm. The results are compared to
the scattering efficiency of a pure sulfuric acid aerosol with the re-
fractive index of 1.44-0i and a pure silica aerosol with the refrac-
tive index of 1.55-0.002i in Figure 5. All refractive index values
are taken at a wavelength of 532 nm. Figure 5 demonstrates that
the structure of the scattering efficiency of the core-shell aerosol
begin to represent the shell sulfuric acid quickly; similar results
were determined with the laboratory results. As explained in sec-
tion 3.3, Mie spectra of optically trapped core-shell aerosol rep-
resented the Mie spectra of pure aqueous sulfuric acid when the
film of the aqueous sulfuric acid becomes thicker. Additionally,
Figure 5 depicts the structure and intensity of the scattering effi-
ciency for the core-shell system and sulfuric acid aligning once a
film 0.75 µm thick had developed. Consequently, the formation
and resultant optical properties of core-shell aerosols ought to be
carefully considered in future modelling of stratospheric aerosols.

4 Conclusions
The study presented here demonstrates that sulfuric acid success-
fully forms a core-shell geometry aerosol upon collision with sil-
ica. Through application of optical trapping techniques along-
side Mie spectroscopy, it was observed that when a sulfuric acid
aerosol collides with a silica aerosol, the system would begin to
resemble a sulfuric acid aerosol of similar diameter to the com-
bined aerosol. Secondly, the study experimentally demonstrates
that mineral aerosol emitted to the stratosphere will soon adopt
the light scattering patterns associated with a pure sulfuric acid
aerosol. The implication of the study to stratospheric science is
that hydrophilic stratospheric mineral aerosol will rapidly resem-
ble the optical properties of sulfuric acid through natural collision
processes and the formation of core-shell morphology.
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6.A. APPENDIX 115

6.A Appendix

To keep the paper in this thesis consistent with the published version, the
following appendix includes information and clarifications that were re-
quested by the examiners after the paper had been accepted for publica-
tion.

Density measurements

It is stated in section 3.2 that measured density values of the silica beads
used in this study were lower than that of literature values for the density
of bulk silica. The density value measured for this silica, using an Anton
Parr densitometer, was 1.96 g/cm3 and literature values for the density
of bulk silica are between 2.2 and 2.65 g/cm3, meaning the density of the
silica beads used had a density value between 0.24 and 0.69 g/cm3 lower
than that of bulk silica.

Non-uniform increase in shell thickness

There were seven collisions of sulfuric acid with the silica particle, each
one increasing the thickness of the sulfuric acid shell. The first collision
formed a film of sulfuric acid on the silica of thickness 0.262 µm, whilst
the subsequent collisions thickened the film further to film thicknesses
of 0.287, 0.321, 0.337, 0.369, 0.824 µm. This non-uniform increase in shell
thickness is believed to be due to the randomness of the volume of the
sulfuric acid droplets being released into the trapping chamber- some are
much larger than others, and will therefore increase the shell volume by a
much larger amount.





Chapter 7

Discussion and conclusion

The scattering of light by atmospheric aerosol is the largest cause of uncer-
tainty in climate modelling. The aim of the work carried out in this thesis
is to provide new methods and information that could be used to reduce
this uncertainty in a number of ways. Optical trapping, Mie spectroscopy
and computational modeling of Mie spectra were all used to achieve this
aim.

