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Statement of Objectives

This thesis aims to conduct single particle investigations of aerosol using a novel
dual-beam optical trapping setup. Specifically, we shall investigate the optical prop-
erties of these particles by quantifying the complex refractive index, which deter-
mines how the particles scatter and absorb light. We also aim to demonstrate the
use of the dual-beam optical trap to measure surface tension at the single particle
level. Finally, we aim to investigate more closely how the optical trap itself works,

by looking at the possible stable trapping positions a particle may occupy.
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Aerosol particles are ubiquitous in the atmosphere, and currently contribute a large
uncertainty to climate models. Part of the endeavour to reduce this uncertainty
takes the form of improving our understanding of aerosol at the microphysical level,
thus enabling chemical and physical processes to be more accurately represented in
larger scale models. In addition to modeling efforts, we are required to develop
new instruments and methodologies to interrogate the physicochemical properties
of aerosol. This work presents the development and application of a powerful new
tool for single particle investigations of aerosol: the dual-beam optical trap. As the
name suggests, this utilises two laser beams as opposed to the more widespread
single-beam implementation of optical tweezers. This thesis demonstrates several
ways that this two-beam configuration can be applied to making measurements on
single aerosol particles. We begin by demonstrating a methodology for the retrieval
of the complex refractive of weakly absorbing aerosol. By increasing the amount
of laser light incident on the particle, we change the amount of energy absorbed
by the particle and thus its surface temperature. This in turn causes the particle to
change size in order to re-establish equilibrium with the surrounding air. By mea-
suring the size change associated with a given change in laser power, we are able to
determine the complex refractive index. We then demonstrate the measurement of
surface tension at the single particle level. The incident laser light creates an optical
stress on the particle surface, which leads the particle to become deformed until the
optical stress is balanced by the particle surface tension. This deformation causes
the optical resonances observed in cavity-enhanced Raman spectra to split into a
series of peaks. By measuring the splitting of the peaks, we are able to measure

nanometre-scale deformations in the particle, and thereby infer the particle surface
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tension. Finally, through a combination of modelling and experiments, we investi-
gate the workings of the dual-beam optical trap more intimately. We discover that
when the focal points of the two laser beams are displaced from one another, con-
trary to what is often assumed, the particle may become trapped away from the
midpoint between the two focal points. Furthermore, when trapped away from the
midpoint, the particle’s trapping position may oscillate both parallel and perpen-
dicular to the trapping-beam axis as it changes in size. We investigate how various
factors affect these oscillations, and demonstrate that by monitoring the oscillations
as the particle changes in size, we can determine the relative positions of the focal
points and the particle. Taken together, these studies represent a useful addition to
the arsenal of techniques at aerosol researchers’ disposal for investigating aerosol at

the single particle level.
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Les particules d’aérosols sont omniprésentes dans 'atmosphere et contribuent
actuellement a une grande incertitude dans les modéles climatiques. Une partie
des efforts pour réduire cette incertitude consiste a améliorer notre compréhension
des aérosols au niveau microphysique, ce qui permet ainsi aux processus chimiques
et physiques d’étre représentés plus précisément dans les modéles a plus grande
échelle. En plus des efforts de modélisation, nous sommes amenés & développer
de nouveaux instruments et méthodologies pour interroger les propriétés physico-
chimiques des aérosols. Ce travail présente le développement et I’application d'un
nouvel outil puissant pour étudier les particules d’aérosols uniques: le piége op-
tique a double faisceau. Comme son nom l'indique, le piege utilise deux faisceaux
laser, contrairement a la mise en ceuvre plus répandue d’un seul faisceau de pinces
optiques. Cette these démontre plusieurs fagons d’appliquer la configuration a deux
faisceaux aux mesures de particules individuelles piégées. Nous commengons par
démontrer une méthodologie pour mesurer 'indice de réfraction complexe d’aérosol
faiblement absorbant. En augmentant l'intensité de la lumiere incidente sur la par-
ticule, la particule absorbe plus d’énergie causant une augmentation de sa tem-
pérature de surface. Cela ameéne a son tour la particule a changer de taille afin
de rétablir 1’équilibre avec 1’air ambiant. En mesurant le changement de taille asso-
cié a un changement de la puissance du laser, nous sommes en mesure de déter-
miner 1'indice de réfraction complexe. Ensuite, nous effectuons des expériences
de tensiométrie au niveau d’une seule particule. La lumiere laser incidente crée
une contrainte optique sur la surface de la particule, ce qui conduit la particule a
se déformer jusqu’a ce que la contrainte optique soit équilibrée par la tension su-
perficielle de la particule. Cette déformation provoque une scission dans les réso-

nances optiques de la particule observée dans le spectre Raman. En mesurant la
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différence des changements de fréquence, nous pouvons mesurer la déformation de
la particule a I’échelle nanométrique, et ainsi déduire sa tension superficielle. Enfin,
nous étudions plus en détail le fonctionnement du piége optique a double faisceau.
Nous découvrons que lorsque les foyers des deux faisceaux laser s’éloignent 1'un
de l'autre, contrairement a ce qui est souvent supposé, la particule peut se retrou-
ver piégée a l'écart du point médian entre les deux foyers. De plus, lorsqu’elle est
piégée loin du point médian, la position de piégeage de la particule peut osciller
a la fois parallelement et perpendiculairement a 1’axe du faisceau de piégeage et
cela en fonction de sa taille. Nous étudions comment divers facteurs affectent ces
oscillations et démontrons qu’en surveillant les oscillations dépendant de la taille,
nous pouvons déterminer les positions relatives entre les points focaux et la partic-
ule. Prises ensemble, ces études représentent un ajout utile a I’arsenal de techniques

disponibles aux chercheurs sur les aérosols au niveau de la particule unique.
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Contribution to Original Knowledge

This thesis contains a number of original scholarly contributions. Chapters 2—4
are all published articles and as such are sufficiently original to be published.

Chapter 2 outlines a novel approach to measuring the complex refractive in-
dex of aerosol particles at the single particle level. Using a dual-beam optical trap,
aerosol particles are heated and the corresponding size change measured in order
to infer the imaginary part of the particle’s refractive index. Whilst the principle of
such measurements has been laid out previously, the approach demonstrated here
greatly expands the range over which measurements can be made. Additionally, we
present a framework for understanding and predicting the phenomenon of thermal
locking.

Chapter 3 describes a unique approach to determining the surface tension of sin-
gle aerosol particles. This technique uses the optical stress exerted on a trapped
aerosol particle to deform it. The splitting of morphology-dependent resonances is
then used to measure the deformation of the particle and determine its surface ten-
sion. The application of this technique to aerosol particles, the method of measuring
the splitting, and the surface tension retrieval are all original work.

Chapter 4 looks at the stable trapping positions available to a particle in a dual-
beam optical trap. It was previously discovered that, in defiance of simple intuition,
the particle is not always trapped midway between the focal points. Our findings
expand on this, demonstrating that the stable trapping position away from the mid-
point between the focal points oscillates as a function of particle radius. The effects
of several factors on these oscillations are investigated, constituting further original
scholarship, and finally a method is outlined by which the relative positions of the

focal points can be determined.
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1 Introduction

1.1 Atmospheric Aerosol

An aerosol is defined as a suspension of particles, either solid or liquid, in a gas.L2

Thus, particulate matter suspended in the air constitutes an aerosol. Such partic-
ulate matter is ubiquitous throughout the atmosphere, with its concentration, size
distribution and composition varying over space and time. >~ Atmospheric aerosol

h®10 and climate, 134

has a number of effects on human healt which depend on such
properties. Exposure to certain aerosol is responsible for millions of deaths each
year. 10712 With regards to climate, the largest uncertainties in current climate mod-
els arise from the direct and indirect effects of aerosol. '3

Aerosol enters the atmosphere in a variety of ways and as such can have a di-
verse range of components.'*1® A collection of particles entering the atmosphere
directly are called primary aerosol, whereas particles which form in the atmosphere
are known as secondary aerosol.>'#1¢17 The major sources of primary aerosol emis-
sion are sea spray, biomass burning, industrial activity and suspension of mineral
dust by wind.!? Secondary aerosol forms through chemical transformation of gases
from both anthropogenic and biogenic sources.?%1415 This diversity of sources

leads to a wide array of compositions.

1.1.1 Composition of Atmospheric Aerosol

It is common to distinguish between the organic and inorganic fractions of atmo-
spheric aerosol, with each fraction then being further subdivided. In the case of the
inorganic fraction, the dominant species are sulfates, nitrates, ammonium and ions
from sea salt.* Sea spray aerosol, also frequently called sea salt aerosol, is emitted in
the form of primary particles from wind and wave action over the oceans.'®2° The
primary component of sea spray aerosol is NaCl, but sea spray aerosol also contains
sulfate, and along with particle emissions from volcanic activity provides a way
for sulfate to enter the atmosphere via primary aerosol.'? Sulfate aerosol can also
be produced by the oxidation of SO,, producing secondary sulfate aerosol.?!221-24
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Similarly, nitrate- and ammonium-containing aerosol also forms from the chem-
istry and gas-particle partitioning of gases in the atmosphere, namely NO, and
NH,,. 221222425

The organic fraction of aerosol is not so well understood as the inorganic fraction,
and is currently the topic of much research. As with the inorganic fraction, organic
aerosol enters the atmosphere as both primary and secondary particles. Primary or-
ganic aerosol consists largely of soot, produced through the burning of fossil fuels or
biomass. #1626 So-called brown carbon (see Sec. 1.1.2 for an expanded discussion)
can also be produced this way.?’~? There is also some organic matter which enters
the atmosphere directly from sea spray aerosol.?%?%3! Secondary organic aerosol
forms from a variety of sources. This produces a wide number of compounds which
condense onto already-existing atmospheric particles.*!> Indeed, it has been esti-
mated that over 10,000 unique organic compounds may exist in the atmosphere.>?
While the formation pathways for each are also unique, there are some common-
alities amongst them. Generally, secondary organic aerosol formation begins with
the emission of volatile organic compounds from either biogenic (e.g. plants and
trees) or anthropogenic (e.g. fossil fuel) sources.*121533 These tend to have a low
oxygen to carbon ratio (O:C) and high vapour pressures, leaving them reluctant to
deposit onto aerosol particles in either the solid or liquid phase. However, gas-phase
reactions with atmospheric oxidants (including O;, NO,, HO® and NH;) or photo-
chemical reactions can gradually increase the O:C ratio, yielding lower volatility
products which more readily condense onto other particles and form secondary or-
ganic aerosol. #1%1532 The type of precursor and oxidant can have a profound effect
on the properties of secondary organic aerosol, for example leading to the forma-
tion of light-absorbing compounds.?’~23%35 Condensation of these lower volatility

products into the aerosol phase can then facilitate further transformations. 17-3336:37

1.1.2 Atmospheric Effects of Aerosol

The diverse array of aerosol compositions gives aerosol diversity in its properties.
Indeed, according to Prather et al., “Field measurements show that nearly every
particle differs in size, physical properties and chemical characteristics”.'® Aerosol
affects the atmosphere in three main ways: by scattering and absorbing radiation,
by altering cloud properties, and through participation in heterogeneous chemical
processes. >33 Scattering and absorption is referred to as the direct effect of aerosol
on climate, whereas the modification of cloud properties is termed the indirect ef-
fect.31129 Chemical processes alter the aerosol- and gas-phase compositions of the
atmosphere, thereby changing both the aerosol direct and indirect effects. Currently,
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aerosol is thought to contribute a net negative radiative forcing, meaning it acts to
cool the planet.3!?> However, because our understanding of both the direct and in-
direct effects is limited, the error on the value of the radiative forcing attributed to
aerosol is comparable to its magnitude. 13383 Here, we shall examine some of atmo-
spheric aerosol’s most important properties and how they contribute to its climatic
effects.

Direct Effects

The optical properties of aerosol describe how an ensemble of particles interacts
with radiation entering the atmosphere from the Sun. This is primarily controlled
by two factors; the size distribution of the particles and their refractive index.>4
Particle shape also plays a role,“*#! but to a lesser degree and is not considered
in detail here. While the particulars of this interaction at the single particle level
will be discussed in detail in Section 1.3, we will now examine the properties of the
ensemble of particles in order to better understand the climatic effects of aerosol, or
specifically the effect of aerosol on the Earth’s energy balance.

Whilst there is no universally adopted definition of the size range for aerosol
particles, it is generally considered to begin between 1-10 nm with an upper limit
in the 10-100 ym range.?%!1121642 The aerosol size distribution is usually further
decomposed into several subdivisions, or modes: the nucleation mode (diameter
<20 nm), the Aitken mode (20-100 nm), the accumulation mode (0.1-2 ym), and the
coarse mode (2-50 um).* The relative concentrations of each affect the scattering of
light markedly, as they span a large range of sizes from the Rayleigh regime (particle
size much smaller than the wavelength of the scattering light) to the Mie regime
(particle size comparable to the wavelength of the scattering light).*® This in turn
affects two of the key parameters in determining the radiative forcing from a layer
of aerosol. The first is the single scattering albedo (SSA):>1%%

Csca
Csca + Cabs '

where Csea and Cypg are the scattering and absorption cross sections of a particle,

SSA = (1.1)

respectively. The second is the upscatter fraction, which is the fraction of light which
is scattered back into space away from the Earth.#*44> Generally, larger particles
scatter more light; however, they also tend to scatter more in the forward direction,
thus reducing the upscatter fraction.*>** The sum of the scattering and absorption
from all the particles then gives the optical depth of the aerosol.>

The key parameter that determines how condensed matter interacts with light is

the refractive index.3 This can be written as a complex number, m = n + ik, where n
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is the real part and k the imaginary part. These can loosely be thought of as the scat-
tering part and the absorbing part of the refractive index, respectively. Both parts
also vary as a function of the wavelength of light, and in order to fully characterise
the interaction between aerosol and solar radiation one must consider scattering and
absorption across the full solar spectrum. It is then clear why m plays such an impor-
tant role in determining the optical properties of aerosol. The relative magnitudes
of n and k influence the relative magnitudes of Csca and Cgpg, in turn determining
the SSA (Eq. 1.1) across the solar spectrum. A method for the determination of the
complex refractive index is demonstrated in Chapter 2.

From the point of view of optical properties, aerosol are commonly categorised
as either absorbing or nonabsorbing.%?’ This classification implies a false dichotomy,
where aerosol particles either do one or the other. In reality, the nonabsorbing frac-
tion will absorb some small amount of light,3#647 and the absorbing fraction will

29,45,48-50 It is

also scatter light. the balance between the two which determines the

climatic effects of aerosol. Aerosol which predominantly scatters leads to a cooling

effect, whereas predominantly absorbing aerosol will lead to heating. 322629

The optical properties of aerosol are closely linked to their composition. 13242747
The inorganic fraction of aerosol can be approximated as nonabsorbing in the visible

wavelength range, 46!

with the exception of mineral dust, which is known to absorb
in the visible range due to the presence of hematite.3*>> The absorbing properties
of organic aerosol, on the other hand, can vary widely. While the majority of sec-
ondary organic aerosol is transparent, there is a significant fraction which does in
fact absorb light in the visible wavelength range.?’3> This can be thought of as con-
sisting of two distinct components; black carbon and brown carbon. Black carbon
consists mostly of primary soot particles which absorb strongly and approximately
uniformly across all visible wavelengths.?*>°2 Brown carbon, on the other hand,
has a noticeable wavelength dependence, absorbing strongly in the near-ultraviolet
range and less so at longer wavelengths, leading to the brown colour which is its
namesake. 28293552

The wavelength dependence of the absorption is commonly characterised by the

mass absorption coefficient (M AC): 293435

A(M)In(10)

MAC =
lc

, (1.2)

where A(A) is the absorbance at a given wavelength, A, [ is the path length through
which light passes, and c is the mass concentration of the absorbing species. This is

often recast into a power law of the form:272°

MAC = KA~44E, (1.3)
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where K is a constant and A AE is the absorption Angstrém exponent. Whilst ideally
AAE would be measured over a continuous wavelength range, experiments often
only determine MAC at 2 to 4 discrete wavelengths and then use Equation 1.3 to
interpolate.?829355253 Larger values of AAE indicate a sharper wavelength depen-
dence, and hence more brown carbon-like behaviour, whereas AAE =~ 1 indicates

27,29,35

black carbon-like behaviour. The MAC can then be related to the imaginary

part of the refractive index by:2>°2

~ MACpA
4

where p is the density of the solution. This equation only holds for bulk solutions;
53,54

k (1.4)

however, a correction exists to convert M AC of a bulk solution to that of aerosol.

The ultimate goal of laboratory measurements and models of aerosol properties
is to be able to predict the properties of an aerosol based on its measured composi-
tion.>#247 In the case of optical properties, this means predicting the extent of ab-
sorption and scattering across the visible and near-visible wavelength range based
on the known constituents. From this perspective there is still much work to be
done. For the inorganic fraction, some parameterizations have been constructed
which can be used to achieve this goal. 47> However, these do not include the ab-
sorbing mineral dust which also falls under the inorganic category. With regards to
the organic fraction, even less progress has been made (excluding black carbon). For
the weakly absorbing fraction, Bain & Preston have proposed the effective oscillator
model, which uses three parameters to determine the real and imaginary parts of the
refractive index across the visible wavelength range.?” Their results suggest that the
parameters for substances with similar functionalities, e.g. dicarboxylic acids, show
very similar optical properties and thus could be treated with a single set of oscilla-
tor parameters. On the brown carbon front, work is not so advanced. While several
broad categories of chemical constituents have been identified, links between these
and the optical properties of brown carbon are not well resolved.?~2°% However,

work to this end has begun. >0

Indirect Effects

The two primary ways in which the indirect effects of aerosol manifest themselves
is through particles acting as either cloud condensation nuclei (CCN) or ice nuclei
(IN) in clouds. '=4122829,3839,57 Iny the case of CCN, aerosol particles act to form lig-
uid droplets, whereas in the case of IN the product is a solid. Both play important
roles in several cloud processes, and act to modify the properties of the cloud as a

whole. #3397 For a fixed water content, a cloud with a larger number of smaller
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droplets will have a higher albedo, scattering more light back into space.?® In cer-
tain environments where little aerosol is available, increasing aerosol concentration
could lead to more or longer-lived clouds.” The height at which clouds form also
impacts climate. The same number of ice nucleating particles are predicted to pro-
duce a cooling effect in lower lying clouds, whereas higher in the atmosphere these
particles will contribute to a net heating from the cloud. 3760

Aerosol particles as cloud condensation nuclei The ability of aerosol particles to
act as CCN is well described by the Kohler equation, which describes the equilib-
rium relative humidity (RH) at the particle surface. In the context of Kohler theory,
this is called the saturation ratio, S: %6164

40 My, ) , (15)

S = aywexp (m
where a,, is the water activity in the droplet, ¢ is the surface tension at the water-
air interface, M,, is the molecular weight of water, R is the gas constant, T is the
droplet surface temperature, pyy is the density of water, and D is the particle diame-
ter. This equation captures two effects on S simultaneously: the Kelvin effect, which
describes the elevation of the vapour pressure at a curved surface relative to a flat
one; and the Raoult effect, which describes the lowering of the saturation vapour
pressure at the surface due to the solute dissolved in the solution.*1261/646> This is

seen more explicitly when the equation is written in the form:*126466
In(S) = % _ %, (1.6)
where:
A= g\j/fgj (1.7)
B = %, (1.8)

and 7 is the number of moles of solute in the droplet. It is common to refer to the
first term in Equation 1.6 as the Kelvin term and the second as the Raoult term. This
gives us some useful insight into the relative importance of each as the droplet size
evolves. The Kelvin term depends only on D!, whereas the Raoult term depends
on D73, Thus, assuming A and B remain constant — as is commonly done — we
expect the Raoult term to dominate at low particle diameters, whereas the Kelvin ef-
tfect will become the main factor at larger diameters. A useful modification to Kéhler

theory, known as x-Kéhler theory, was proposed by Petters and Kreidenweis: %3
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FIGURE 1.1: Sample Kohler curve for a sodium chloride particle with a

dry diameter of 50 nm (green), calculated using equation 1.5, with con-

tributions from the Kelvin and Raoult effects shown in black dashed

lines. The critical radius and supersaturation are indicated by the ver-
tical and horizontal dotted grey lines, respectively.

S = D - Dg exp (m) , (1.9)
D3 —D3(1—x) RTpwD

where Dy is the dry diameter of the particle, i.e. the diameter of a sphere consisting
only of the solute, and « is the hygroscopicity parameter, or simply the hygroscop-
icity. This can be interpreted as the amount of water taken up by a given amount
of solute.%%678 The usefulness of this approach is twofold. Firstly, the growth of
a particle in response to a change in RH can be determined using a single parame-
ter, k. Secondly, the x value for a mixture of solutes can be calculated from a sim-
ple volume-fraction weighting.®35%° The latter potentially allows a simple way to
predict the hygroscopic properties of complex, real aerosol systems from labora-
tory results on single solutes. However, there are suggestions that the framework
needs to be modified somewhat in order to account for RH-dependent hygroscop-
icities. 626870

The primary importance of Kohler theory is that it predicts the supersaturation
threshold for cloud droplet activation to occur. In other words, it predicts the height
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of the barrier over which an aerosol particle must pass in order to become a cloud
droplet. As shown in Fig. 1.1, there is a peak in the equilibrium vapour pressure
as the particle grows, known as the critical supersaturation. The radius at this criti-
cal supersaturation is called the critical radius. If this aerosol particle were to enter
a cloud where the supersaturation were below this critical supersaturation, cloud
droplet activation would not occur, and the particle size would remain below the
critical radius. On the other hand, if the supersaturation in the cloud were to exceed
this critical supersaturation, then the aerosol would undergo cloud droplet activa-
tion and continue to grow beyond the critical radius and — following further cloud
processing — potentially even lead to the formation of precipitation. This demon-
strates the importance of Kohler theory in predicting cloud properties (linked to the
)71

size distribution of particles within the cloud)’" and precipitation formation (linked

to the number of CCN undergoing cloud droplet activation).”?

Aerosol particles as ice nuclei By comparison to cloud droplet formation, ice nu-
cleation is more complex and uncertain. Ice formation in the atmosphere can pro-
ceed by either homogeneous or heterogeneous mechanisms.*!2737¢ Homogeneous
freezing occurs when a liquid droplet freezes, and occurs at or below the homo-
geneous freezing temperature of water (—38°C).1231.6075-81 This mode of freezing
is relatively well understood and parameterized.89%283 The heterogeneous freezing
mechanisms allow the formation of ice at higher temperatures and are crucial to
the formation of ice in mixed-phase clouds.3!6073788485 However, a detailed micro-
physical understanding of these processes which allows representation in cloud and
climate models remains elusive. 60768687

The two most important parameters for predicting ice nucleation are tempera-
ture and saturation ratio with respect to ice.”*76848688 The combination of these two
determines which ice nucleation pathway is dominant. Above the homogeneous
freezing temperature ice nucleation must proceed heterogeneously, with deposition
nucleation (i.e. direct deposition of water vapour onto a nucleus) and immersion
freezing (i.e. nucleation by solid inclusions with a droplet) being the most important
pathways. Their relative importance depends on the system in question. 1874768990
Homogeneous freezing becomes the most important at high saturation ratios and
temperatures at or below the homogeneous freezing temperature. 9768991 Jce nu-
cleation may also proceed by contact nucleation (i.e. freezing induced by an ice
nucleating particle at the interface of a liquid particle) or condensation freezing (i.e.
freezing happening concurrently with liquid water uptake). 127486:9293
Historically, effective IN were thought to share several core characteristics: in-

solubility, relatively large size, the ability to bind water in a similar arrangement



1.1. Atmospheric Aerosol 9

to ice, and the presence of active sites.'>7%8893 The most well-known sources of IN

are mineral dust, biological particles and particles emitted by combustion. -78889394

93,95 93,96

In particular, the dusts kaolinite, montmorillonite,? letovicite, ! feldspars,
illite,88 and Arizona test dust® have all been observed to be IN active. In terms
of biological particles, the specific particles responsible are not always identifiable.
However, IN activity has been identified for multiple fungi and bacteria, % and
marine diatoms.?!74 The IN properties of soot and ash emitted from fossil fuel com-
bustion or biomass burning generally show little activity above the homogeneous
freezing temperature, but this can vary widely depending on the source and tem-

76,88,93 Recent

perature at which the particles were produced and chemical aging.
results also challenge some previous assumptions about the common characteris-
tics of effective IN mentioned above. For example, common CCN materials such as
(NH,),S0,338% and NaCl'® have also been shown to nucleate ice. Additionally,

85,97

dissolved organic matter has also been shown to be able to nucleate ice, as well

as nanoparticles.3!73

1.1.3 Microphysical Properties

While the aerosol contribution to cloud and climate models relies on calculating the
properties of the ensemble of particles which constitute the aerosol, it is becoming
increasingly clear that we must better understand the properties of the individual
particles making up the ensemble. 1511,164298 Agnoted in Sec. 1.1.1, aerosol particles
may contain a wide array of different components. The distribution of those compo-
nents across the particle ensemble is also important. Individual particles within an

aerosol may show considerable diversity in their composition, 11169102

giving each
particle different properties, which in turn manifests itself as a different response
between particles to the same conditions. ! This diversity in composition can be
captured by the mixing state of the aerosol. For equal amounts of the same com-
pounds distributed across a fixed number of particles, the mixing state may range
from internally mixed (all particles contain the same proportions of the same com-
pounds) to externally mixed (all particles contain a single compound, which may
or may not be the same as any other particle). 1% In the atmosphere, neither ex-

100-102

treme occurs. Different distributions of the chemical components may lead

to different physical properties, thus changing the behaviour of the particle ensem-
ble, 1,5,11,99,103,104
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Particle Phase

Itis important to identify the phase state of a particle, in the context of aerosol mean-
ing whether the particle is solid or liquid.%1%:17.99103105106 There are two distinct
phase behaviours which aerosol particles may display. The first is a hysteresis be-
haviour. Beginning with a completely dry crystal at 0% RH, upon increasing the RH
the particle will remain dry until reaching the deliquescence RH (equal to the bulk
solubility limit). At this point the particle will undergo a step change in size due to
water uptake. Further increasing the RH leads to further growth of the particle. If
one were then to decrease the RH back to the deliquescence RH, the particle would
not crystallize. Instead, the particle remains in a metastable supersaturated state
until reaching the efflorescence RH, at which point the particle will crystallize back
to its original dry size. This size remains constant back down to 0% RH.*103106-109
This is the behaviour seen for almost all inorganic salts (with the exception of MgSOy,
which forms a gel)''? and some organic compounds.**!% The supersaturated solu-
tion can be induced to crystallize upon contact with an appropriate seed.!?” Un-
derstanding this behaviour is important, as the size and phase of a particle will be
controlled not only by the RH, but by the RH history of the particle. This will in
turn affect the particle’s optical properties, since solids and liquids scatter light dif-
ferently.

The second phase behaviour which may be displayed by an aerosol particle
is a continuous variation in size in response to RH.101787111-114 This size change
brings with it a marked change in viscosity, meaning the phase state can be bro-
ken down into three regimes: liquid (viscosity <102 Pa-s), semisolid (10>~10'2 Pa-s)
and glassy (>10'2 Pa-s).1737105113115 Gy ch states are predicted to be widespread in
the atmosphere. !9 Many aerosol processes are assumed in models to occur instanta-
neously (or at least on a short timescale relative to others).1%>113 This will only hold
in many cases if mass transport within the aerosol particles is fast. While this is gen-
erally true for inorganics, the presence of organics which form a semisolid or glassy

17,105,111,113,115

state will challenge that assumption. This challenge is supported by

a number of studies. For example, water uptake and gas-particle partitioning and
heterogeneous chemistry has been shown to be delayed by viscous organic materi-
als. 17A0511L113 Vigeous organics have also been shown to suppress the efflorescence

42,116 87,89

of inorganic salts and play a role in determining ice nucleation pathways.

Particle Morphology

The morphology of aerosol particles, that is their shape and the distribution of com-

ponents within the particle, is another key property of aerosol particles. 421177119 Tn
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terms of shape, it is known that soot and mineral dust particles are both irregu-
larly shaped and not well approximated by spheres.!"'?? For liquid particles, the
shape is always spherical and the particle may adopt one of three structures: ho-
mogeneous, core-shell or partially engulfed.*?°010%121-125 When homogeneous, all
constituents of the particle are distributed evenly throughout the particle. In the
core-shell or partially engulfed morphologies, there is a separation between two or
more phases within a single particle. As the name suggests, core-shell means that
one phase forms a shell around the other, whereas in the partially engulfed case
one phase covers only a part of the other’s surface. It is common to assume for
the purposes of cloud and climate models that particles are homogeneous. How-
ever, there is a growing body of evidence to suggest that phase separation, in par-
ticular liquid-liquid phase separation (LLPS), is somewhat common in the atmo-
sphere.31% LLPS has been observed in particles containing both inorganic and or-
ganic material,#2117-119,121124,126 5p]ely organic material,%%127128 and even three lig-
uid phases have been observed in laboratory studies.'?’ One may also observe solid-
liquid phase separation if the inorganic core undergoes efflorescence. 4>10%117,125,129
Phase separation has also been found to depend on particle size, with smaller par-
ticles remaining homogeneous under conditions where larger particles phase sepa-
rate, 130,131

The implications of phase-separated morphologies for aerosol particles are nu-
merous. However, the aspect which has arguably inspired the most interest is the
effect of phase separation on the CCN activity of aerosol particles. LLPS in atmo-
spheric aerosol tends to lead to the formation of an organic-rich shell around a lig-
uid core, accompanied by a reduction in particle surface tension.6/65118124,132,133
As seen in Eq. 1.5, the equilibrium supersaturation at the particle surface depends
on the particle surface tension. Thus, alteration of the surface tension through
LLPS will lead to changes in the growth of the particle as the RH evolves and, per-
haps most importantly, modify the cloud droplet activation barrier. 61/65119,128,132-135
Cloud models typically assume that the surface tension is equal to that of pure wa-
ter (72 mN/m), but recent results suggest that discrepancies between observed and
calculated CCN numbers could be resolved by accounting for surface tension de-

71,72,133

pression. Thus, the modelling of LLPS and consequent surface tension re-

duction has seen both experimental and modeling interest.61/6>71119,132,134,136-139 1, _
deed, Chapter 3 of this thesis represents another experimental contribution to the

investigation of surface tension in aerosol particles. Aside from surface tension

depression, LLPS has also been investigated with regards to water uptake, 40141

37,105 50,124

heterogeneous chemistry, !, gas-particle partitioning,
84,142

optical properties,

and ice nucleation.
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With the complexity of the atmospheric aerosol problem established, we now
turn to methods of addressing the gaps in our existing knowledge, with special at-
tention paid to optical trapping, the method of choice for this thesis. As outlined by
Marsh et al.,”> one may take one of two broad approaches to filling in the gaps in our
current knowledge of aerosol and its climatic effects. The “top-down” approach in-
volves making field measurements and comparing this data with predictions from
large-scale models. This necessarily captures the full complexity of aerosol in the
atmosphere, and provides a useful benchmark against which models can be tested
and improved. However, this approach offers little in the way of fundamental in-
sight into the processes affecting aerosol particles. This is where the “bottom-up”
approach becomes important. Through consideration of simpler model systems,
one may interrogate the microphysical processes affecting aerosol particles. Such
studies in turn provide physical insight which may guide the development of more
accurate models to bridge the gap between current models and field measurements.
A more fundamental understanding of aerosol microphysics can also help evaluate
the best way to approximate such processes for use in larger scale models, wherein
a full treatment of all processes occurring for each particle within the ensemble is
currently intractable. A particularly effective way of interrogating aerosol parti-
cles is through the use of single particle techniques.>!#2 Single particle techniques
overcome the effects of ensemble averaging to allow the determination of particle
properties with a high degree of accuracy. This in turn allows the effects of differ-
ent processes to be quantified accurately. Given the number of remaining mysteries
surrounding aerosol and its properties, there is a need not only to make more single
particle measurements, but also to develop new single particle techniques. As pre-
viously outlined, doing so using optical trapping is the primary focus of this thesis.
With this in mind, we now examine the basic principles of optical trapping and its

various advantages and disadvantages relative to other techniques.

1.2 Optical Trapping

Optical trapping involves the use of light to stably suspend a particle at a given
location in space. While the idea of radiation pressure had been proposed and
demonstrated in the 19 and 20 centuries, it was thought to have no potential
applications as it was a very weak effect.143-146 However, with the invention of
the laser giving rise to a much more intense source of light, it was realised that
radiation pressure could be used to manipulate small objects. 145147149 Optical trap-
ping was first achieved by Arthur Ashkin, who demonstrated the acceleration of
polymer spheres by a single laser beam and then the trapping of said spheres by



1.2. Optical Trapping 13

the addition of a second counterpropagating beam.!#” Ashkin was subsequently
awarded the Nobel Prize in Physics in 2018 for later work which developed this
idea. Since its initial demonstration, the applications of optical trapping have grown
in number substantially. Optical trapping is now widely used in subfields of physics
and biology, manipulating objects from single atoms and molecules to biological
cells, 143-145148,150-152 With regards to aerosol, Ashkin & Dziedzic demonstrated the

153 and some further studies of particles

first optical levitation of a particle in air,
in air were performed in the 80s and 90s, although these remained primarily con-
cerned with topics in physics (note references do not represent an exhaustive list,
merely some examples). 1>4-162

The application of optical trapping to problems of atmospheric aerosol science
really only began in the last two decades. This was aided greatly by Ashkin et
al.’s development of the single-beam gradient force optical trap, which later came

to be known as optical tweezers. 163

Whereas previous implementations of opti-
cal trapping had used a loosely focused laser beam and relied on the balance be-
tween gravity and the optical forces (often referred to as optical levitation), op-
tical tweezers use a tightly focused beam which allows trapping of the particle
with negligible influence from the gravitational force.!#® This affords more stable
trapping than optical levitation. However, due to additional challenges inherent
to trapping particles in air rather than a liquid medium,!¢* the first demonstra-
tion of optical tweezers in air did not occur until just over a decade later, and
even then for glass spheres rather than liquid aerosol particles. !> Since then the
use of optical trapping in aerosol science has expanded and been used to inter-
rogate many of the properties mentioned in Section 1.1, including hygroscopic-
ity, 68166 107,116,167,168 110,114,169

tion,

efflorescence /deliquescence,
118,123,124,170 137,138,171

viscosity, phase separa-

surface tension, 46,47,55,172-174 Re.

and optical properties.
cent years have also seen the development of additional trapping geometries aimed
at specific applications within aerosol science. Examples include: hollow beam traps
used to trap absorbing and irregularly shaped particles,*317>176 Bessel beam traps to

d, 173,177-181

extend the lower size limit on particles which can be characterise mixed-

beam traps to study droplet collisions, 107/116:168 holographic traps to study multiple

137,138,182,183

particles, and dual-beam traps (strictly speaking dual Gaussian beam

traps, however, the Gaussian nature of the beams should be assumed herein unless
otherwise stated). 166,167,184-186

Optical trapping is achieved by manipulating the optical forces on a particle in
order to create a position in which the particle will remain stably. This can be under-
stood fairly simply using ray optics. Optical forces arise from momentum transfer

to the particle from incident photons, which carry momentum, p, according to the
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de Broglie relation, p = h/A, where h is Planck’s constant and A is the wavelength of
light.14>149 For the purposes of the ray optics description, however, it is more con-

143,187,188 where 7 is

venient to consider the momentum carried by aray, p = (nP)/c,
the real part of the refractive index of the medium in which the ray is propagating,
P is the power of the ray, and c is the speed of light. When incident upon the bound-
ary between a particle and the surrounding medium, some of the light will reflect
from the surface and some will undergo refraction and enter the particle. Each pro-
cess results in a force, F, on the particle, F = QnP/c, where Q is the efficiency with
which momentum is transferred to the particle. 44149188189 I the incident light can
be described by a collection of rays, then the total force on the particle is the sum of
the forces from each individual ray.

In order to more intuitively understand the optical forces on a particle compa-
rable to or larger than the wavelength of the trapping light (the Mie regime), it is
useful to borrow some terminology from the forces on a particle much smaller than
the wavelength of light (the Rayleigh regime). In the Rayleigh regime the force on a
particle can be neatly decomposed into two components: the scattering force, which
acts in the direction in which the beam is propagating and is proportional to the
intensity of the light at a given point; and the gradient force, which acts in the direc-
tion of the highest field intensity and is proportional to the gradient of the electric
field at that point.14314%164 Thys, if a Rayleigh particle were placed in a Gaussian
beam (the standard laser beam profile), the scattering force would push the particle
in the direction the beam was propagating, and the gradient force acts to push the
particle towards the centre of the beam (Fig. 1.2a).

When discussing larger particles outside of the Rayleigh regime this distinction
no longer applies; however, to borrow the words of Cizmar et al., “this terminology
explains the problem more lucidly without severe incorrectness”.1® The analogy
between Rayleigh and larger particles can be illustrated using two rays, as shown
in Fig. 1.2b). Both rays are propagating parallel to one another and are incident
on the particle equidistant from the axis through the particle centre. Both impart
forces onto the particle parallel and perpendicular to this axis. However, as the right
hand ray is more intense than the left, its contribution to both components is greater.
While in the forward direction this only affects the magnitude, in the perpendicular
direction this causes a net force on the particle towards the more intense ray. Thus,
by analogy to the Rayleigh case, we call the force acting in the direction in which the
rays are propagating the scattering force, and the force acting perpendicular to this
the gradient force.

In the case of a tightly focused Gaussian beam, things become a little more com-

plex. Now there is a gradient in intensity both parallel and perpendicular to the
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FIGURE 1.2: a) Direction of forces acting on a Rayleigh particle. b)
Forces acting on a large particle from two rays. c) Forces acting on a
particle in optical tweezers. d) Forces acting on a particle in a dual-
beam optical trap. Fs and Fg denote scattering and gradient forces, re-
spectively. Black arrows show the direction of the corresponding force.
Green arrows show the direction in which the beam or ray is propa-
gating. The opacity of the rays indicates their intensity, with a more
opaque line indicating greater intensity. B1 and B2 denote the right-
ward and leftward propagating beams in d), respectively.
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beam propagation axis, since the intensity is maximal at the focal point of the beam.
Thus, the gradient force acts both to pull the particle into the centre of the beam, and
to negate the scattering force acting in the direction of beam propagation, as shown
in Fig. 1.2¢).