The first way in which this work could improve our understanding of
atmospheric aerosol is by providing information for increased accuracy of
aerosol measurements, both in field experiments using instruments such
as nephelometers, and in lab experiments using Mie scattering to study
single particles. Polystyrene and silica beads are both commonly used
as test aerosol for the calibration of aerosol measuring instrumentation.
It has been demonstrated in papers 1 and 2 in this thesis that there are
factors affecting the accuracy of these particles as test aerosol which are
generally not considered, leading to potential errors in measurements. In
paper 1 it is shown that the refractive index of polystyrene beads is de-
pendent on temperature. When taking aerosol measurements in climates
above room temperature, the temperature of the polystyrene test aerosol
should be considered to avoid error. A simple formula has been provided
in paper 1 which can be used to easily determine the refractive index of
polystyrene beads at a given temperature and wavelength. This formula
has been used by Piszko et al. [114] to study bubble growth processes dur-
ing foaming of thermoplastic polymers. The inclusion of the temperature
dependence of the refractive index of polystyrene allowed Piszko et al. to
achieve more accurate results. In paper 2 information on the size and re-
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fractive index values of commercially available silica beads is provided. It
is determined in this paper that across the 4 brands studied there is a wide
range of values of refractive index ranging from 1.35 – 1.46. This means
that when silica beads are used as test aerosol for calibration of equipment
there is potentially a very large error in the assumed refractive index of
up to 0.11. It is demonstrated in this paper that an error of 0.11 in refrac-
tive index could lead to an error in size measurements by a nephelometer
of up to 20%. This paper will alert anyone who uses silica beads to use
caution when assuming the refractive index of silica beads, and will also
provide guidance on which brands produce beads with the most reliable
size and refractive index values. For this study it would have been ad-
vantageous to have been able to include a larger sample size from each
of the brands, however the sample size used was sufficient to show the
variation in refractive index values of different silica beads, to determine
how accurate the quoted values of each were, and to compare the spread
of values amongst the different brands. As the brands that produce the
silica beads do not share the exact details of their manufacturing process,
it is not possible to know exactly why each of the samples had different re-
sults of size and refractive index. It would perhaps be useful to determine
the specific details of the Stöber processes which produce silica beads of
specific refractive indices for future development of reliable silica beads.

A method has been described in paper 1 for studying airborne particles
at high temperatures (20−240 ◦C). Other available methods of determin-
ing the temperature dependence of the refractive index of particles require
them to be suspended in a liquid medium, thus this method can therefore
only be used on solid particles. The method described in paper 1 could be
used on solid or liquid atmospheric aerosol proxies to gain an understand-
ing of the effect of high temperatures on the chemistry of airborne aerosol
particles produced at high temperatures for example from wildfires, vol-
canoes etc.

Along with the method described in paper 3 for the study of real atmo-
spheric samples, the effect of high temperatures could also be studied by
heating real atmospheric samples. This could provide valuable insight into
the effects of aerosol produced during events such as wildfires or volcanic
eruptions. Higher temperatures than 240 ◦C could potentially be reached
with improved insulation on the heating cell. This method could also be
used to determine the temperature dependence of the refractive index of
silica beads to add to the information provided in paper 2 for the calibra-
tion of equipment using silica particles.
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The temperature in the troposphere, which contains almost all atmo-
spheric aerosol, ranges from -60−20 ◦C [1]. Therefore for atmospherically
realistic temperature variation on atmospheric aerosol, it would be benefi-
cial to cool the cell to study aerosol at low temperatures as well. Cooling
the cell could potentially be achieved using Peltier cooling, where a DC
current is applied across two semiconductors causing a temperature vari-
ation where one side gets hotter and the other goes below room tempera-
ture. A heat sink keeps the hotter side at ambient temperature while the
cold side is used for cooling [115]. Cooling the cell would also allow for the
expansion of our results for the refractive index of polystyrene as a func-
tion of temperature, to below room temperature. The trapping cell would
likely need improved insulation for cooling experiments to be possible.

Although the laser will have a small heating effect on the particle, it is
negligible compared with the changes in temperature studied using this
method. The heating caused by an optical trap will depend on the laser
power and the medium of the specific trap, although the general rule is
that the particle will experience 1.45 ◦C of heating per every 100 mW of
laser power for a 1064 nm laser [116, 117]. The laser power used to study
the temperature dependence of the refractive index of polystyrene was
15 mW and 10 mW for the top and bottom beams respectively, meaning
heating of ∼0.36 ◦C would be experienced by the particle. This also ap-
plies to all other optical trapping experiments carried out in this thesis,
meaning that the particles will remain at room temperature and heating
by the laser does not need to be taken into consideration.