The basic workings of the dual-beam optical trap used in this thesis can also be
explained using scattering and gradient forces. Both beams propagate parallel to the
optical table and thus perpendicular to the direction in which gravity acts, and are
sufficiently loosely focused that an individual beam does not form a gradient force
optical trap. In this geometry, the scattering force from each beam acts to cancel
the other, and the gradient forces from each draw the particle to the shared axis
along which the beams propagate. This is shown schematically in Fig. 1.2d), where
the components of the gradient force acting parallel to the beam axis are omitted
for clarity. A more thorough investigation of the forces and trapping positions in
dual-beam optical traps is given in Chapter 4.

Whilst useful for developing an intuition for optical forces, ray optics is an ap-
proximation to the full electromagnetic theory. The primary deficiency of ray optics
is that it does not capture interference and resonance phenomena, such as the exci-
tation of morphology-dependent resonances (discussed further in Sec. 1.3). 187,191,192
Calculations of the optical forces on a particle require the full calculation of the elec-
tromagnetic fields due to both the incident light and the light scattered from the

187,192-197

particle. The basics of this calculation are covered in more detail in Sec-

tion 1.3. However, at the core of the full optical force calculation is the evaluation of

the Maxwell stress tensor:; 19%193,198-200

1
T=E®D+B®@H- I(E-D+B-H) (1.10)

where, respectively, E and H are the electric and magnetic fields, D and B are the
auxiliary fields, given by D = €E and B = uH, and € and p denote the dielectric
permittivity and magnetic permeability of the medium. I is the identity tensor. The

time-average of the radial component of T gives the optical stress, also known as the

187,192,200

radiation pressure or force density, and the integral of this over the surface

of the particle gives the total force on the particle.¥*1%

Both the optical stress and
the optical force are pertinent to this thesis. The optical stress leads particles to be-
come deformed, best exemplified by the optical stretcher developed to measure the

192,201-204 We utilise a conceptually similar

mechanical properties of biological cells.
approach in Chapter 3 to realise surface tension measurements on aerosol particles.
The calculation of the net optical force is key to understanding where particles reach

a stable equilibrium position, the primary concern of Chapter 4.
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1.2.1 Comparison with other single particle techniques

Broadly speaking, one can distinguish two types of single particle experiment on
aerosol: substrate-based experiments and particle levitation experiments. Substrate-
based experiments involve the deposition of particles onto a substrate of some kind,
e.g. a microscope slide, before being interrogated experimentally. This allows par-
ticles to be investigated by a number of different microscopy methods, an exhaus-
tive list of which is beyond the scope of this introduction and has been reviewed
elsewhere. 1169 Common approaches include the use of optical microscopy, Ra-
man microscopy, electron microscopy and X-ray microscopy. Arguably the primary
advantage of these approaches is that they offer easy access to analysis of the spa-
tial distribution of components in aerosol particles. It is easier to identify phase
separation by optical microscopy than by spectroscopic methods, and when cou-

205207 o flu-

pled with techniques allowing chemical characterisation, e.g. Raman
orescence, 129208209 the spatial distribution of the aerosol components can be deter-
mined. " Electron microscopy and X-ray microscopy offer this same capability,
with additional access to the most important size range for aerosol in the atmo-
sphere (10-1000 nm). Furthermore, they offer higher resolution of chemical con-
stituents across that size range (~ 1 nm for electron microscopy and 10s of nm for
X-ray microscopy).”’ The main issue shared by all of these is that particles must be
deposited on some kind of substrate, which may influence measurements of aerosol
properties.*? In particular, it was shown that the substrate can influence the mor-

phology of phase-separated particles.??

It has also been suggested that substrates
may affect certain approaches to viscosity measurements.!” Additionally, electron
microscopy requires experiments to be done under vacuum, removing its ability to
simulate the response of aerosol to humidity changes.*’

Particle levitation removes the need for potentially problematic substrates. Par-
ticles are suspended in a contact-free environment and can be interrogated without
contacting any surface. This better simulates the atmosphere, and thus could offer
superior results to substrate-based methods. There are three established methods
for achieving particle levitation: acoustic levitation, optical trapping and use of an
electrodynamic balance (EDB). Acoustic levitation excites a standing wave in an
acoustic cavity in order to levitate particles. This has seen some application to at-
mospheric aerosol problems.?!%2!! However, acoustic levitation is limited to large
particles (in this context meaning > 100 ym) than the other two techniques and is
thus less suitable for atmospheric aerosol research.*?

The EDB imparts a charge onto the particle, then uses an electric field to exert

a force on the particle in order to achieve trapping. As such, EDBs are suitable for
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trapping solid or liquid particles of any shape, and without limitations on the de-
gree to which the particle absorbs light.4? In principle, the EDB can trap particles as
small as several hundred nanometres in size, but in practice levitated particles are

typically several microns in radius or larger, 8!

with an upper size limit of around
100 um.*?> However, the need to charge the particle in order to suspend it can po-
tentially affect experimental results, e.g. reaction rates. 209212 Additionally, in order
to extract any information about the levitated particle, further instrumentation is
required, e.g. a laser or light-emitting diode to monitor light scattering.

Optical trapping, at least in the standard optical tweezers implementation, of-
fers only a modest reduction in the lower limit of particle size which can be trapped
and observed to around 1 ym in radius, giving it a slight advantage over the EDB
in this regard. The upper limit on particle size is much lower than that of the EDB
(~ 10 pm), but from the perspective of atmospheric aerosol research where we are
primarily concerned with particles of < 10 um, this is of little consequence. Perhaps
the main limitation of optical tweezers is in terms of the types of particle which it
can interrogate. Optical tweezers require the particle to have a high degree of sym-
metry to achieve trapping, limiting it to liquid or highly symmetric solid particles.
Additionally, particles must be weakly absorbing to ensure the scattering force does
not overcome the gradient force. Neither of these limitations affects the other single
particle methods discussed here. A practical advantage offered by optical tweezers
is that it already involves illuminating the particle using light. This light can then be
used to interrogate the particle properties via light scattering, e.g. cavity-enhanced
Raman spectroscopy. 23214

Since several different approaches to optical trapping can be taken, this makes
the technique adaptable, giving researchers room to overcome the limitations inher-
ent to the standard optical tweezers setup. In particular, the number or profile of the
trapping beams may be changed in order to facilitate different experiments. Use of
two laser beams rather than one is known to provide more stable trapping along the
beam-propagation axis. This has been applied to attempts to trap ice crystals, with
moderate success.®> Dual-beam traps also provide the opportunity to manipulate
the particle trapping position, which was applied in the development of the optical
balance. '8 Chapters 2 and 3 demonstrate further uses of the dual-beam approach.
Zero-order Bessel beams consist of a central maximum surrounded by a series of
concentric rings. These are produced by the interference of light, and as such offer
the capability to more tightly confine light around the central maximum, giving rise
to stronger gradient forces. This can be applied to extend the lower limit on particle
size which can be trapped into the submicron range. 731777181 Hollow beams consist
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of a central intensity void surrounded by an intensity maximum. This type of opti-
cal trap has been used to overcome two main limitations of optical tweezers. Traps
using hollow beams are capable of trapping both irregularly shaped particles and
particles which strongly absorb light. 48175176

Mass spectrometry has also proven to be a powerful technique for investigating
aerosol at the single particle level, both in lab and field measurements. 1699215216
Mass spectrometry provides a high level of detail on the composition of aerosol par-
ticles of sizes as low as tens of nanometres.?!>?1® However, resolving the spatial
distribution of those components is not possible. 1%’ Mass spectrometry can also be
used to monitor the progress of chemical reactions in aerosol particles.”®?12217 Re-
cent work has sought to combine insights into aerosol physical properties available
from particle levitation with chemical insights from mass spectrometry, leading to
the development of EDB-mass spectrometry instruments. 2721

With our chosen method for isolating single particles now described, we reach
the final piece of the puzzle in terms of making single particle measurements. Once
isolated, we require some method by which to measure the properties of our isolated
aerosol particle. As alluded to above, a particularly good way to do this is to use
the light scattered from the particle. Thus, we will now discuss some basic concepts
to understand the interaction between particles of the size we typically trap in our

experiments and the light we use to trap them.

1.3 Light Scattering

Light scattering is a topic which has been studied now for several centuries. At a
fundamental level, scattering of light is caused by the interaction between electro-
magnetic waves and electric charges, such as electrons. When charges are placed
in an electromagnetic field, they will oscillate, leading to the reradiation of further
electromagnetic waves, not necessarily in the same direction as the initial wave.
This is the process of scattering. Optical trapping typically uses visible light to trap
particles with several-micron radius, placing us in the Mie regime. Thus, the appro-
priate theory to use to analyse the light scattered from a particle is Mie theory, and

variations thereof.
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1.3.1 Mie Theory

Mie theory is the exact solution to Maxwell’s equations for the interaction of a plane
wave with a homogeneous spherical particle. #194220221 A full and detailed deriva-
tion can be found in the textbook of Bohren and Huffman.? Here, we shall only pro-
vide an overview of the basic principles and important results for this thesis. In Mie
theory, Maxwell’s equations are solved in spherical polar coordinates by expand-
ing the incident, internal and scattered electromagnetic fields as a series of vector
spherical wave functions. These vector spherical wave functions can be denoted as
being either transverse magnetic (TM, meaning no magnetic field component in the
radial direction) or transverse electric (TE, meaning no electric field component in
the radial direction).*3?22-224 Each wave function is weighted by its corresponding
expansion coefficient. For the purposes of this work, we are only concerned with
the scattering coefficients for the external electric field. These are given by:*3

o i) [ (3)) i) i ) -

a2 (ma) (i ()]7 = pphl) () [mxjo (mx) )

and:

b — P‘pjn(mx) [xjn(x)]’ — Hmjn(X) [mxjn(mx)]’ (1.12)
tpjn (1) [xhSY ()] = pnh (2) [ ()]’

for the n® TM and TE mode, respectively. Here, Hp/m denotes the magnetic per-
meability of the particle/medium, m is the relative refractive index (i.e. the ratio of
the refractive index of the particle to that of the medium) and x is the size param-
eter of the particle, given by x = (27tnma) /A, where ny, is the refractive index of
the medium, a is the particle radius and A is the wavelength of the incident light.

jn and hr(ll)

denote the spherical Bessel function and spherical Hankel function of
the first kind, respectively, and a prime indicates differentiation with respect to the
argument of the function inside the square brackets (i.e. x for the first term in the
numerator of Eq. 1.11 and mx for the second).

At this point we know enough to understand the workings of one common
method for extracting particle parameters from light scattering. This technique is
known as angular light scattering and relies on the observation of the scattered light
over some angular range. Each of the vector spherical wave functions has associated
with it some angular distribution of scattered light, in addition to the amplitude as
given by the scattering coefficients.*> When imaged in the plane of the particle, this
takes the form of two bright spots, whereas when observed in the far field, the scat-
tering pattern takes the form of a series of bright and dark fringes.??® This fringe
pattern is often called the phase function and an example is shown in Fig. 1.3. The
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FIGURE 1.3: a) Raw angular scattering gathered in an experiment. b)

Calculated phase function for particle parameters. c) Calculated Fres-

nel diffraction pattern for objective parameters. d) Measured diffrac-

tion pattern with Fresnel diffraction removed. Reproduced with per-
mission from Elsevier.???

spacing and intensity of these fringes depends on both the particle size and its re-
fractive index at the wavelength of the incident light, thus the observed phase func-
tion can be fit using a grid search to determine these two properties.??®> The phase
function is often observed through an objective lens, and the observed image (exam-
ple shown in Fig. 1.3a) consists of two components: the angular scattering pattern
and a series of concentric rings due to Fresnel diffraction from the back aperture of
the objective lens (calculations shown in Figs. 1.3b) and c), respectively).??° The re-
trieved image an be smoothed or filtered to retrieve only the angular light scattering
(Fig. 1.3d). While the whole 2D image may be used for analysis, it is more common
to take a horizontal slice through the centre of the image, or average the intensity
in each column, to reduce to a single dimension. It has been reported that analysis
of the 2D image gives more accurate results, but comes at increased computational
cost.?® Angular light scattering is frequently coupled with particle levitation and
has allowed for a number of novel experiments, particularly those observing phase

transitions and submicrometre par’cicles.42'107'111'116'141'168'180'181'217'227'228
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FIGURE 1.4: Extinction efficiency as a function of size parameter for a
fixed refractive index of 1.38.

The extinction efficiency (ratio of extinction cross section to geometric cross sec-
tion) as a function of size parameter is shown in Fig. 1.4. This shows two main
features: relatively broad, periodic oscillations, and the appearance of irregularly
spaced, sharp peaks at certain size parameters. The periodic oscillations are known
as the interference structure, so called because they arise from interference between
the incident and scattered light. 4322 Whilst of some interest, the more useful feature
of the scattering pattern is the sharp peaks appearing in the spectrum. These corre-
spond to the excitation of morphology-dependent resonances (MDRs), also known
as Mie resonances or whispering gallery modes (WGMs).?227225230-233 While the
phrases MDR and WGM are frequently used interchangeably, WGMs actually repre-
sent a subset of MDRs, with WGMs characterised by their particularly high quality
factors and near-surface electric field distribution.?3!

MDRs can be intuitively understood as follows. Consider light which enters a
particle and then undergoes total internal reflection repeatedly around the circum-
ference of the particle. If the optical path length that the light takes is commensu-
rate with an integer number of wavelengths, the light will constructively interfere
after one cycle. 162194.224,230,231,233,234 Thjg Jeads to an increase in the electric field
intensity close to the surface and thus an increase in both the scattering and ab-

sorption cross sections at specific wavelengths, producing the sharp peaks seen in
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Flg 14. 162,194,230,233

The resonance condition for excitation of a WGM can be obtained by setting the

denominator of either Eq. 1.11 or Eq. 1.12 to zero and solving for the size parameter.

The resonance condition can be compactly written (assuming jip = pim) as: 2323
% (1) _

jn(mz) h(l)(z) z

n

where p = 1 for TE modes and p = 1/m? for TM modes and z is the complex
size parameter, z = x + iy, where x is the real size parameter in Egs. 1.11 and 1.12.
MDRs can be uniquely assigned using three indices, in the form P!, where P in-
dicates the polarization of the mode (either TE or TM), n is the mode number (i.e.
number of wavelengths required to make a round trip of the particle circumference),
and [ is the mode order (specifying the number of radial nodes in the electric field
distribution). The calculation of these resonance positions can be somewhat com-
plex, as it is not a trivial task to determine which mode order corresponds to the
resonance calculated by Eq. 1.13.2%2% Thus an approximate expression was devel-
oped by Lam et al. which explicitly calculates the resonance position for different
mode orders.?3? These approximate resonance positions can then be used as initial
guesses and refined by applying a root-finding algorithm to Eq. 1.13, for example

the Newton-Raphson method.?3>236

1.3.2 Inelastic Light Scattering

In Sec. 1.3.1 we were assuming that light scattering was an elastic process, that is
the energy of the incident and scattered light was the same. However, molecules
in a particle may also undergo inelastic scattering processes, such as fluorescence

156,160-162,234,237-240 We shall focus on the phenomenon of Ra-

or Raman scattering.
man scattering, as this is used in Chapters 2—4. Briefly, when light is incident on a
molecule, the light may excite the molecule into a higher electronic state through
absorption of a photon. In the case of scattering, the molecule is excited into a
virtual state and decays through emission of a photon.?37?4242 Elastic scattering
occurs when the decay returns the molecule to the same vibrational state as it was
initially, giving the emitted photon the same energy as the incident photon. Inelas-
tic scattering occurs when the molecule returns to a different vibrational state, thus
the emitted photon differs in energy to the incident photon. If the emitted photon
energy is less than that of the incident photon we observe Stokes Raman scatter-

ing, and if greater we observe anti-Stokes Raman scattering, with the former being
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FIGURE 1.5: Cavity-enhanced Raman spectrum with mode assign-
ments for each mode. Reproduced with permission from Elsevier.??

the more prominent of the two effects at room te1r1r1pera’cure.241 Both, however, are
significantly weaker than the elastic scattering process. 2”241

In particles, Raman scattered light is capable of exciting MDRs, enabling the pos-
sibility of cavity-enhanced Raman spectroscopy (CERS).?3323 When molecules near
the surface of a particle emit Raman scattered light, it will undergo total internal re-
flection at the particle surface and can achieve the same standing-wave behaviour
as described above for the incident light.16223* Thus, the incident light may excite
multiple MDRs at multiple wavelengths through the process of Raman scattering.
It is the excitation of multiple MDRs simultaneously which enables CERS.?13233-236
Fortunately for atmospheric scientists, the OH stretching Raman band of water is
relatively broad, helping in the endeavour to excite multiple MDRs at the same
time. An example CERS spectrum is shown in Fig. 1.5. There are two main fea-
tures; a broad band due to the spontaneous Raman scattering from water, and five
sharp peaks atop this corresponding to different MDRs. The positions of the MDRs
are very sensitive to the size and refractive index of the particle, meaning the po-
sitions of the MDRs may be used to determine the radius and refractive index of a
particle to accuracies of 1 nm and 104, respectively.?*¢?43 Such accuracy can only
be achieved if the refractive index dispersion, i.e. its wavelength dependence, is
taken into account.?3>236240 Thus, when fitting one must assume some functional
form of the refractive index. The most common choices are either a linear form,
n = ny+ny1/A, or the Cauchy form, n = ny +ny/ A2. This means the fit of the MDRs
requires three variables. Given the number of parameters and lack of an analyti-
cal solution linking the three to the collection of mode positions, the natural choice
for solving the problem is a grid search, in which mode positions are calculated for
each combination of variables and then the error between observed and calculated
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mode positions is minimised. 74?4 The primary disadvantage of this is the compu-
tational expense. It was later shown that this 3D grid search could be reduced to
a quasi-2D grid search by excluding 1, as a variable to get rough values for radius
and 79, then subsequently including it over a reduced range.?* Preston & Reid then
demonstrated that knowledge of the mode assignment of each MDR can be used to
construct a matrix equation which can then be solved to obtain the best-fit particle
parameters.?3® This approach allows a particularly fast retrieval.

Since many processes lead to changes in the physical properties of a particle,
CERS has been applied to a number of different problems. For example, droplet
heating has been studied using CERS,?*3?* as well as phase separation 18123124
and mass transfer. 110112214245 5oy studies also make use of the fact that CERS, in
addition to allowing precise determination of the droplet’s physical characteristics,
also provides chemical information about the particle. This has allowed studies of

161,234,246,247 photochemistry, ¥ and acidity.?43?4 Chapters 2

particle composition,
and 3 will illustrate further uses of CERS.

As noted above, MDRs may also be excited by light external to the particle.
While lasers have a very narrow bandwidth, and are generally only capable of
exciting a single MDR, broadband sources such as light-emitting diodes may ex-
cite many simultaneously, thus providing an alternative method by which to mea-
sure particle properties. This method is also widely used in conjunction with op-
tical trapping and EDBs.4/50:121,167,178,186,218 Gince broadband scattering may excite
MDRs over a broader wavelength range, a single broadband scattering spectrum
will contain more MDRs than a typical CERS spectrum. This has the advantage
of decreasing uncertainties in the retrieved parameters (up to a certain number of
modes)?!? and allowing the characterisation of smaller particles than would be pos-
sible through CERS.!”® However, the broadband spectrum contains no chemical in-
formation about the particle, meaning other techniques must be used to infer things

about the particle composition and changes thereof.

1.3.3 Generalized Lorenz-Mie Theory

As stated above, Mie theory is the solution to the interaction of a plane wave with a
homogeneous sphere. In optical trapping experiments, however, we illuminate the
particle with a laser beam, often focused to a comparable or even smaller size than
the particle itself. The realisation that this may alter the light-particle interaction led
to the development of generalized Lorenz-Mie theory (GLMT), so called because the

194

framework may be applied to a beam of arbitrary shape.*” Computationally, the

calculation of the incident field is the most difficult task for any of the variants of
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GLMT.?* This has led to the development of several approximations for describing
the incident beam (which for the purposes of this section will be a Gaussian beam).

One of the earliest which is still widely used is the Davis-Barton approach.?%%>2
The incident field here is expanded as a Taylor series in terms of the beam confine-
ment parameter, s = 1/(kwy), where k is the wavenumber of the incident light
and wy is the beam waist of the Gaussian beam. The number of terms used in
the expansion increases the accuracy of this representation, however, terms only
up to the order of s° are known.?>> Another approach uses the localized approx-
imation to derive beam-shape coefficients (BSCs) for the incident beam,220:253-258
The localized approximation associates a given BSC with effects in a narrow region
of space.?® The localized approximation allows for a particularly fast computation
of the BSCs.2°%2%8 Other approaches include an explicit description of the incident

beam in terms of the vector spherical wavefunctions,?°-261

258,262-264

and expression as an an-
gular spectrum of plane waves. Whilst efficient, the latter requires further
calculations in order to be compatible with subsequent scattering or force calcula-
tions using vector spherical wavefunctions.?>%262263 We shall see a specific example
in Chapter 2 of the importance of using GLMT as opposed to Mie theory, but it
should be stressed that this is of vital importance throughout the thesis. All cal-
culations relating to optical forces and particle optical properties require the use of

GLMT in order to be accurate.

1.3.4 Spheroidal Particles

Another way in which we may deviate from Mie theory is to consider the inter-
action of light with nonspherical particles. It is instructive to return to our simple
model of MDRs where we consider light undergoing constructive interference after
repeated total internal reflections around the particle circumference. In a sphere, the
circumference of any slice through the particle is the same, thus the wavelength of
light which will excite an MDR is the same in all cases. If, however, the particle
is deformed from this spherical shape into a spheroid, then the circumference of a
slice depends now on its orientation. Some slices will have a larger circumference
than the undeformed sphere, and some shorter. This leads an MDR to split into a
series of peaks in a spheroid, compared to a single peak in the spectrum of a perfect
sphere. Each of this series of peaks can be specified by considering a further MDR
index, m, the azimuthal mode number, which specifies the orientation of the plane
in which the MDR precesses according to m = n cos(6), where n is the MDR mode
number and 0 is the angle between the normal to the precession plane and the polar
axis of the spheroid. 160265266 A MDR of mode order 1 has an azimuthal degeneracy
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of 2n 41, with m taking values m = —n,—n+1,...,0,...,n — 1,n. Expressions for
the MDR positions as a function of azimuthal mode number were also developed

assuming the particle adopts an ellipsoidal shape: 266267

1 1 e 3m?

= 5 (o) .
where A is the resonant wavelength of the m'™" azimuthal mode, AM€ is the MDR
position in the undeformed sphere, and e = (r, — ,) /7 is the amplitude of defor-
mation, with r,, 7. and ;s being the polar, equatorial and spherical-equivalent radii,
respectively. This shows that a single MDR will split into 7 + 1 peaks upon ellip-
soidal deformation, since the shift is proportional to m?. This is because m values of
the same magnitude represent precession in the same plane but in opposite direc-
tions. The full solution to the problem of light scattering by a nonspherical particle
is given by the T-matrix method.?® Such calculations have produced interesting re-
sults, including the result that deformations from sphericity as small as 1% may be
sufficient to suppress the scattering enhancement due to an MDR.#! More general
expressions for the positions of MDRs in particles with arbitrary deformed shape
have been developed,?*®2%” and recent work has also combined both GLMT and

T-matrix calculations.238:269-271
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Chapter 2 Rationale

As discussed in section 1.1.2, determining the optical properties of aerosol is cru-
cially important to understanding its impact on climate. We saw that a key prop-
erty is the complex refractive index, consisting of a real part which determines the
scattering properties of the aerosol and an imaginary part which quantifies its ab-
sorption. Both must be known in order to fully characterise the interaction between
aerosol and solar radiation. Since most aerosol is only weakly absorbing, this task
entails measuring very small absorbances. This is a challenge in itself, without even
trying to do so on single aerosol particles. Normally, this would be overcome by
utilising long path length devices so that the total absorbance could be amplified.
With a particle only a few microns in radius, the path length cannot be changed
much. Previous work had figured out how to measure the weak absorbance of sin-
gle aerosol particles in principle. Use the trapping laser to heat the particle, and
measure the associated size change in order to determine the imaginary part of the
refractive index. However, the implementation of this technique was limited to a
narrow range of relative humidity. Aerosol particles in the atmosphere experience
a wide range of humidities, and thus their properties must be characterised across
that full range. Since the balance of the optical forces in the dual-beam optical trap is
different than for the optical tweezers used in the previous implementation, we rea-
soned this may be useful in extending that method across the entire range of relative
humidity. This led to the work carried out in the following chapter.

Reproduced with permission from the Royal Society of Chemistry.
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2 Measuring the size and complex
refractive index of an aqueous aerosol
particle using electromagnetic heating

and cavity-enhanced Raman scattering

Abstract

A quantitative understanding of light scattering by small homogeneous particles re-
quires accurate knowledge of the particle’s geometry and complex refractive index,
m = n + ik. In weakly absorbing particles, k can be on the order of 10~%, which is
well below the detection limit of almost all light scattering based instruments. Here,
we describe a dual-beam optical trap that can simultaneously determine #, k, and
the radius, s, for weakly absorbing aerosol particles. We utilize cavity-enhanced Ra-
man scattering to determine n and s and electromagnetic heating from the trapping
laser itself to determine k. The relationship between particle size, the trapping cell
conditions, the parameters of the trapping laser, and electromagnetic heating is thor-
oughly discussed and it is shown that the proper choice of a light scattering model
is necessary to retrieve accurate values of k when fitting measurements. The phe-
nomenon of optical multistability and its connection to thermal locking and thermal
jumping is investigated through both modeling and measurements as understand-
ing this behavior is essential when interpreting results from electromagnetic heating
experiments. Measurements are made on three different atmospheric aerosol model
systems and k as low as 5.91 x 10~ are found.

2.1 Introduction

Modeling the scattering and absorption of light by atmospheric aerosol particles is
a challenging task as many aspects of the interaction are poorly quantified. Indeed,
the latest report from the Intergovernmental Panel on Climate Change (IPCC) con-

tains the oft-quoted statement that “clouds and aerosols continue to contribute the
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largest uncertainty to estimates and interpretations of the Earth’s changing energy
budget.”! In addition to the larger scale effects of aerosols, such as their interactions
with clouds, it important to understand the microphysical behaviour of aerosols
and characterise their properties. One such property of aerosols which has proven
difficult to investigate is the complex refractive index, m = n + ik, consisting of the
real part, n, and the imaginary part, k, both of which vary with wavelength (the
phenomenon of dispersion).?> For aqueous particles, k can reach rather high values
in the near-infrared region (e.g. k = 2.57 x 10~% at 1500 nm)* but will typically be
much lower in the optical region (e.g. 6.2 x 10~ at 532 nm).°> The weak absorption
at optical wavelengths, combined with the small size of aerosol particles, means that
any experiment aimed at determining k must be highly sensitive.®

A particularly accurate way of determining aerosol properties is through mea-
surements on single particles. Single particle measurements isolate an individual
particle from within an ensemble and allow measurements to be made in the ab-
sence of any averaging effects caused by distributions in particle shape, size, and
composition that are present in the larger aerosol sample. One such method of
acquiring single particle measurements is through the use of optical trapping.”®
Aerosol particles with radii of a few micrometres can be isolated this way, and a
number of single particle optical trapping techniques have been developed.”1? A
particularly sensitive way of monitoring the size and real part of the refractive index
of an aerosol particle is through cavity-enhanced Raman scattering (CERS).>!! This
technique monitors the positions of whispering gallery mode (WGM) resonances in
order to extract the size and real part of the refractive index of a particle with an
accuracy of up to 1 nm and 1074, respectively.'?!3 The absorption of light leads to
particle heating and, for particles containing volatile species, this will be accompa-
nied by a change in the evaporation rate that will affect the time-dependent particle
size.1#1% By heating the particle using light, for example through laser irradiation,
one can use the associated size change in order to infer k at the wavelength of light
used.??

Early work on electromagnetic heating of aerosols was only able to access rela-

tively high k; achieved either through the use of infrared light !¢

or through doping
with small amounts of dye.!” When examining the interaction of atmospherically
relevant aerosols with light, however, we are often concerned with interactions
in the visible range in the absence of dyes. Aerosol particles with k around 10~/
were later measured by studying the evaporation of organic droplets in an electro-
dynamic balance.'®> More recent work has led to more sensitive measurements in

the visible range, with k as low as 6.2 x 107? at A = 532 nm being measured by
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Miles et al.> However, this approach was limited to conditions close to 100% rela-
tive humidity (RH) and cannot be used at lower RH.# This limitation arises because
the size changes which can be induced in trapped droplets are too small to be re-
solved, limited by the maximum laser power which can be used for trapping (below
100 mW). This is because the optical scattering force is proportional to the incident
laser power, causing the trap to become unstable at higher laser powers. If, how-
ever, there were some other force to oppose this scattering force, trapping could be
achieved at higher powers.

The dual-beam optical trap (D-BOT) uses two laser beams to trap a particle rather
than the much more common single beam trap.” As long as the two incident beams
are of the same power, their scattering forces will cancel each other out. Despite
being more challenging to construct,” the D-BOT allows access to much higher laser
powers than the single beam implementation and could potentially allow for the
measurement of lower values of k in the visible region. The use of higher laser pow-
ers should lead to larger, and therefore resolvable, changes in the droplet radius
upon heating. Additionally, the complexity of analyzing the results should also be
reduced. Since changing the laser power causes the position of a particle in a single
beam optical trap to change,” this leads to a change in the beam radius at the par-
ticle’s position which must be accounted for in calculations.>41¢ In contrast, with
the D-BOT, the position at which the particle is trapped should be independent of
laser power, meaning such corrections for beam radius changes need not be carried
out.

An important phenomenon for aerosol particles which can be monitored in this
way is condensational growth and evaporation.>® The growth and evaporation of
aerosol particles in the atmosphere is important for a number of reasons, as aerosol
particle size alters the interaction of aerosols with light, changing their effect on the
Earth’s radiation budget both directly and indirectly.! The growth and evaporation
of aerosols is commonly modeled using the steady-state equation.'® However, this
equation is only applicable for single component droplets, i.e., droplets consisting of
only one substance. In addition to this, more general models of droplet heating have
been derived, which account for potential non-uniformities in the droplet temper-
ature profile.!> However, the composition of atmospheric aerosol is known to vary
widely,!” and Kohler theory tells us that the composition of aerosols has a strong
effect on the equilibrium size of aerosols. 822! Thus, use of the steady-state growth
equation to describe anything other than single component droplets is incorrect. In
spite of this, work on more realistic systems is sparse. 1822
In this paper, we outline an experimental set-up which employs a D-BOT to

trap an aerosol particle and collect CERS spectra at a series of laser powers. We
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FIGURE 2.1: Schematic of the set-up used to perform experiments.

then derive an equation for the condensational growth and evaporation of a binary
aerosol droplet, which coupled with equations for the heating of the droplet can be
used to extract the imaginary refractive index of an aerosol droplet from a series of
size measurements at different laser powers. Experimental measurements on three
aqueous systems are presented and k of best-fit for each is found using the heated
binary-droplet model developed here. We also investigate the phenomena of ther-
mal jumping and locking using both experiments and theory. Results concerning
these are compared to the theory. Finally, the potential limits of this new set-up are

assessed.

2.2 Experimental

The experiments utilised a dual-beam optical trap (D-BOT) shown in Fig. 2.1. Our
set-up uses light from the second harmonic of an Nd:YAG laser with A = 532 nm
(Ventus 532, Laser Quantum). The light is passed through a 1.2 x beam expander so
that the beam diameter is just smaller than the back aperture of the trapping objec-
tive lenses. The beam power has to be split evenly between the two arms leading
to each objective lens. This is achieved using a half-wave plate (HWP) and a Glan-
Taylor polarizer (GTP), where the former rotates and the latter remains fixed. The



2.2. Experimental 59

GTP is fixed at an angle such that the light passing through it is polarized at 45° rel-
ative to the plane of incidence with the polarizing beam splitter (PBS), so that when
it is incident on the PBS its intensity is split evenly, as required. The HWP is rotated
using a stepper motor with Kinesis software (K10CR1, Thorlabs). The relative angle
between the transmission axis of the GTP and the polarization of the incident light
controls the proportion of light which is transmitted through the GTP, dictated by
Malus’ Law.? Thus, by rotating the HWP, the incident power on the trapped par-
ticle can be controlled and rapidly changed. Each arm is guided to a 50 x objective
lens (SLMPLN50X, Olympus). The two objective lenses are aligned so that their
focal points overlap.

Aerosol created by a vibrating orifice nebuliser (Micro-Air, Omron) is drawn into
the trapping cell, and a single particle may be trapped at the point where the focal
points of the two objectives overlap. Here, the solutions nebulised were either aque-
ous sodium chloride (ACP Chemicals), lithium chloride (MP Biomedical) or citric
acid (Fisher). Each solution was prepared to a concentration of 1 M by dissolving
the appropriate solute in deionised water.

The trapping cell consists of four windows on each wall of a cuboidal block, with
holes cut behind the windows. At the top and bottom of the cell are “shower-head’
type inlets, which ensure that turbulent flow into the cell is minimized. The top
shower-head also has an extra inlet to allow aerosol to be drawn into the cell. The
light from the two objectives passes through windows on opposite sides of the cell
to achieve overlap of the focal points. A third, 20x objective lens (PSM-PLAPO20X,
Motic) is placed at one of the windows perpendicular to the beam path in order to
gather the elastically scattered light from the particle, also known as the phase func-
tion.? This light is imaged on a CMOS camera (DCC1545M, Thorlabs) and is used to
ensure that a particle is trapped and stable. The forward- and back-scattered Raman
light from the particle is gathered through one of the 50 x trapping objectives and
passed through a laser line mirror, and further to the CCD camera of a spectrograph
(Isoplane SCT-320, Princeton Instruments).

A representative CERS spectrum for an optically trapped, aqueous LiCl particle
is shown in Fig. 2.2. This spontaneous Raman spectrum shows the OH stretch
band of water with sharp WGM resonances sitting on top of it. The WGM peak
positions were extracted using MATLAB, and the radius, s, and the real part of the
refractive index, 1, were determined by fitting these peak positions using the MRFIT
program.22* The methodology behind the fitting of WGM peaks for homogeneous
spherical particles in order to retrieve s and n has been thoroughly discussed in Ref.
12. In all cases analyzed here, the model for the wavelength-dependent real part of

the refractive index was n(A) = ng + n1/A? (a two-term Cauchy equation). Along
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FIGURE 2.2: Representative CERS spectrum for an aqueous droplet

(in this example LiCl and water held in equilibrium at an RH of

78.5 £ 1.8%). The peaks have been labeled with their WGM assign-

ments, e.g. TE%9 is a second order transverse electric (TE) wave with a

mode number of 59. The other polarization label corresponds to trans-
verse magnetic (TM) waves.

with s, both 19 and 17 can readily be found using MRFIT.

Once an aerosol particle has been trapped, the RH of the cell is controlled us-
ing two mass flow controllers (MF-1, MKS Instruments); one of which controls the
flow of dry nitrogen and the other humidified nitrogen. Mixing of these produces
‘air” of the desired RH, which is then flowed into the cell. The RH is monitored by
two sensors (SHT75x, Sensirion); one placed before the cell and the other inserted
through the fourth face of the cell, in place of the fourth window. Once the particle
is observed to have reached equilibrium with its surroundings in the cell, the laser
power was set to the desired output, with this output then adjusted to the incident
power desired for experiments using the HWP/GTP system.

Two kinds of experiment were performed here. To demonstrate thermal locking
and jumping, the power was ramped up from 100-300 mW and then back down to
100 mW. This was achieved by turning the rotating HWP at a constant rate until the
tinal power was achieved, then turning in reverse to the original position at the same
rate. This was done so that the rate of change of power was approximately 1 mW/s.
For experiments measuring k, particles were held at 100 mW for 100 s, and then
the incident power was changed at this point to the desired final incident power,
where it was then held for 200 s. Final powers used here ranged from 150-500 mW.
The beam waist, wp, was measured to be 4.3 ym using the knife edge method.?
CERS spectra were taken at a rate of 1 fps. According to Fig. 2.3, we then expect

changes in radius to appear instantaneous. This means that frames taken during the
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period in which the HWP rotates to its final position (approximately 1-3 s) cannot
be reliably fitted, since the peaks are broadened significantly by the changing size of
the particle. These frames are omitted from data analysis.

2.3 Theory

2.3.1 Growth or evaporation of a binary droplet

Here we examine the growth or evaporation of a binary droplet within the contin-
uum regime. We consider a spherical droplet with a radius s(f) composed of two
species A and B, where A is volatile and B is non-volatile. The droplet is surrounded
by a medium consisting of vapour of the volatile species A and a gas. In this gaseous

medium, the convection-diffusion equation for species A will be

aPX 10 2 Vv,V J 2 awx
ot " 2ar " PAT) = ag (TP, ) @D

1
-2

where D is the binary mutual diffusion coefficient, w} is the mass fraction of A in
the gas phase, p} is the mass concentration of the volatile species in the gas phase,
p = px + pg is the total density of the gas phase (where pg is the mass concentration
of the surrounding gas without any of the volatile species), and v} is the radial
component of the mass average velocity in the gas phase.

When the system reaches a steady state, dp} /dt = 0 and the mass flux of air will

be zero yielding
v D owy
v, = w1 ar (2.2)
Applying these results to Eq. 2.1 gives
o [ r’oD Jwy
or (wX —1 or ) =0, (23)

which is the steady-state equation for mass transport in the gas phase. If p and D
are treated as constants and the time-dependent gas-phase weight fraction of A at
r = s(t) is wy ((t) and the weight fraction of A at r = co is w} ,, then the solution to
Eq.23is

wy,—1 S
)

In the condensed phase, species A and B will have mass concentrations p§, and

pg, mass fractions wy and wg, and the mass density of solution will be p. = p4 + 0§.
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Conservation of species A at the droplet surface gives

v ds ows ow, v v
(PA —Pa)5; = Depe— 2 — Dp— 5 — vjp} + 0}, (2.5)

where D, is the diffusivity in the condensed phase, and v} is the radial component
of the mass average velocity in the condensed phase.

To simplify Eq. 2.5, we first recognize that the condensed-phase mass concen-
tration of A at the surface of the droplet, pj ., is much greater than the gas-phase
mass concentration of A at the surface. Second, in the steady state, the concentra-
tion profile inside the droplet is always uniform and no diffusive or convective mass
transport will occur in the condensed phase (dw} /dr = 0 and v; = 0). Applying
these conditions to Eq. 2.5 and combining the result with Eq. 2.4 yields

v o1
ds _ pD 1n<wAfS ) (2.6)

dr SP% 5 Wh oo — 1

In the gas phase, the relationship between g, the activity of species A, and w} is

_ WapRT

a ,
p°Ma

(2.7)

where M, is the molar mass of A, p° is the saturation vapour pressure of A, T is
the temperature, and R is the gas constant. Eq. 2.7 allows Eq. 2.6 to be written as a

function of activity, saturation vapour pressure, and temperature:

ds _ pD aspsMa AcoPocMa
at spy ln[( PRT; 1) / ( oRT. )]’ 28)

where 4., p3,, and T are the activity of A, saturation vapour pressure of A, and

temperature at r = oo, respectively, and a5, pg, and T; are the activity of A, the
saturation vapour pressure of A, and temperature at r = s(t), respectively. We have
ignored the effect of surface curvature.