Another effect that could be caused by the laser when using optical
trapping is deformation of the particle. This effect is also dependent on pa-
rameters such as medium, laser power and particle size. Counter-propagating
optical traps certainly have the potential to deform aerosol particles and
are intentionally used for this purpose in ‘optical stretching’ experiments,
for example in a study by Lim et al. [118, 119] to study the stretching of
red blood cell membranes. However at the laser power used in all exper-
iments in this thesis the deformation of the particles by the laser will be
negligible. A study by Rafferty et al. [120] showed a 5 µm NaCl droplet
to be deformed by 4 nm (0.08%) under a laser power of 1 W. Assuming
a linear relationship between percentage deformation and laser power, a
typical 2 µm particle studied in this thesis would experience deformation
of 1.6 nm (0.08%) at a laser power of 1 W and 0.056 nm (0.0028%) at the
0.035 W laser power typically used.
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For the analysis of all aerosol studied in this thesis, a program has been
written which can determine the size and wavelength-dependent refrac-
tive index of aerosol particles from their Mie spectrum. This program has
improved upon the previous method of Mie spectrum analysis by increas-
ing efficiency in two major ways: automation and performance. The au-
tomation of the process means that once all the parameters have been set,
the code can be left to fit a batch of spectra for long periods of time, includ-
ing overnight, with no manual effort required. This feature was utilised in
papers 1 and 3 as large batches of spectra needed to be analysed when
studying the effects of temperature change and oxidation on aerosol parti-
cles, over long periods of time. Parallelisation was used to allow multiple
theoretical spectra to be generated at once, hugely increasing the speed
of the fitting process. This increased the speed compared with previous
methods so much so that it allowed for the film thickness and wavelength-
dependent refractive index of thin films of organic material on aerosol par-
ticles to be determined simultaneously- which was not feasible with previ-
ous methods, as it would have taken too much time and a huge amount of
manual effort to produce all of the required theoretical spectra and com-
pare them by eye. This means that thin films of unknown refractive index
on core-shell particles can be studied using this method. As discussed in
section 2.6 core-shell spectra are much less sensitive to changes in refrac-
tive index than homogeneous spectra, particularly for core-shell particles
with thin films (<10 nm). Therefore, the second step in the homogeneous
program, the Cauchy fitting step, is not able to be used in the core-shell fit-
ting program as it is not possible to determine the wavelength-dependant
refractive index to the precision required for Cauchy fitting, at the refrac-
tive indices and shell thicknesses studied. It could potentially be possible
to incorportate this step for much thicker shells.

The potential precision of the results obtained by the program for both
homogeneous and core-shell particles is dependent on the number and
shape of the Mie resonances (peaks) present in the experimental spectrum
being studied. More, sharper peaks will generally allow for a better fit
with a lower average peak difference in the grid-scan step and a better
Cauchy fit in the second step. In paper 1 the Mie spectra produced by the
polystyrene beads had many sharp peaks and were ideal examples to first
test the program on, and therefore had relatively low uncertainty values
of 0.0014 in refractive index and 0.8 nm in radius. In paper 2 some of the
silica samples, for example the Corpuscular sample had many sharp peaks
and were able to be fitted to a much higher precision than others, such as
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the Bangs sample, many of which only had 4-5 broad peaks. Although the
Corpuscular silica beads had a similar number of peaks to the polystyrene
beads, as the peaks were much broader the calculated uncertainty values
for the Corpuscular beads of 0.0022 in refractive index and 1.2 nm in ra-
dius, were higher than those for the polystyrene beads, highlighting that
both number and shape of peaks are important factors.

A graphical user interface is currently being developed to combine both
programs in a much more user-friendly format. The program can then be
documented and published online for others in the field to use.