Eq. 2.8 is the governing equation for the steady-state growth or evaporation for
a binary droplet with one non-volatile component. Using some manipulation and a

first-order Taylor series expansion, it can be approximated as

ds DMy [(a4wps asps
= = — ) 2.
dt spi/SR( Teo T (2.9)

Eq. 2.9 describes the growth or evaporation when convection is neglected and mass

transport is only governed by diffusion. This statement can be verified by repeating
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FIGURE 2.3: Calculated steady-state evaporation of an aqueous LiCl
droplet at 78.5% RH. The initial radius of the droplet is 5.0 ym. The
temperature of the droplet, T, is 300 K and the temperature at r = oo,
Teo, is 296 K. The curve labeled ‘Numerical” was calculated using the
numerical solution to Eq. 2.9. The curve labeled ‘Analytical” was calcu-
lated using an analytical solution to Eq. 2.9 that was found by assuming
that pf, ; and a5 were constant and remained fixed at their f = 0 values.
The equilibrium radius, seq, is indicated by a dotted line and was calcu-
lated using Eq. 2.11. The density of aqueous LiCl was calculated using
tabulated data?® and the activity was calculated using AIOMFAC.?
Here, and in all subsequent calculations in this work, the temperature-

dependent saturation vapour pressure of water was calculated using
Eq. 1.10 from Ref. 28.

the solution presented above for the case where v} = 0 (i.e. convection is neglected).
With this method, when the conservation of mass at r = s(t) is combined with the
gas-phase concentration profile of A, the result will be Eq. 2.9 instead of Eq. 2.8. For
an aqueous droplet, species A will be water and, for a very dilute droplet, Eq. 2.9
and Eq. 13-21 from Ref. 18 will be approximately the same.

In the limiting case of a single-component droplet, analytical solutions to the
growth or evaporation of a droplet are possible and are well known. '8 However, for
a binary droplet, both pf, ; and a; will have a strong dependence on s and analytical
solutions to either Eq. 2.8 or Eq. 2.9 are likely not possible. Therefore, these equa-
tions will need to be solved numerically. This can be done by expressing both s and
as as functions of pj .. The resulting nonlinear ordinary differential equation can
then be solved numerically using off-the-shelf software (e.g. both Mathematica and
MATLAB were used here).

Fig. 2.3 shows the calculated evaporation of an aqueous LiCl droplet. The
droplet is held at a constant relative humidity (RH) of 78.5%, the radius at t = 0
is 5 ym, Ts = 300 K and Tee = 296 K. The relationship between s(t) and p , can
always be found by recognizing that the total mass of species B in the droplet is
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constant over time. For ¢ > 0, conservation of mass then yields

C

s(i)P= ———20
s ™

(2.10)
where p, is the initial mass density of the droplet, pj ' is the initial mass concentra-
tion of A in the droplet, p.(t) is the mass density of the droplet for t > 0, and p$ (¢)
is mass concentration of A in the droplet for + > 0. In a binary droplet, p.(f) can
be parameterized as a function of pS (¢) so the only time-dependent function on the
right-hand side of Eq. 2.10 will be pS (t).

The conditions in Fig. 2.3 are typical of those that will be discussed in experi-
ments below. It can be be seen that the characteristic time for the numerical curve
is several milliseconds. In the experiment, however, the time between our mea-
surements will be approximately one second. Therefore, we can assume that for
measurements taken after t = 0 the radius of the binary droplet will always be at
s(t — o0). We will refer to the radius in the  — oo limit as the equilibrium radius,
Seq- At equilibrium, ds/dt = 0 and, based on Eq. 2.9, the droplet activity, a5, will

satisfy
asps _ AeoPoo
= . 2.11
. T (2.11)

Therefore, s¢; can be calculated directly by using Eq. 2.10 and the mass concentration

of A that yields a5 in Eq. 2.11. The equilibrium condition in Eq. 2.11 will be identical
regardless of whether Eq. 2.8 or Eq. 2.9 is used (the inclusion of convection in the
steady-state model only affects the transient behaviour of the radius and has no
effect on sg;). Fig. 2.3 also shows that s,; calculated using Eq. 2.11 matches that

found using the numerical solution to Eq. 2.9.

2.3.2 Electromagnetic heating of an aerosol droplet
Absorption cross-section of a spherical droplet located in a Gaussian beam

As described in Section 2.2, we will heat a droplet using two focused, counter-
propagating Gaussian beams that can hold a single droplet at their shared focal
point. In order to understand the relationship between the beam parameters, droplet
temperature, size, and composition, we will assume that at any given laser power,
the heat source in the droplet is uniform. For weakly absorbing spherical droplets
in the size regime of interest here, this uniform heat source approximation has been

shown to be satisfactory.'® For a Gaussian beam with a total power P that is focused
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FIGURE 2.4: Absorption cross-sections, Cgps, calculated using GLMT

for a Gaussian beam focused to various beam waists, wy. The refractive

index of the sphereis 1.4 +i10~8 and A = 532 nm. The sphere is centred
on the focal point of the Gaussian beam.

to a beam waist w, the heat source, Q, is

g = absho (2.12)

4783 7

where C,,q is the absorption cross-section of the droplet and Ij is the peak intensity
of the beam and is defined as (Ref. 29, p. 676)

2P

Iy = .
w3

(2.13)
Using Mie theory? to calculate C,,s will not yield accurate results as a focused beam
is not well described as a plane wave. Therefore, we will calculate C,p,s with general-
ized Lorenz-Mie theory (GLMT)3%-32 using the beam-shape coefficients for a Gaus-
sian beam.

Fig. 2.4 shows examples of C,ps calculated using GLMT for a Gaussian beam
with various wp. As wy becomes smaller than the droplet, the sharp peaks associ-
ated with the excitation of WGMs are greatly diminished. For the smallest beam
waist shown here, wy = 1.5 um, the peaks are no longer visible. This phenomenon

has been well studied for Gaussian beams3437

and can be explained using van de
Hulst’s localization principle:3® light rays interact with WGMs in spherical particles
through the evanescent field of the WGM. Therefore, WGMs are optimally excited
when incident rays pass through a region just outside the surface of the sphere. If
a sphere is located at the focal point of a beam and the beam becomes more tightly
focused there will be less rays passing through the evanescent region of the WGM.
Consequently, the excitation efficiency of the WGM decreases and the correspond-

ing peak in the spectrum will be diminished.
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The second important result from Fig. 2.4 is the demonstration that standard
Mie theory can only give accurate C,,s when the beam waist is much larger than the
radius of the sphere. Even when wy = 6 ym, Cy, is still much smaller than wy = oo
(the plane-wave/standard Mie theory result). Therefore, unless the beam is very

loosely focused, GLMT should always be used when calculating C,ps.

Droplet temperature in the steady-state

The steady-state heat equations for the condensed and gas phases will be

Ke d (20T _

2 or <r or ) Q (2.14)

d

" 9 (29T8) _ (2.15)
or ar ] '

respectively, where «. is the thermal conductivity of the condensed phase, T is the
radial temperature distribution in the condensed phase, and Ty is the radial temper-

ature distribution in the gas phase. These equations are readily solved to yield

T.=T, + 6%@2 —1?) (2.16)
and
S
Ty = Teoo+ ~(Ts = Too). (2.17)

When the binary droplet reaches equilibrium, ds/dt = 0 and conservation of energy
at r = s will give the boundary condition

AT, AT,

KC? = KgW, (218)

where xg is the thermal conductivity of the gas phase. Inserting the temperature
distributions from Eqgs. 2.16 and 2.17 into Eq. 2.18 and applying Eqgs. 2.12 and 2.13
yields
AT = M, (2.19)
272 wisKg
where AT = Ts — Tw, is the change in temperature due to the absorption of the
focused laser beam. In all calculations performed here, the value of x; was set to

0.026 W/(m-K), which is the value for nitrogen at T = 300 K. 26
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FIGURE 2.5: Calculated equilibrium radius, seq, as a function of laser
power, P, for an aqueous NaCl droplet in a Gaussian beam focused to
various beam waists, wp, with a surrounding RH of (a) 95%, (b) 80%,
and (c) 65%. The temperature at r = oo is Too = 296 K. The real part of
the wavelength- and temperature-dependent refractive index was cal-
culated using the parameterizations in Ref. 39. The imaginary part of
the refractive index was fixed at 1.9 x 107°.° The density of aqueous
NaCl was calculated using tabulated data® and the activity was calcu-
lated using AIOMFAC.?
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2.4 Results and Discussion

2.4.1 The equilibrium size of an aqueous droplet during laser heat-
ing

Fig. 2.5 shows the calculated equilibrium radius of a binary droplet, seq, as a func-
tion of laser power, P, for the system of water and NaCl. The curves were calculated
as follows: First, Eq. 2.10 (conservation of mass) is used to determine the p% and p}
for every seq of interest. In Fig. 2.5, species A is water and species B is NaCl. Second,
with these mass concentrations, the mole fraction of A in the condensed phase can
be found and Eq. 2.11 can then be solved for T, which will be the only unknown.
Once T; is found for each seq, Eq. 2.19 can be used to determine the corresponding
P.

The existence of multiple seq at each value of P is known as optical bistability
or multistability.1”4%4! This phenomenon can readily be seen in many of the curves
shown in Fig. 2.5. It is the result of the excitation of WGM resonances and, as
expected based on Fig. 2.4, the effect becomes less pronounced as w( decreases. In
fact, for all of the wy = 1.5 ym curves in Fig. 2.5, seq can accurately be described
as a straight line when plotted as a function of P as WGMs are not excited by this
small beam waist. It is only for the larger incident beam waists (wy = 3 ym and
6 ym) that WGMs are excited and multiple s¢q can be observed for the same P. In
Fig. 2.5a if we consider a vertical line drawn at P = 0.3 W, we see that the number
of seq that such a line would intersect is different for all three beam waists. The line
would intersect the wy = 6 um (red) curve 11 times, the wyg = 3 ym (blue) curve
7 times and the wp = 1.5 ym (green) curve only once. Therefore, in this system,
optical multistability only occurs when WGMs are excited.

Fig. 2.5 also demonstrates that GLMT must be used when calculating C,ps as
all three beam waists produce very different curves. Even if the WGM resonances
are ignored, the rate of change of seq with respect to P differs between the curves
which means that, when fitting size change data, using an inaccurate value of wy (or
ignoring it completely and relying only on Mie theory) will yield an inaccurate best-
fit for k. The beam waist for our set-up was measured by the knife-edge method ?®
to be 4.3 ym.

Fig. 2.6a and 2.6b show the measured WGM peak positions of an aqueous LiCl
droplet as the laser power is increased (Fig. 2.6a) from 100 to 300 mW and then
decreased (Fig. 2.6b) back to 100 mW. During this measurement, the laser power is
changed at a rate of approximately 1 mW /s. Fig. 2.6c shows the resulting radii of
best-fit for these measured peaks, along with a calculated seq curve produced using
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FIGURE 2.6: Upper and middle graphs show the WGM positions for an
aqueous LiCl particle as power is changed from a)100 to 300 mW and
b)300 to 100 mW at a constant rate. The lower graph shows the fitted
radii for each, in the same colours, and a theoretical curve calculated

by the method outlined in Sec. 2.4.1.
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the method outlined above.

In Fig. 2.6, the radius and WGMs can be seen to depend heavily on whether the
power is being increased (Fig. 2.6a and red points in 2.6¢) or decreased (Fig. 2.6b and
blue points in 2.6¢c). This can be understood as being due to thermal effects caused
by the excitation of WGMs. Whilst the laser power is increasing, we see a gradual
change in radius interspersed with several small, sudden drops in radii that occur
at powers of approximately 170, 205, 255 and 285 mW. Due to the uncertainty in the
radii of best-fit, these sudden changes are more apparent in the WGM trajectories
(Fig. 2.6a). The origin of these changes are the ‘temperature jumps’ described in Ref.
14, and may be understood by considering Fig. 2.5. Following, for example, the red
curve in Fig. 2.5b from low to high power, we see a point at around 450 mW where
the equilibrium power curve begins to double back on itself. The result of increasing
P beyond this point will be a drop in seq to a lower point on the equilibrium curve.
This is consistent with the small, sudden changes observed in Fig. 2.6a and 2.6c.

After the laser power is increased to 300 mW and the power begins to decrease,
there are large regions where both the WGMs (Fig. 2.6b) and radii (blue points in
Fig. 2.6c) remain nearly constant. This is the phenomenon of thermal locking, 1342
and can also be understood by examining our theoretical curves. Considering the
behaviour of the red curve of Fig. 2.5a upon moving from high to low P, we see
that seq will generally increase gradually until it reaches a WGM resonance; where
the change in seq with respect to P tends to zero. This is again due to extra heating
of the particle caused by excitation of a WGM, caused by a sharp increase in Cypg.
The particle radius will be maintained approximately constant so long as C,ps is
sufficiently large to sustain the particle at a constant temperature. When this is no
longer the case, the particle will rapidly increase in radius until reaching equilibrium
again according to Fig. 2.3. This is the cause of the sudden increases in radii seen at
powers around 260 and 102 mW in Fig. 2.6c.

Comparing the observed and calculated radii in Fig. 2.6c, we see mostly good
agreement with some exceptions. For instance, most of the points during the in-
creasing power correspond very well to the calculated curve. Additionally, as the
power is decreased, there is a close match between the calculated and observed ra-
dius where the main region of thermal locking (lowering the power from 235 to
102 mW). However, the small radius drop at around 170 mW during the power in-
crease, appears to fall between two WGM resonances. We attribute this to the fact
that the positions of resonances are highly sensitive to n (the real part of the refrac-
tive index) whereas the overall slope of the seq curve without resonances is depen-
dent on k. As such, small inaccuracies in the parameterization of n can significantly

shift WGM resonance positions but will have little impact on the fitted value of k.
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FIGURE 2.7: Radius as a function of time for an aqueous LiCl droplet

held at an RH of 78.5 + 1.8% for a series of power changes as de-

scribed in Section 2.2. The vertical gray line indicates the time at which

the power was increased from the initial power (100 mW) to the final
power (between 150 and 500 mW).

Therefore, we attribute the differences between the calculations and observations in

Fig. 2.6¢ to the high sensitivity of WGM resonance positions to n.

2.4.2 Determining the imaginary component of the refractive in-

dex

Fig. 2.7 shows the measured radii from a series of experiments on an aqueous LiCl
droplet, as described in Section 2.2. The power is rapidly increased at t = 100 s from
100 mW to final powers from 150 to 500 mW. Before beginning each experiment,
P was decreased to below 100 mW and then elevated in order to ensure that the
particle did not begin from a thermally locked state. It can be seen from Fig. 2.7 that
as the power after the change is increased, the final radius decreases, consistent with
both the predictions made in Fig. 2.5 and the intuitive expectation that increasing P
will lead to more heating and a decrease in seq. We also see that the radius remains
approximately constant both before and after the power change, consistent with the
equilibration time seen in Fig.2.3.

To obtain the k of best-fit for electromagnetic heating measurements, such as
the one shown in Fig. 2.7, a data set containing the measured seq at various P is
constructed. Then, a one-dimensional grid search is used in order to find the value
of k that minimizes the sum square error between between calculated and measured
Seq- When calculating Seq IN this minimization, the only unknown will be k as all
other quantities are either (i) experimental variables (beam power, cell RH, etc.),
(ii) readily calculated from tabulated data (density and activity), or (iii) determined
from fitting peaks in CERS spectra using MRFIT (n and s).
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FIGURE 2.8: Comparison between the predicted change in radius (red
curve) and the observed changes in radius (black points) after increases
in trapping laser power for aqueous (a) NaCl, (b) citric acid, and (c) LiCl
droplets held at an RH of 78.5 & 1.8%. The value of k used to generate
each predicted curve is given in the top right of each plot. This is the
value which generates the curve which best fits the data based on the
method outlined in Sec. 2.4.2. Curves were calculated using the aver-
age relative humidity and surrounding temperature from each series
of measurements. Densities and activities of aqueous inorganic salts
were calculated from tabulated data?® and AIOMFAC? respectively.
The density and activity of citric acid was calculated using Ref. 43. The
real part of the refractive index was determined from a linear fit of the
fitted refractive index at each radius.
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Fig. 2.8 lists the k of best-fit found for each of the three solutions used in this
experiment and shows a comparison between the observed radius changes for each
power and a theoretical curve calculated using the k of best-fit. We see a different
value of k is calculated for each, specifically 5.91 x 10~ for aqueous NaCl, 9.98 x
107 for aqueous citric acid and 2.03 x 1078 for aqueous LiCl. At A = 532 nm, the
value of k for pure water is known to be 1.5 x 107°.%* All of the values of k found
here are greater than this value indicating that the solute increases the absorption in
these particles. Therefore, while k is still small, it is larger than that of pure water.
One can see that assuming that all of these weakly absorbing particles have the same
k as pure water can lead to large errors in subsequent calculations as k can readily
be an order of magnitude larger than that value.

We can also use uncertainty associated with these measurements to predict the
RH range over which our set-up will be useful for determining such low absorbances.
All experiments presented here were performed at 78.5 + 1.8% RH, already exceed-
ing the lower limit on previous methods.* The average standard deviation of the
radii measured in the experiments shown in Fig. 2.7 was found to be 3.2 nm. With
the D-BOT, we have been able to trap particles using laser powers of up to 2 W. This
means that if a laser power of 2 W can induce a size change of at least 3.2 nm, then
the imaginary part of the refractive index should be able to be measured using this
set-up. Fig. 2.9 shows the predicted equilibrium power for a 4 ym aqueous citric
acid droplet across a range of RH values from 10 to 90%. The black line indicates a
size change of 3.2 nm, meaning that only curves which cross this line provide the
size change required to allow k to be calculated. We see that all of the curves drawn
cross this line before a power of 2 W is reached, indicating that our set-up could be

used to measure k at very low RH in weakly absorbing aerosol particles.

2.5 Conclusions

We have presented the theory underlying the electromagnetic heating of binary
aerosol droplets, as well as an experimental set-up capable of measuring the size
and complex refractive index of weakly absorbing aerosol particles. Very small val-
ues of the imaginary part of the complex refractive index were measured here (k on
the order of 1078 and 10~%). The theory outlines the governing equations for the
growth or evaporation of binary aerosol droplets subject to heating by electromag-
netic radiation. These equations provide an expression more relevant for assessing
droplet size changes than the commonly used steady-state equation for single com-
ponent droplets. Their use provides a method by which the laser power required to

sustain a particle at a given radius and composition can be determined.
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FIGURE 2.9: Graph showing the predicted size evolution of aqueous

citric acid particles at a series of RH values, with a hatched region in-

dicating the cut-off final radius above which k cannot be determined.

Density and activity were calculated using Ref. 43 and refractive index
by fitting tabulated data.?® The value of k used was 9.98 x 10~°.