In papers 3 and 4 the morphology of two atmospherically realistic two-
phase aerosol particles has been shown to be core-shell. When modelling
the scattering of light by sulfuric acid and organic aerosol in the presence
of solid mineral aerosol particles, it has been demonstrated that core-shell
morphology can be assumed as a first order approximation. Silica beads
with the closest refractive index to that of natural silica were able to be cho-
sen for the core based on the results from paper 2. The two-phase particles
were assumed to be symmetrical with an even coating of sulfuric acid on
the silica core. Modelling of an uneven surface or non-spherical particle
was not possible with the computational model available, although the
Mie resonances remaining in the Mie spectra when the sulfuric acid was
deposited, implies spherical symmetry. Sulfuric acid was also deposited
onto polystyrene beads for comparison. When the sulfuric acid collided
with the polystyrene particle the Mie resonances in the Mie spectrum dis-
appeared, implying a lack of spherical symmetry, meaning it is likely to
have formed a partially-engulfed two-phase particle.

It would have been ideal to confirm this morphology, but it was not
possible within this project to model the two-phase polystyrene-sulfuric
acid particles as partially-engulfed with the computational models avail-
able. There are two computational methods available for modelling the
Mie spectra of multi-phase non-spherical particles, the ‘T-matrix’ method,
also known as null field method [121, 122, 123] and the Direct Dipole Ap-
proximation method for which the software is named ‘DDSCAT’ [124].
There are multiple implementations of both of these programs in multi-
ple languages available online. An attempt was made within this project to
carry out a fitting procedure using the T-matrix method on the polystyrene/sulfuric
acid two-phase particles to confirm a partially-engulfed morphology. How-
ever, after ∼ 6 months of effort trying to recreate the spectra it was deter-
mined that it would not be feasible with this model due to the enormous



122 CHAPTER 7. DISCUSSION AND CONCLUSION

quantity of potential shapes that would need to be considered, the huge in-
crease in computational power required to model non-spherical particles,
and limitations within the particular implementation of the model used.
An attempt was not made to model the particles using DDSCAT as it is
primarily designed for modeling forward-scattering of light, and we are
studying the back-scatter of light. It was also immediately apparent that it
would require an extreme amount of computational power which would
not have been easily accessed within the timescale available.

Future studies hoping to model non-spherical two-phase particles should
work with a particle system with a predictable morphology, or perhaps in
conjunction with other methods of imaging to give an idea of the particles
morphology before attempting to model it. To replicate the fitting method
used for spherical homogeneous and core-shell particles in this thesis, for
non-spherical particles, it would have to be carried out on a supercom-
puter to obtain results within a reasonable time. In future studies different
models could also be used to confirm that the shell formed is uniformly
spread across the cores surface, as is assumed in the model used here.

Two-phase particles with core-shell morphology have been previously
studied. However, in paper 3, two phase particle made from real atmo-
spheric samples were shown to adopt core-shell morphology for the first
time. As there was only a limited amount of both organic samples and it
required a large amount of sample being released into the trapping cell to
get a single collision of the organic with the silica, it was only possible to
obtain spectra of 3 two-phase particles for each sample. It was also difficult
to control the amount of collisions, and therefore the volume and thickness
of the shell were largely unknown until after the experiment when the re-
sults were analysed. While the results obtained were enough to clearly
demonstrate the behaviour of thick and thin films of both samples on a
silica core it would have been advantageous to have films of a wider range
of thicknesses for further comparison.

A further result was obtained from paper 3, when the core-shell parti-
cles formed were exposed to ozone. The effect of oxidation on the thick-
ness and refractive index of organic wood-smoke and aged urban aerosol
shells on a mineral silica core were shown. The thickness of the shells
of both samples were found to decrease upon oxidation. However, the
refractive index of the wood-smoke was found to increase, whereas the
refractive index of the aged urban sample did not change upon oxidation.
This shows that different organic aerosol will have a unique reaction to
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oxidation and it is therefore important to study the oxidation of a range
of organic aerosol particles in order to get a complete understanding of
the effect of oxidation on the scattering properties of atmospheric aerosol.
The method used for studying the oxidation of aerosol particles has poten-
tial to be used to study many other oxidation reactions, including those at
elevated temperatures by combining the methods from papers 1 and 3.