These calculations can then be used in conjunction with our experimental set-up
to determine k for weakly absorbing particles. Additionally, information from CERS
spectra allow us to determine both 7 and s meaning that both the size and complex
refractive index of spherical particles can be determined with high accuracy and
precision. The D-BOT described here (Fig. 2.1) allows particles to be trapped at
higher powers than traditional single-beam optical tweezers. This in turn allows
the particles to be heated to higher temperatures, resulting in larger size changes
and overcoming a key limitation of a previous optical tweezers-based technique for
the determination of k (a limitation which meant that experiments had to be carried
out at relative humidities near 100%). Analysis of experiments is also simplified and
more accurate because, unlike a single-beam trap, the position of the particle is no
longer dependent on beam power as the net scattering force acting on the particle
is always zero. This means that particle position will not change with beam power
and a single value of the beam waist can be used in all calculations.

Curves generated by the outlined theoretical method predict both thermal jump-
ing and thermal locking. These two phenomena were both observed in experiments
where laser power was changed continuously from low to high power and back
again (Fig. 2.6). Experiments involving discrete power changes allowed the retrieval
of k for three different aqueous droplets held at an RH of 78.5 - 1.8% (aqueous NaCl,
LiCl, and citric acid). The measurement of k = 5.91 x 10~ at the single particle level,
to our knowledge, is on par with the most sensitive measurements made so far. Cal-
culations exploring the potential limits of the set-up described here showed that it
should be possible to use it to measure values of k for aqueous, weakly absorbing
aerosol particles at RHs above 10%. This represents a significant improvement on
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previously described methods, which required RH close to 100%. Given the en-
hanced abilities of the D-BOT compared to previous experimental set-ups, it should
be possible to use it to measure even smaller imaginary refractive indices than those
measured here, although this would likely necessitate measurements at higher rela-

tive humidities.

Acknowledgements

T.C.P. acknowledges support from the Natural Sciences and Engineering Research
Council of Canada (NSERC).

References

[1] O. Boucher et al. Clouds and aerosols. Climate Change 2013: The Physical Sci-
ence Basis. Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, pages 571-657, 2013.

[2] C. E Bohren and D. R. Huffman. Absorption and Scattering of Light by Small
Particles. Wiley-VCH, 1998.

[3] J. D. Jackson. Classical Electrodynamics. Wiley-VCH, 3rd edition, 1999.

[4] R. E. Willoughby, M. I. Cotterell, H. Lin, A. J. Orr-Ewing, and ]J. P. Reid. Mea-
surements of the imaginary component of the refractive index of weakly ab-
sorbing single aerosol particles. J. Phys. Chem. A, 121(30):5700-5710, 2017. doi:
10.1021/acs.jpca.7b05418.

[5] R. E. H. Miles, J. S. Walker, D. R. Burnham, and J. P. Reid. Retrieval of the com-
plex refractive index of aerosol droplets from optical tweezers measurements.
Phys. Chem. Chem. Phys., 14(9):3037-3047, 2012. doi: 10.1039/c2cp23999;j.

[6] K. ]J. Knox and J. P. Reid. Ultrasensitive absorption spectroscopy of optically-
trapped aerosol droplets. ]. Phys. Chem. A, 112(42):10439-10441, 2008. doi:
10.1021/jp807418g.

[7] P. H. Jones, O. M. Marago, and G. Volpe. Optical Tweezers: Principles and Appli-
cations. Cambridge University Press, Cambridge, 2015.

[8] E.J. Davis and G. Schweiger. The Airborne Microparticle: Its Physics, Chemistry,
Optics and Transport Phenomena. Springer-Verlag, Berlin Heidelberg, 2002.



76 Chapter 2. Measuring the size and complex refractive index . ..

[9] Z. Gong, Y.-L. Pan, and C. Wang. Optical configurations for photophoretic trap
of single particles in air. Rev. Sci. Instrum., 87(10):103104, 2016. doi: 10.1063/1.
4963842.

[10] C.Wang, Z. Gong, Y.-L. Pan, and G. Videen. Optical trap-cavity ringdown spec-
troscopy as a single-aerosol-particle-scope. Appl. Phys. Lett., 107(24):241903,
2015. doi: 10.1063/1.4937467.

[11] H.-B. Lin and A. J. Campillo. Radial profiling of microdroplets using cavity-
enhanced Raman spectroscopy. Opt. Lett., 20(15):1589-1591, 1995. doi: 10.1364/
OL.20.001589.

[12] T. C. Preston and J. P. Reid. Determining the size and refractive index of micro-
spheres using the mode assignments from Mie resonances. J. Opt. Soc. Am. A,
32(11):2210-2217, 2015. doi: 10.1364/JOSAA.32.002210.

[13] M. Guillon, R. E. H. Miles, J. P. Reid, and D. McGloin. Thermo-optical resonance
locking of an optically trapped salt-water microdroplet. New J. Phys., 11:103041,
2009. doi: 10.1088/1367-2630/11/10/103041.

[14] J. Popp, M. Lankers, K. Schaschek, W. Kiefer, and J. T. Hodges. Observa-
tion of sudden temperature jumps in optically levitated microdroplets due to
morphology-dependent input resonances. Appl. Opt., 34(13):2380-2386, 1995.
doi: 10.1364/ A0.34.002380.

[15] T. M. Allen, M. E Buehler, and E. J. Davis. Radiometric effects on absorb-
ing microspheres. ]. Colloid Interface Sci., 142(2):343-356, 1991. doi: 10.1016/
0021-9797(91)90065-G.

[16] H.-B. Lin and A. ]. Campillo. Photothermal aerosol absorption spectroscopy.
Appl. Opt., 24(3):422-436, 1985. doi: 10.1364/ A0.24.000422.

[17] S. Arnold, K. M. Leung, and A. Pluchino. Optical bistability of an aerosol par-
ticle. Opt. Lett., 11(12):800-802, 1986. doi: 10.1364/A0.29.003473.

[18] H.R.Pruppacher and J. D. Klett. Microphysics of Clouds and Precipitation. Kluwer
Academic Publishers, Dordrecht, the Netherlands, 2nd edition, 1997.

[19] M. Hallquist et al. The formation, properties and impact of secondary organic
aerosol: Current and emerging issues. Atmos. Chem. Phys., 9(14):5155-5236,
2009. doi: 10.5194/acp-9-5155-2009.

[20] M. K. Yau and R. R. Rogers. A Short Course in Cloud Physics. Butterworth-
Heinemann, Oxford, 3rd edition, 1989.



77

[21] J. Ovadnevaite et al. Surface tension prevails over solute effect in organic-
influenced cloud droplet activation. Nature, 546(7660):637-641, 2017. doi:
10.1038 /nature22806.

[22] M. Kulmala and T. Vesala. Condensation in the continuum regime. |. Aerosol
Sci., 22(3):337-346, 1991. doi: 10.1016/5S0021-8502(05)80011-4.

[23] E. Hecht. Optics. Pearson, United States, 5th edition, 2016.

[24] T. C. Preston and J. P. Reid. Accurate and efficient determination of the radius,
refractive index, and dispersion of weakly absorbing spherical particle using
whispering gallery modes. . Opt. Soc. Am. B, 30(8):2113-2122, 2013. doi: 10.
1364/JOSAB.30.002113.

[25] M. Gonzalez-Cardel, P. Arguijo, and R. Diaz-Uribe. Gaussian beam radius mea-
surement with a knife-edge: a polynomial approximation to the inverse error
function. Appl. Opt., 52(16):3849-3855, 2013. doi: 10.1364/A0.52.003849.

[26] D. R. Lide. CRC Handbook of Chemistry and Physics. CRC press, 82nd edition,
2002.

[27] A. Zuend, C. Marcolli, B. P. Luo, and T. Peter. A thermodynamic model of
mixed organic-inorganic aerosols to predict activity coefficients. Atmos. Chem.
Phys., 8:6069-6151, 2008. doi: 10.5194/acpd-8-6069-2008.

[28] J. H. Seinfeld and S. N. Pandis. Atmospheric Chemistry and Physics: From Air Pol-
lution to Climate Change. John Wiley & Sons, Hoboken, New Jersey, 3rd edition,
2016.

[29] A.E. Siegman. Lasers. University Science Books, Mill Valley, California, 1986.

[30] J. A Lock and G. Gouesbet. Rigorous justification of the localized approxima-
tion to the beam-shape coefficients in generalized Lorenz-Mie theory: I. on-
axis beams. J. Opt. Soc. Am. A, 11(9):2503-2515, 1994. doi: 10.1364/JOSAA.11.
002503.

[31] G. Gouesbet and J. A. Lock. Rigorous justification of the localized approxima-
tion to the beam-shape coefficients in generalized Lorenz-Mie theory II: Off-
axis beams. |. Opt. Soc. Am. A, 11(9):2516-2525, 1994. doi: 10.1364/josaa.11.
002516.

[32] J. A. Lock and G. Gouesbet. Generalized Lorenz-Mie theory and applications.
J. Quant. Spectrosc. Radiat. Transf., 110(11):800-807, 2009. doi: 10.1016/j.jgsrt.
2008.11.013.



78 Chapter 2. Measuring the size and complex refractive index . ..

[33] J. A. Lock. Improved Gaussian beam-scattering algorithm. Appl. Opt., 34(3):
559-570, 1995. doi: 10.1364/a0.34.000559.

[34] ]J. P. Barton, D. R. Alexander, and S. A. Schaub. Internal and near-surface elec-
tromagnetic fields for a spherical particle irradiated by a focused laser beam. J.
Appl. Phys., 64(4):1632-1639, 1988. doi: 10.1063/1.341811.

[35] E. E. M. Khaled, S. C. Hill, P. W Barber, and D. Q. Chowdhury. Near-resonance
excitation of dielectric spheres with plane waves and off-axis Gaussian beams.
Appl. Opt., 31(9):1166-1169, 1992. doi: 10.1364/A0.31.001166.

[36] K. FE. Ren, G. Gréhan, and G. Gouesbet. Radiation pressure forces exerted on a
particle arbitrarily located in a Gaussian beam by using the generalized Lorenz-
Mie theory, and associated resonance effects. Opt. Commun., 108:343-354, 1994.
doi: 10.1093/ndt/9.8.1170.

[37] J. A. Lock. Excitation efficiency of a morphology-dependent resonance by a
focused Gaussian beam. J. Opt. Soc. Am. A, 15(12):2986-2994, 1998. doi: 10.
1364 /josaa.15.002986.

[38] H. C. van de Hulst. Light Scattering by Small Particles. Dover Books, 1981.

[39] R.C.Millard and G. Seaver. An index of refraction algorithm for seawater over
temperature, pressure, salinity, density, and wavelength. Deep Sea Res. Part A,
Oceanogr. Res. Pap., 37(12):1909-1926, 1990. doi: 10.1016/0198-0149(90)90086-B.

[40] S. Arnold et al. Optical bistability of an aqueous aerosol particle detected
through light scattering: Theory and experiment. Appl. Opt., 29(24):3473-3478,
1990. doi: 10.1364/A0.29.003473.

[41] M. M. Mazumder, S. C. Hill, D. Q. Chowdhury, and R. K. Chang. Dispersive
optical bistability in a dielectric sphere. J. Opt. Soc. Am. B, 12(2):297-310, 1995.
doi: 10.1364/josab.12.000297.

[42] R.E.H. Miles, M. Guillon, L. Mitchem, D. McGloin, and J. P. Reid. The influence
of resonant absorption and heating on the equilibrium size of aqueous-solute
aerosol droplets. Phys. Chem. Chem. Phys., 11(33):7312-7317,2009. doi: 10.1039/
b904690a.

[43] D. M. Lienhard et al. Measurements of thermodynamic and optical properties
of selected aqueous organic and organic-inorganic mixtures of atmospheric rel-
evance. J. Phys. Chem. A, 116(40):9954-9968, 2012. doi: 10.1021/jp3055872.



79

[44] G. M. Hale and M. R. Querry. Optical constants of water in the 200-nm to 200-
pm wavelength region. Appl. Opt., 12(3):555-563, 1973. doi: 10.1364/a0.12.
000555.






81

Chapter 3 Rationale

Section 1.1.3 emphasises the potentially important role of surface tension in the
process of cloud droplet activation, especially for particles which have undergone
liquid-liquid phase separation. Measuring the surface tension of single aerosol par-
ticles is especially challenging, with only a few methods available to date. The
methodology developed here uses the fact that an optically trapped aerosol par-
ticle will be deformed to some extent by the trapping laser beams. The balance of
the scattering and gradient forces means optical tweezers are limited to operate at
fairly low laser powers, thus the deformation of the particle is small enough to be
neglected. The dual-beam optical trap, on the other hand, is not limited in this way,
meaning the deformation can be increased to measurable levels. However, the de-
formation is still small (a few nanometres on a several micron particle) and requires
a very sensitive technique to probe. We use the sensitivity of MDRs to the particle
shape, as discussed in Section 1.3.4, in order to measure the particle deformation,
and thereby infer the particle surface tension. This work also makes use of an effect
which we discuss at length in Chapter 2, namely thermal locking, in order to am-
plify the scattering from the particle and enable the measurement. This represents
an interesting application of what was previously an intriguing, but fairly esoteric
effect, as demonstrated in the next chapter.

Reproduced with permission from the National Academy of Sciences.
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mation of single aerosol particles. Proc. Natl. Acad. Sci., 116:19880-19886, 2019. doi:
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3 Optical deformation of single

aerosol particles

Abstract

Advancements in designing complex models for atmospheric aerosol science and
aerosol-cloud interactions rely vitally on accurately measuring the physicochemical
properties of microscopic particles. Optical tweezers are a laboratory-based plat-
form that can provide access to such measurements, as they are able to isolate indi-
vidual particles from an ensemble. The surprising ability of a focused beam of light
to trap and hold a single particle can be conceptually understood in the ray optics
regime using momentum transfer and Newton’s second law. The same radiation
pressure that results in stable trapping will also exert a deforming optical stress on
the surface of the particle. For micron-sized aqueous droplets held in the air, the
deformation will be on the order of a few nanometers or less; clearly not observ-
able through optical microscopy. In this study, we utilize cavity-enhanced Raman
scattering and a phenomenon known as thermal locking to measure small deforma-
tions in optically trapped droplets. With the aid of light-scattering calculations and
a model that balances the hydrostatic pressure, surface tension and optical pressure
across the air-droplet interface, we can accurately determine surface tension from
our measurements. Our approach is applied to two systems of atmospheric interest:

aqueous organic and inorganic aerosol.

3.1 Introduction

Aerosol optical tweezers (AOT) allow for contactless confinement of pico- and fem-
toliter sample volumes across phase states and timescales which are inaccessible
through bulk measurements. Coupled with high-precision light-scattering tech-
niques?, AOT have enabled researchers to interrogate the important microphysical

4,5

properties of hygroscopicity?, surface tension°, metastable states®”, viscosity*?,
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liquid-liquid equilibrium®1!, and atmospheric multiphase chemistry %13 The sta-
ble trapping provided by the optical gradient force from a focused laser is founda-
tional to this area of research!*. However, the tightly focused beam will do more
than hold a single particle at a fixed position.

Two of the most commonly asked questions about AOT are: “Does the trap-
ping laser heat the droplet?” and “Does the trapping laser deform the droplet?”.
The answer to both questions is “Yes”, but for most atmospheric aerosol studies the
magnitude of either effect will be minimal. Consider an aqueous sodium chloride
particle with a radius of 5 um which is held using typical AOT! and is in equilib-
rium with water vapor at 80% relative humidity (RH). The calculated surface tem-
perature increase of the trapped droplet is 23 mK, and the maximum deformation
from a spherical shape is 0.5 nm. From this example, we see that the heating and
deformation impacts are both small; therefore, it is reasonable to neglect them in hy-
groscopic growth and evaporation studies of aqueous aerosol particles. However, at
higher laser powers, both heating and deformation will become more pronounced,
and their effect on a single droplet will allow for the investigation of the complex
refractive index (through heating) and surface tension (through deformation).

Studying optical deformation with a single-beam trap is challenging as the equi-
librium position of the droplet will change with laser power due to the optical scat-
tering force'®. Eventually, at a high enough laser power, the scattering force pushes
the droplet out of the trap. In the experiments performed here, droplets are held and
deformed using two focused, counterpropagating beams of equal power; thus, the
two opposing scattering forces will cancel each other out!”. Of course, the idea of
using light to deform micron-sized objects is not new 8. There are many examples
of so-called optical stretchers (essentially two counterpropagating beams) that have
been used to study cell membranes!®2!. Large deformations of the referenced bio-
logical systems can readily be observed using optical imaging, but due to the much
higher surface tension of aerosol particles this type of characterization may fail. For
instance, the surface tension of pure water at 25°C is ~72 mN/m?? which is nearly
17,000 larger than the effective interfacial tension of a typical phospholipid vesi-
cle in aqueous solution?!. Even for large laser powers, the deformation of airborne
micron-sized aqueous droplets will be at most a few nanometers (see Fig. 3.1). Such
small deformations will not be observable with optical microscopy, but could be
observed by monitoring changes in optical resonances.

When a droplet is optically trapped, whispering gallery modes (WGMs) can be
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excited through cavity-enhanced Raman scattering (CERS)?>2°. The spherical mi-
crodroplet acts as a weakly absorbing, high-quality factor optical cavity which sup-
ports whispering gallery modes (WGMs)?6-?°. These optical modes are very sensi-
tive to particle size, composition, and shape. For a particle that is well described as a
homogeneous sphere, the observed WGM resonances can be fitted using Mie theory,
which retrieves the radius and refractive index with precision on the order of 1 nm

and 10*, respectively /13

. When the optical cavity is deformed from that of a per-
fect sphere, the azimuthal degeneracy of the WGMs is lost and frequency splitting of
the multiplet occurs3%3L. This splitting allows for the detection of nanometer-sized
deformations on micron-sized particles and enables measurement of the surface ten-
sion of single microdroplets.