All of the work carried out in this thesis has the potential to decrease
the uncertainty in climate modelling introduced by the scattering of light
by atmospheric aerosol. This has been achieved by 1) providing infor-
mation to improve the accuracy of aerosol measurements by instruments
which use silica or polystyrene test aerosol for calibration, 2) Providing a
new method of analysis of Mie spectra, and 3) Two atmospherically realis-
tic two-phase particles have been shown to form a core-shell morphology,
and the effect of oxidation with gas-phase ozone of an organic shell on a
mineral core has been presented. This information can be used to improve
accuracy in climate models, including General Circulation Models (GCM)
which simulate regional climate responses to forcing agents, including at-
mospheric aerosol.

7.1 Future work

There are many further experiments that could be carried out using the
techniques demonstrated in this thesis, and further computational devel-
opments that could be made to improve upon the current data analysis
capabilities demonstrated.

Polystyrene and silica as calibration aerosol

The aim of the work presented in this thesis is to reduce the uncertainty
in the scattering of radiation by atmospheric aerosol. One of the ways this
is achieved is through providing information on the optical properties of
polystyrene and silica particles, as they are commonly used for calibration
of aerosol measuring equipment, such as nephelometers.

It was shown in paper 2 that when silica beads are used as test aerosol
for calibration of equipment the error caused by the uncertainty in refrac-
tive index of commercially available silica beads could lead to an error in
size measurements by a nephelometer of up to 20%. It is believed that
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the variation in silica beads is due to differences in the specific Stöber pro-
cesses used to produce the beads. To better understand this phenomenon
a detailed analysis on the effect of different aspects of the Stöber processes
on the porosity of the silica beads produced should be carried out. This
would allow for the production of more reliable silica beads in the future.

The temperature dependence of the refractive index polystyrene beads
was reported in paper 1, which will allow for temperature to be considered
when using polystyrene test aerosol for calibration of equipment. A simi-
lar study should be carried out on silica beads so the same considerations
can be made for equipment being calibrated with silica.

Further heating and oxidation experiments

In this thesis, methods have been demonstrated for determining the op-
tical properties of airborne particles as a function of temperature, and as
they are being oxidised. There are many experiments which could be car-
ried out using both of these techniques to provide understanding of the
scattering of light by atmospheric aerosol.

The heating method demonstrated could be used to study the effects
of heating solid or liquid atmospheric aerosol proxies, or real atmospheric
aerosol samples. This could provide understanding of the chemistry of
airborne aerosol particles produced at high temperatures for example from
wildfires, volcanoes etc.

Different sources of organic aerosol will have a unique reaction to ox-
idation and it is therefore important to study the oxidation of a range of
organic aerosol particles in order to get a complete understanding of the
effect of oxidation on the scattering properties of atmospheric aerosol. The
method described in paper 3 for studying the oxidation of aerosol particles
could be used to study many other oxidation reactions, including those at
elevated temperatures by combining the methods from papers 1 and 3.

Developments could be made to the heating setup such that the re-
fractive index at temperatures higher than 240 ◦C and lower than room
temperature could be studied. This could be achieved with improved in-
sulation on the heating cell and cooling of the cell.

All the experiments carried out in this thesis only considered scattering
of light in the visible wavelength range. The study of atmospheric aerosol
in the UV wavelength range is an incredibly important area of research,
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and it would be beneficial to extend any of the results presented here into
the UV wavelength range.

Modeling of shaped particles, including partially engulfed

One of the main achievements of this thesis was the development of a
computational method for the analysis of the Mie spectra of aerosol with
core-shell morphology.

In paper 4, partially-engulfed particles were produced from polystyrene
beads and sulfuric acid but it was not possible to confirm this morphology
through computational modeling. There are models which can replicate
the Mie scattering of partially-engulfed particles. However, to adapt these
models into fitting methods similar to those used in this thesis for studying
homogeneous and core-shell particles would require access to a supercom-
puter to obtain results within a reasonable time.

The development of a fitting program for partially-engulfed particles
would be a very useful future development. This could perhaps be car-
ried out simply using very powerful computational resources, or in con-
junction with other methods of imaging to give an idea of the particles
morphology and inform the input to the model.
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