Surface tension (and its change during aerosol particle growth) has emerged in
recent years as a potentially important factor in the formation of cloud droplets,
and thereby indirectly precipitation, due to its influence over the process of cloud
droplet activation. It was long thought to be unimportant and was typically treated
as constant; however, it has now been shown that it can be a dominant factor during
cloud droplet activation3*36. This has led to a renewed interest in the development
of methods for measuring surface tension in aerosol particles. Conventional ten-
siometry cannot access compositions beyond the bulk solubility limit, where aerosol
particles often exist?”, meaning techniques which can investigate this regime are es-
sential. This represents a weakness in one approach which has been employed to
measure aerosol surface tension; falling droplet chain measurements. Due to the
short times over which measurements are taken, droplet compositions remain be-
low the solubility limit>38. Another method used to determine aerosol surface ten-

sion is atomic force microscopy (AFM)3%-41

. This approach is able to access sizes
below those that are feasible with optical trapping. However, because particles sit
on a substrate and are directly interrogated by an AFM probe, such measurements
are not contact-free like optical trapping-based approaches. In this work, we ex-
perimentally and theoretically investigate the optical deformation of single aerosol
droplets. We describe and validate a novel method of measuring surface tension on

two model atmospheric aerosol systems: aqueous NaCl and aqueous citric acid.
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FIGURE 3.1: Calculated (a) optical stress, (b) deformation, and (c) ex-
tinction cross-section, Cext, for a spherical aqueous NaCl particle with a
radius of 5 ym in equilibrium with 80% relative humidity. In (a) the to-
tal beam power is 1 W, and the optical stress on the surface of the sphere
is shown for two azimuthal angles, ¢, as a function of the polar angle,
6. The two azimuthal angles are the angles at which the incident beams
are polarized relative to the plane of the page. In (b) the total beam
powers are indicated next to their respective curves. In (b) droplet de-
formation from a sphere is plotted for 0 W to 1 W total beam power
and the surface tension is set to 72 mN/m (the value for pure water at
25°C?2). In (a) and (b) the counterpropagating beams each have half
the total beam power (e.g. for 1 W total power, each beam has 0.5 W).
Both beams are linearly polarized, with these polarizations being mu-
tually orthogonal. In (c), T-Matrix ellipsoid calculations®?33 are used
to simulate extinction spectra and are compared to Eq. 3.1. The plot on
the left is a simulation for a transverse electric (TE) resonance, and the
right is a transverse magnetic (TM) resonance. Curves in (c) are offset
vertically for clarity.
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3.2 Results

3.2.1 Modeling optical deformation

We use generalized Lorenz-Mie theory (GLMT) to calculate the optical stress on
the surface of the trapped droplet. GLMT fully accounts for the incident laser pro-
file and interference effects, such as the excitation of WGMs, on the stress*2. The
induced surface stress from the laser is used in the stress-balance equation to deter-
mine the resulting shape (see SI Appendix). Fig. 3.1a shows the optical stress for a
1 W trapping laser that has been split into two counterpropagating 0.5 W beams with
orthogonal polarizations. Fig. 3.1b shows the resulting deformation for an aqueous
NaCl droplet. Even at 1 W, the maximum deformation of this 5 ym radius droplet
is only 4 nm. A cross-section of the deformed spheroid is almost a perfect ellipse
(only slightly subelliptical). Unlike simplified models?!, the GLMT model has no a
priori deformation shape; however, in this case approximating the cross-section as

an ellipse is valid.

3.2.2 Whispering gallery modes in a deformed droplet

Conventional optical imaging methods cannot detect nanometer deformations of
micron-sized droplets, but measurable shifts in WGM resonance positions will occur
due to perturbation of the resonating cavity. For small elliptical deformations, the
resonant wavelengths, A", of a prolate spheroid can be accurately calculated with3

1 1 e 3m2
IR PR CR L 1
A AM{ 6( n<n+1>)}' 31)

where 7 is the mode number, m is the azimuthal mode number, and )\Ir\l/ﬁe are the
resonant wavelengths of the volume-equivalent sphere of radius rs. The amplitude
of deformation is defined as e = (r, — r.)/rs, where r, is the polar radius and r is
the equatorial radius.

Fig. 3.1c shows simulated extinction spectra for the deformed droplets shown
in Fig. 3.1b (prolate spheroids of equivalent volume). For each laser power, two
simulated spectra are shown; one observed from the polar axis and one observed
along the equatorial axis. Along the polar axis, a single peak corresponding to the
m = 0 mode is observed. Along the equatorial axis, peaks associated with all of
the non-degenerate azimuthal WGMs can be observed. Resonances from Eq. 3.1 are
superimposed on the spectra. For these small deformations, Eq. 3.1 is very accurate,
demonstrating its suitability when analyzing WGMs from deformed droplets. The
small discrepancies originate from the treatment of the refractive index: in Eq. 3.1
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the refractive index is fixed at the value used to calculate AM€, whereas the simu-
lated extinction spectra are calculated using the full wavelength-dependent refrac-

tive index.

3.2.3 Droplet heating

With the deformation effect on the WGMs understood, the electromagnetic heating
of the droplet is the last major complication. Consider again a 5 ym aqueous NaCl
droplet trapped in a cell with an RH of 80% and a temperature of 295 K. When
the trapping power is at 0.25 W, as it is for one of the examples given in Fig. 3.1,
the increase in the surface temperature of the droplet will be 195 mK. This small
temperature increase will lead to a predicted decrease in droplet radius of 57 nm
due to the evaporative loss of water!”. The blueshift in the WGM peak position of
the TE(, mode due to this size change is 7.290 nm (calculated using Mie theory?).
In Fig. 3.1c, the maximum blueshift relative to the Mie resonance due to optical
deformation is 0.055 nm (m = 460), and the maximum redshift is 0.028 nm (m = 0).
This example illustrates that the spectral shifts due to heating-induced size changes
will dominate the much smaller shifts due to deformation (see also SI Appendix,
Fig. S1).

A potential solution to overcoming the large shifts that are caused by heating
is to examine the relative positions of azimuthal mode peaks in spectra rather than
their absolute positions. This is not straightforward, as small deformations do not
resolve the non-degenerate azimuthal modes if light scattering is collected along a
single axis*3. However, as shown in Fig. 3.2a, the angular range over which light
scattering occurs for a WGM will depend on its azimuthal number. We simultane-
ously collect spectra parallel (0° spectrum) and perpendicular (90° spectrum) to the
trapping-beam axis using two orthogonal objectives. This collection method is the
key part of our optical set-up illustrated in Fig. 3.2b (the full set-up is shown in SI
Appendix, Fig. S2). The WGMs that are confined close to the equatorial plane of the
spheroid will only be collected by the objective that is orthogonal to the two coun-
terpropagating beams (Fig. 3.2a). The resonant wavelengths of these WGMs will
correspond to the case where |m| ~ n in Eq. 3.1. Conversely, CERS along the axis
that is collinear with the two trapping objectives will only contain resonant peaks
associated with WGMs where |m| < n. In Fig. 3.2c a typical pair of spectra col-
lected at 0° and 90° are shown. While the individual non-degenerate modes cannot
be seen, splitting clearly occurs. This splitting between the peaks provides infor-

mation on the resulting shape of the deformed droplet. The 0° spectrum provides
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FIGURE 3.2: (a) The calculated radial component of the electric field on
the surface of a sphere for select azimuthal numbers, m. In all cases,
the mode number is n = 60. The angular range over which scatter-
ing from different m can occur is indicated for a single plane by the
violet shaded region. Electric fields were calculated using the Debye
potential method in the spherical coordinate system?®. (b) Depiction
of the experimental collection geometry employed using two opposing
objectives of which one collects the 0° scattered light. The orthogo-
nal objective collects the 90° scattered light. (c) Representative spectra
showing the observed 0° scattered light in red and 90° scattered light
in blue. The spectra are centered on the broad O-H Raman band, and
the WGMs are identified and labeled.
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information on the polar radius of the ellipse, whereas the 90° spectrum contains

information on the equatorial radius.

3.2.4 Thermal locking

Using a dual-beam optical trap, we hold an aqueous droplet in equilibrium with the
cell RH and collect CERS spectra as a function of laser power. The measured radius
of an aqueous NaCl solution droplet is shown in Fig. 3.3a, where the laser power is
tirst increased and then decreased. The measured radii are found by fitting the peak
positions of WGM resonances located atop the O-H stretching band of water (e.g.
Fig. 3.2c). With increasing laser power, the radius decreases in a roughly linear fash-
ion as the surface temperature of the droplet increases. In contrast, when the laser
power is subsequently lowered, there are large regions where the radius shows lit-
tle to no change and appears independent of laser power. This effect is the thermal

locking phenomenon 174445

. When the laser power incident on a droplet is reduced,
the droplet will generally cool and its size will increase as it equilibrates with the
surrounding RH. However, when the droplet approaches a size which is resonant
with the trapping laser wavelength, its absorption cross-section increases. This res-
onance, along with the high intensity of the trapping laser light, leads to heating
which counteracts the cooling effect of reducing the laser power. A temperature
profile is shown in SI Appendix, Fig. S3.

Thermal locking is accurately predicted by the equilibrium radius calculation,
which is superimposed on the measurements shown in Fig. 3.3a. While decreasing
laser power, the droplet becomes locked on two different resonances. First, it be-
comes locked when the trapping laser excites a resonance near a droplet radius of
4.6307 um (TM2;). After the laser power is lowered to 0.15 W, a jump in droplet size
occurs and the droplet radius subsequently becomes locked near 4.6560 ym (TMZ).
In the experiment shown in Fig. 3.3a, the droplet is thermally locked for nearly the
entire time that the laser power is decreased.

Preparing a droplet in a thermally locked state is experimentally useful as the
size changes that occur with varying laser power are greatly reduced. Additionally,
large amplitudes of deformation can be achieved at relatively low laser powers.
For instance, in Fig. 3.3b, at 0.2 W the calculated e is 1.94 x 10~ when the laser
power is increasing but 5.19 x 10~* when the droplet is thermally locked during
the laser power decrease. However, the major benefit of thermal locking is that the
CERS intensity will greatly increase when the wavelength of the trapping laser is
commensurate with a WGM within the droplet. This double-resonance Raman scat-

25,4547
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FIGURE 3.3: (a) The measured volume-equivalent radius for an op-
tically trapped aqueous NaCl droplet where the laser power is first
increased and then decreased. The droplet was held at 774+-2% RH.
The calculated equilibrium radius for the laser power range is super-
imposed on the measurements. (b) The calculated amplitude of defor-
mation for the laser power range in (a). In (c) and (d) the peak positions
for TEL, and TML;, respectively, measured using the 0° scattered light
(red circles) and 90° scattered light (blue circles). The measurements in
(c) and (d) were taken while the laser power was being decreased and
the droplet was thermally locked.

during thermal locking.

From the trapping geometry, we expect the focused laser beam to excite the
|m| < n WGMs during thermal locking. The Raman scattering from these excited
WGMs will not lead to a uniform enhancement of CERS across all azimuthal mode
numbers. In the plane of the |m| = n mode (the upper left panel of Fig. 3.2a),
the resulting Raman scattering from the |m| < n modes, which are excited by the
trapping laser, primarily couples into TM modes rather than the TE modes. The
reason for this is that polarization of the two focused beams will be almost entirely
in the plane of |m| = n. Thus, very little Raman scattering will excite TE modes
with |m| = n, as the polarization of this TE mode is perpendicular to the plane of
|m| = n. However, the polarization of TM modes lies mostly in the same plane
as that of the trapping beams. Therefore, the observed splitting between the CERS
peaks measured using the two orthogonal objectives will then be less for TE modes
than TM modes. Fig. 3.3c and d show an example of such a measurement across a
range of trapping powers for a thermally locked droplet. As anticipated, splitting
of the peaks associated with TMi, mode is larger than the splitting of the peaks
associated with the TEL, mode.

3.2.5 Surface tension measurements

Our experimental results focus on optically deforming aqueous inorganic and or-
ganic aerosol droplets. The two aqueous systems in Fig. 3.4 were chosen as they
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are often used as surrogates for aqueous atmospheric organic and inorganic aerosol.
For example, aqueous citric acid has been used as a model system for high-viscosity,
glass-forming aerosol particles**3. These two systems are also representative ex-
amples of surface tensions relevant to aqueous atmospheric aerosol. The surface
tension of the aqueous inorganic droplet is greater than that of pure water while the
surface tension of the aqueous organic droplet is less than that of pure water.

Our calculated surface tensions using the splittings and laser powers in Fig. 3.4a
and b are shown in Fig. 3.4c and d, respectively. The single aerosol droplets were
thermally locked during all experiments shown here. The positions of the WGMs
are plotted relative to their corresponding WGMs in an undeformed, volume-equi-
valent sphere (see SI Appendix). As surface tension is independent of laser power,
measurements can be averaged across multiple laser powers. The experimental
analysis yields accurate surface tension values that compare well to theoretical cal-

culations for these mixtures®*%°.

3.3 Discussion

Surface tension measurements of atmospheric aerosol are becoming increasingly
important as aerosol models improve and attempt to simulate physicochemical pro-
cesses more realistically. Measurements on single particles offer particular advan-
tages to characterize this accurately. Earlier, we remarked that the idea of using
optical deformation to study surface tension was by no means new. However, a
practical implementation of this concept for aerosol particles was not obvious due
to their high surface tension. Here we have shown that it is possible to optically
trap single aerosol droplets and to deform them in a controllable manner in a dual-
beam optical trap. While this deformation is indeed very small (a few nanometers
on a ~5 ym radius droplet), we have demonstrated that it can be observed and
quantified through small shifts in the WGMs observed in CERS spectra collected
orthogonally to each other.

The dual-beam optical trap system overcomes difficulties related to the scatter-
ing force which would arise when using a more conventional, single-beam optical
tweezers set-up. This trap controllably deforms a single aerosol droplet by chang-
ing the trapping laser power. The magnitude of the deformation induced by the
laser light is quantified by measuring shifts between WGMs in two CERS spectra
measured parallel and perpendicular to the trapping-beam axis. By thermally lock-
ing a droplet, we were able to largely eliminate spectral shifts due to electromagnetic
heating while simultaneously gaining access to large deformations at low laser pow-

ers. During thermal locking double-resonance Raman scattering occurs, resulting in
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FIGURE 3.4: Measured WGM positions from CERS spectra collected at
0° and 90° for (a) an aqueous NaCl droplet held at an RH of 62+2% and
(b) an aqueous citric acid droplet held at an RH of 86+2% as a func-
tion of decreasing laser power. The WGM positions of each optically
deformed droplet are shown relative to their corresponding WGMs in
a spherical droplet (see SI Appendix). The standard deviation of the
WGM peak positions is shown as a shaded region. Droplets were ther-
mally locked during the entirety of the measurement. The surface ten-
sion calculated using each pair of points in (a) and (b) is shown as blue
circles in (c) and (d), respectively. The mean value of these surface ten-
sion measurements is shown as a solid blue line and the standard de-
viation is shown as a shaded region. The predicted surface tension>*°
for the water activity at which these measurements were taken is plot-
ted as dotted black lines.
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greater coupling of light into modes with |m| ~ n and an observed increase in WGM
splitting. Understanding and exploiting these effects enabled accurate surface ten-
sion measurements of both single aqueous organic and inorganic aerosol particles
serving as model systems. The results are in excellent agreement with existing sur-
face tension models®*>°.

Going forward, additional surface tension measurements on complex atmosphe-
ric systems will be probed. One class of systems particularly interesting to the atmo-
spheric community are those in metastable, supersaturated states®’*°. Surface ten-
sion measurements on such systems are vital, as they are inaccessible to bulk mea-
surements due to solubility limits, but a lack of experimental methodology means
this remains largely unexplored. We have, in fact, demonstrated the ability of our
set-up to interrogate such states. The mole fraction-based water activity of the aque-
ous NaCl droplet characterized in Fig. 3.4 was 0.60; well below the water activity of
0.75 corresponding to the bulk solubility limit of NaCl in water at 298.15 K.

Other systems of atmospheric interest include high-viscosity, semi-solid and solid

%8-61 and particles which undergo liquid-liquid phase separation®1!. We

particles
anticipate that our set-up will be useful in the interrogation of both, although the
rheological model used to describe the deformation of the droplet will need to be
changed from an incompressible Newtonian fluid to a viscoelastic fluid and, even-
tually, to an elastic solid with increasing viscosity. One of the limitations of previous
optical trapping-based methods for surface tension measurement was that viscous
damping restricted the range over which surface tension could be measured to the
order of 1072 Pa-s or less*”. Since our methodology measures a static deformation
as opposed to droplet oscillations, the range of viscosity over which we can mea-
sure surface tension has, in principle, no lower or upper limits. However, practical
measurement durations with the AOT are unlikely to be longer than a few hours
for which comparable particle relaxation times® give a maximum viscosity on the
order of 107 Pa-s (for the principal mode of a 5 um particle with a surface tension of
72 mN/m). Measurements on particles exhibiting liquid-liquid equilibrium should
also be possible, although the formalism used for analysis will again require adjust-
ment for the core-shell morphology.

As the methodology set out here applies to any particle that supports WGMs,
it can readily find applications outside the field of aerosol science. For instance, it
is realistic to speculate that measurements on the micron-sized droplets in oil-in-
water emulsions would be feasible with a modified trapping cell as their interfacial
tensions are typically ten times smaller than the systems studied here®. A related
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example comes from the field of droplet-based microfluidics®* where interfacial ten-
sion plays a key role and there are already many existing demonstrations of opti-
cal manipulation®. Dynamic tensiometry is also achievable through the sinusoidal
modulation of the trapping beam power. Analogous to dynamic drop tensiome-
try experiments that have been performed using millimeter-sized droplets®, this
would allow for investigations into the viscoelastic properties of a wide range of
interfaces (e.g. adsorbed protein layers, surfactants). Our methodology only fails
if the WGM splitting caused by the deformation is below the detection limit, in our
case 0.02 nm. This limit is a function of several parameters, both material and exper-
imental. For example, higher surface tension leads to a reduction in splitting, but
this could obviously be countered by using higher laser power. This should provide
researchers with a degree of flexibility to adapt our method to their chosen applica-
tion. Illustrative examples of experimental limits are included in the SI Appendix.

3.4 Materials and Methods

Optical deformation was calculated using a stress-balance equation at the air-droplet
interface®. The effect of electromagnetic heating on particle radius was calculated
using a previously derived equilibrium condition!”. Aerosol particle measurements
were performed using a dual-beam optical trap, the schematic of which is shown
in SI Appendix, Fig. S3. Detailed materials and methods are described in the SI
Appendix.
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Chapter 4 Rationale

Accurate calculations using generalized Lorenz-Mie theory (see Section 1.3.3) re-
quire knowledge of the position of the particle centre relative to the laser beam
waist. When using dual-beam optical traps, it is common to assume that the fo-
cal points of each beam overlap and the particle becomes trapped at this location, or
if the focal points are not overlapped that the particle will become trapped midway
between them. It was discovered as far back as the 70s that this was not always the
case, and the particle may become trapped elsewhere along the beam propagation
axis. Despite this, awareness of this result within the optical trapping community is
not universal. We resolved to investigate this further, both theoretically and experi-
mentally, leading to the work shown in the following chapter.

Reproduced from “A. Rafferty and T. C. Preston. Trapping positions in a dual-
beam optical trap. J. Appl. Phys., 130:183105, 2021. doi: 10.1063/5.0068183”, with
the permission of AIP Publishing.
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4 Trapping positions in a dual-beam
optical trap

Abstract

Optical trapping has become an important tool in a wide range of fields. While
these traps are most commonly realized using optical tweezers, dual-beam optical
traps offer specific advantages for certain experiments. It is commonly assumed
that a particle will become trapped midway between the focal points of the two
beams. However, this is not always the case. We perform a theoretical and experi-
mental investigation of trapping positions of weakly absorbing, spherical particles
in a dual-beam optical trap. We evaluate the effect of offsetting the beams in the di-
rection of propagation and identify four regimes with distinct trapping behaviour.
The effect of an offset perpendicular to the propagation direction and an imbal-
ance in power between the two beams is also considered. Experiments utilize an
aqueous aerosol particle whose size can be readily controlled and monitored over
hundreds of nanometers. As such, it serves as an excellent probe of the optical trap.
We demonstrate that it is possible to fit the evolution of the particle trapping po-
sition in order to determine the position of the particle relative to the focal point
of each beam. The results presented here provide key insights into the workings
of dual-beam optical traps, elucidating more complex behaviours than previously
known.

41 Introduction

Since its first demonstration in 1970, optical trapping has become widely used in a
variety of fields, including biology, physics and aerosol science.?™ Optical trapping
uses the forces exerted on a particle, typically a few microns in size or less, by the
reflection and refraction of light at the particle surface to immobilise it at a particular
location in space. This is achieved by manipulating the laser light incident on the
particle in order to balance the optical forces. While the first implementation of

optical trapping used two laser beams to achieve this balance,! the most widespread
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FIGURE 4.1: Scattering force, F,, as a function of particle z-position

for a particle of radius 3.55 ym and refractive index 1.38 +i10~% in a

medium of refractive index 1 illuminated by a focused Gaussian beam

with wavelength 0.532 ym, power 150 mW and beam waist (a) 4 ym,
(b) 0.55 ym.

method currently uses a single, tightly focused laser beam, originally referred to as
a gradient force optical trap” but now more commonly known as optical tweezers.
However, in recent years, the utilisation of dual-beam optical traps has increased
due to their superior suitability for applications such as trapping of high refractive

index particles, ¥ trapping of large cells,!! optical deformation,”-!?

13,14

and trapping of
multiple particles.

It is conceptually useful in optical trapping to split the optical force on the parti-
cle into two components:>!>16 The scattering force, which acts in the direction that
the incident light is propagating, and the gradient force, which acts towards the
region of highest light intensity. The interplay between these forces and the gravi-
tational force on the particle leads to trapping. In the dual-beam optical trap, two
laser beams are aligned so that they propagate in opposite directions to one another
and their focal points overlap. As such, the scattering forces from the two beams
cancel each other out at the shared focal point. The gradient force then balances the
gravitational force.

A simple and intuitive model for understanding where a particle becomes stably
trapped along the shared propagation axis is the following: One would anticipate
that the scattering force acting along the propagation axis is proportional to the laser
light intensity, leading to a maximum at the focal point of the beam that diminishes
as the particle moves in any direction away from this. There is also some asymmetry
as the beam converges before and diverges after the focal point, producing a profile
similar to Fig. 4.1(a). Therefore, if the focal points are perfectly overlapped, the
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particle will become trapped at this point, and if the focal points of the beams are
offset from each other, the particle will become trapped midway between the two
focal points. However, this simple approach neglects more complex effects which
arise due to the interference of light and the size of the laser beam waist relative to
the particle. These effects may lead to the scattering force taking an “M-shaped”
profile, as first shown by Roosen using geometric optics!” and more rigorously by
Barton and Schaub using the full electromagnetic theory.'® Such a profile is plotted
in Fig. 4.1(b). This means that moving towards (away) from the focal point may in
fact result in a decrease (increase) in the scattering force, potentially leading to more
complex behaviour than the simple, intuitive model detailed above would suggest.
For example, this “M-shaped” profile is responsible for the bistability in trapping
position observed by Knox et al. using optical tweezers.”

The problem of where a particle becomes trapped in a dual-beam optical trap
was first approached by Roosen.!” Using a fairly simple geometrical optics ap-
proach, Roosen demonstrated both theoretically and experimentally that the mid-
way point between the focal points does not always form a stable trap. Instead,
two traps that are symmetric around the midway point can be created. Since then,

2021 and re-

it has been shown that three stable trapping positions are also possible,
lated investigations have examined multiple particles,'* spheroids,?? different beam
shapes? and anisotropic particles?* in similar setups. It seems, however, that the
potential importance of these results is somewhat underappreciated. For example,
Lindballe et al. reported the observation that particles in their experiments became
trapped away from the midway point between their focal points without explana-
tion or reference to any of the above studies. !> Additionally, several studies have as-
sumed or stated as fact that particles become trapped between the focal points.?>28

The manipulation of the trapping position of a particle in dual-beam traps has
also received some attention in the literature. This is primarily achieved by control-
ling the relative powers of each beam. For instance, the effective trap stiffness in the
axial direction can be improved through use of a feedback loop to adjust the powers
of the counterpropagating beams.?® Power imbalances between beams can also be
used to hold the particle in the imaging plane of an objective used to focus one of
the beams.??? Recently, oscillations in the power ratio of the two beams led to the
development of an optical balance.?

In this paper, we provide an experimental and theoretical investigation of the
trapping positions of weakly absorbing, spherical particles in a dual-beam optical
trap, paying particular attention to the variation with particle radius. We begin by
investigating the force on a particle from a single Gaussian beam, examining in de-

tail the relationship between the relative size of the particle and the beam waist of
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FIGURE 4.2: Schematic of the setup used to make measurements.

the Gaussian beam. We then look at the predicted trapping positions and how they
change as the two beams are offset along the z axis (parallel to the beam-propagation
axis). The additional effects of having offsets in the x-direction (perpendicular to the
beam-propagation axis), and of a power imbalance between the two beams are also
investigated theoretically. Experimentally, we perform a series of measurements
where the focal points of the two beams forming a dual-beam optical trap are off-
set by different amounts. At each offset, we track the position of an aqueous NaCl
particle as it shrinks in size. Aqueous aerosol particles are a powerful tool for these
measurements as their size can be measured with high precision (&1 nm) and con-
trolled by changing the relative humidity of the surrounding air.3! We also demon-
strate that particle trajectories can be fit in order to determine the offsets of the Gaus-
sian beam focal points in the x- and z-dimensions, as well as the power imbalance
between the two beams.

4.2 Experimental

Our experiments utilise a dual-beam optical trap, a schematic of which is shown in
Fig. 4.2, similar to the setup described in Ref. 32. Briefly, a A = 0.532 ym laser beam
(Opus 532, Laser Quantum) is passed through a 1.2x beam expander. A polarizer
then ensures the polarization of the beam is such that the light is split evenly into
two arms when incident on a polarizing beamsplitter. Each arm is then focused
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through a 50 x objective (SLMPLNG50X, Olympus) into a custom-built trapping cell
to a beam waist of wy = 0.55 ym as measured by the knife-edge method. Aqueous
NaCl aerosol was introduced into the cell using a medical nebulizer (TurboBOY
SX, PARI), where a single particle became trapped. The relative humidity (RH) in
the cell was controlled by mixing dry and humidified nitrogen, the flow rates of
which were controlled by mass-flow controllers (MF-1, MKS Instruments). In our
experiments, the RH was initially set to 90 %, then lowered in 2 % increments every
100 s to 60 %. This was repeated multiple times, with one of the objectives having
been translated in the z-direction by 10 ym each time.

Once trapped, the particle was illuminated through a window perpendicular to
the trapping-beam axis with a blue LED (M455L3, Thorlabs). This allowed the parti-
cle to be imaged using a 10 x objective (ELWD PLAN APO 10X, Motic) and a CMOS
camera (DCC1545M, Thorlabs). Concurrently, cavity-enhanced Raman spectra were
measured using a Raman spectrograph (IsoPlane SCT 320, Princeton Instruments)
connected to a CCD (PIXIS:100b eXcelon, Princeton Instruments).

4.3 Theory

Optical forces were calculated using generalized Lorenz-Mie theory (GLMT)333°

using the mathematical expressions for the radiation pressure forces from Ref. 36.
Computational time constraints required the use of analytic expressions for the
GLMT beam-shape coefficients (BSCs). Gaussian BSCs were calculated using pre-
viously derived expressions.?” As the beam used in our experiments was tightly
focused, i.e. s = 1/(wpA) = 0.154, the accuracy of these analytic BSCs was verified
across a range of representative cases using BSCs that were calculated numerically
using the fields of a fifth-order corrected Gaussian beam.?® While calculated forces
for the numerical and analytic results did not always show good agreement, the
results of interest to the current work are equilibrium positions and those always
matched extremely well between the two sets of calculations. Therefore, the analytic
BSC expressions were determined to be suitable for the model of our dual-beam op-
tical trap.

To calculate the forces from two beams, we take the axis along which the Gaus-
sian beams propagate to be the z-direction, with the net force in this direction de-
noted as F,. While F, also contains a contribution from the gradient force, we refer
to it as the scattering force throughout for simplicity.>® Since we are considering a
geometry in which we have two counterpropagating beams, one propagates in the
+z-direction (4z-beam), and the other in the —z-direction (—z-beam). The focal
point of the —z-beam is taken to be z = 0, with the beam offset, Az, denoting the
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FIGURE 4.3: Scattering force, F,, on a particle as a function of radius
and z-position from a single Gaussian beam of beam waist (a) 0.55 ym,
(b) 2 ym, (c) 4 ym, and (d) 10 ym. In all cases, the beam wavelength
is 0.532 ym and has a power of 150 mW. The refractive indices of the
particle and medium are 1.38 +i10~8 and 1, respectively.

position of the +z-beam focal point relative to this chosen 0. Thus, for any particle
position along the z axis, we can find the position of the particle relative to each focal
point and use a single-beam calculation to find the scattering force from each beam.
For convenience, we denote the midway point between the two focal points as z,,;;.
E; at a given point along the z axis is F, = F** — F, %, where F* and F; * are the
scattering forces on the particle from the +z- and —z-beams, respectively. The parti-
cle’s (x,y)-coordinates are fixed at (0,0) as this is where the gradient force will draw
the particle to irrespective of the particle’s z-coordinate (except for calculations in
which the beams are also offset along x axis). We use two criteria to assess whether
a z-position represents a stable trapping position or not: (i) F, must be equal to 0,
and (ii) there must be a restoring force to return the particle to this position were it
to deviate, i.e. dF,/dz < 0.
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4.4 Results and Discussion

4.4.1 Force from a single beam

Fig. 4.3 shows the scattering force on a particle as a function of its z-position and
radius from a single Gaussian beam with different beam waists: (a) 0.55 ym, (b)
2 ym, (c) 4 ym and (d) 10 ym. The refractive indices of the particle and its sur-
rounding medium are 1.38 + {1078 and 1, respectively, chosen to represent a weakly
absorbing aqueous aerosol particle suspended in air. In the most tightly focused
case (Fig. 4.3(a)), we see that across all radii there are two maxima, one on either
side of z = 0. Additionally, there is a third peak which appears periodically as a
function of radius at z ~ 0. In Fig. 4.3(b) the beam waist increases to 2 ym. Similar
to Fig. 4.3(a), the beam waist is smaller than the particle radius in all cases and we
retain the two peaks either side of z = 0. However, there is no longer the periodic
appearance of the third peak at z ~ 0. Instead there is a periodic oscillation in the
central minimum of the “M-shaped” profile. In Fig. 4.3(c), where the beam waist
is 4 ym, we see a transition in behaviour. When the particle radius is less than the
beam waist the force profile takes the form of a single, asymmetric peak. However,
as the radius becomes comparable to and then exceeds the beam waist, we see that
this peak splits into two separate peaks which diverge with growing radius, simi-
lar to the behaviour observed in Fig. 4.3(b). Finally, in Fig. 4.3(d) the beam waist is
larger than any of the radii considered. In this case, the force profile consists of a
single asymmetric peak across all radii. Any slice at a fixed radius is qualitatively
similar to the curve shown in Fig. 4.1(a).

Single-peak profiles are explained as follows: So long as the particle is smaller
than the beam width (i.e. the radius of the Gaussian beam) at a given point on the
z axis, then the smaller the beam width the more light is incident on the particle,
thus leading to an increased scattering force. This would result in a symmetric peak
centred around the beam waist. However, because the beam is converging for z < 0
and diverging for z > 0, the forces on either side of the beam waist are different,
leading to an asymmetric peak reaching a maximum before the beam waist.

Two-peak profiles can be rationalised using a similar logic. When the particle is
larger than the beam width, there is relatively little diffraction compared to when
the width is similar to the particle radius. Hence, the scattering force increases on
either side of z = 0 until the beam width approximately matches the particle ra-
dius. Thereafter, the scattering force falls as the beam width increases, as there is a
decrease in the amount of light interacting with the particle. Again, the difference
between the converging and diverging parts of the beam introduces asymmetry into

the force profile, both in the magnitude of the peaks and their positions relative to
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FIGURE 4.4: Scattering force, F,, from a single Gaussian beam at z = 0

as a function of radius for several beam waists, with force profiles from

an optical slab and a plane wave added for comparison. The Gaussian

beam has a wavelength of 0.532 ym and a power of 150 mW in all cases,

and the refractive indices of the particle and its surrounding medium

are 1.38 +i1078 and 1, respectively. The results for the optical slab used
a refractive index of 1.38 for the slab.

z = 0. As s clear in Figs. 4.3(a—c), the peak in the converging region of the beam is
greater in magnitude than the peak in the diverging region. Furthermore, the peak
in the converging part of the beam appears closer to z = 0 than the peak in the di-
verging region, although this becomes less pronounced as the beam waist increases.

We also observe a third peak appearing periodically near z = 0 in Fig. 4.3(a).
Specifically, when considered as a function of the particle diameter, adjacent peaks
in the F,(z = 0) slice are separated by A/2n, where A is the wavelength of the
incident light in the surrounding medium and 7 is the real part of the particle’s
refractive index. This can be explained by considering the effect of light which is
incident on the particle directly along the z axis. In this case, we can approximate
the light as propagating through an optical slab equal in thickness to the diameter
of the particle. This simple model is presented in the Appendix and yields that
the radiation pressure on the slab varies as a function of cos(2nD/A), where D is
the slab thickness (equivalent to particle diameter), thus matching the periodicity
observed for the central peak in Fig. 4.3(a).
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Fig. 4.4 shows F;(z = 0) as a function of radius for several beam waists, as well
as the results for an optical slab (bottom) and a plane wave (top). Beginning from
the bottom curve, the results for the optical slab show the aforementioned sinu-
soidal oscillation. This oscillation remains the dominant feature of the F,(z = 0)
curves for beam waists up to 1.5 ym, with the peaks undergoing a slight shift as
the beam waist increases. For beam waists of 2-3 ym, the amplitude of the sinu-
soidal oscillations decreases markedly. Finally, upon further increase of the beam
waist we observe the appearance of sharp peaks, corresponding to the excitation of
morphology-dependent resonances (MDRs). This trend is explained as follows: By
virtue of the Gaussian profile of the beam, the light intensity is greatest at its centre
(i.e. exactly along the z axis). Furthermore, the smaller the beam waist, the greater
the intensity of the light propagating along this axis. Thus, for small beam waists
a large fraction of the light incident on the particle interacts with the particle as if
it were an optical slab, producing the sinusoidal oscillations we observe. Here we
note that Burnham and McGloin have previously observed sinusoidal oscillations
in particle height above a cover slip using optical tweezers.*? Given the tight focus-
ing achieved by the oil-immersion objective used in that study, we suggest that this
oscillating peak around z = 0 may explain the behaviour observed in that experi-
ment. As we increase the beam waist, we simultaneously decrease the contribution
of “slab effects” and increase the contribution of refraction to the total scattering
force on the particle. This leads to the diminishing amplitude of the oscillations
and the transition to an almost linear profile, with small oscillations as a function
of particle size. Finally, as the beam waist becomes comparable to the particle size,
we begin to excite MDRs,*! where light experiences constructive interference as it
propagates via total internal reflection inside the surface of the particle. This increas-
ingly becomes the dominant effect in our force profiles, eventually nearly matching
the case of the plane wave, which represents the limiting case of purely refractive

effects on F,.

4.4.2 Effect of beam offset in z-direction

We now consider the optical forces exerted on a particle by two counterpropagating
beams. Fig. 4.5 shows the net scattering force on the particle as a function of radius
and z-position for various offsets between the two focal points. Note that in order to
fulfill the requirements given in Section 4.3, stable trapping positions on these plots
appear white, with red on the left and blue on the right. Going from (a) to (f), the
+z-beam is moved in the +z-direction while the —z-beam is fixed, and in doing so

several different behaviours emerge. Beginning with (a), we see that across all radii,
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Zmid 1S a stable trapping position. Furthermore, for some radii, there are additional
stable trapping positions near either focal point. In (b), we have undergone a transi-
tion. Now z,,;; is not stable for any particle. Instead, the only stable traps are located
near either of the two focal points. Furthermore, we see that these stable trapping
positions oscillate as a function of radius. Moving the focal points even closer to-
gether in (c), we see that neither z,,;; nor the focal points are stable across all particle
radii. Instead, the midway point forms a stable trap over small ranges of radii. Out-
side of these ranges there are two possible trapping positions, again which oscillate
with radius. These two behaviours (stable at the midway point and bistable away
from the midpoint) alternate as the particle grows/shrinks. When the focal points
are perfectly overlapped (not shown), particles of all radii only become trapped at
the shared focal point. As the offset becomes positive in (d), we return to similar be-
haviour to that observed in (c), with z,,;; forming a stable trap only for some radii.
Upon further increasing Az, we obtain the situation shown in (e), where the only
stable trapping position is at z,,;;. Finally, in (f), we observe that, once again, z,,;; is
no longer a stable trapping position and stable trapping positions are only formed
for certain radii near either focal point. This set of results seemingly contradicts the

work of Kraikivski et al.,?”

who claim that when the particle is smaller than the beam
waist stable trapping only occurs for Az > 0 (note that the sign convention for Az
in their paper is the opposite from that which we have chosen). The beam waist is
smaller than all radii shown in Fig. 4.5, yet we predict that trapping will occur for
particles of all radii over a range of Az spanning from negative to positive values
(and we demonstrate this experimentally in Section 4.4.5), although we note that
there is a lower degree of symmetry in the work of Kraikivski ef al. than exists in the
calculations shown here.

We can gain insight into the cause of these different behaviours and over what
ranges of offset we can expect to observe them by examining Fig. 4.6. This figure
shows sample force profiles for the +z-beam at different offsets for a particle with
three peaks in its force profile (radius 4 ym, shown in green) and a particle with
two peaks in its force profile (radius 3.94 ym, shown in blue). The magnitude of
the force from the corresponding —z-beam is shown in black for both. The different
behaviours can be characterised by the offset between the two focal points and the
positions of the maxima in the force profile. Considering a two-peak force profile,
such as the one shown in Fig. 4.1(b), we denote the maximum occurring at z < 0
as Zj,¢, and the maximum occurring at z > 0 as z;,,. To identify stable trapping
positions in these plots, we require the +z- and —z-beam profiles to intersect (giving
F, = 0), and for the force from the —z-beam to be larger at values of z slightly greater

than this intersection (giving 0F,/dz < 0).
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FIGURE 4.5: Sample calculations of scattering force, F;, as a function
of radius and particle z-position for two counterpropagating Gaussian
beams, with focal point offsets of (a) —45 ym, (b) —20 ym, (c) —5 um,
(d) 5 um, (e) 20 ym and (f) 45 ym. Each beam has wavelength 0.532 ym,
beam waist 0.55 ym and power 150 mW. The refractive indices of the

particle and medium are 1.38 +i10~® and 1, respectively.
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refractive indices of 1.38 +i10~% and 1, respectively.
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The different regimes of trapping behaviour depend on the relative positions of
the peaks in the force profiles of the +z- and —z-beams. In Fig. 4.6(a), the beams are
aligned such that Az + z;},,, < —zj,, (i-e. z;,, of the +z-beam occurs before z;},,, of
the —z-beam). We see that both the two- and three-peak profiles form stable optical
traps at the midway point between the focal points (black dashed line). Further-
more, the two-peak profile produces an additional two stable traps. It is clear how
this results in the behaviour seen in Fig. 4.5(a), where the midway point is always
stable, and additional traps form intermittently as a function of radius. Moving to
Fig. 4.6(b), the beams are now aligned such that —z}},,, < Az + 2z}, < —zj., (e
Zax Of the +z-beam is located between the peaks in the —z-beam force profile).
We see that both examples display the same general behaviour: The midway point
does not form a stable optical trap, with traps forming on either side of the mid-
way point, as seen across all radii in Fig. 4.5(b). Fig. 4.6(c) displays another case of
—Ze < Az 4z}, < —z;..- Whilst the behaviour of the two-peak profile has not
changed from (b), the three-peak profile has. Now, a stable optical trap only forms
at z,,;3. Thus, the intermittent appearance of the peak at z ~ 0 as a function of ra-
dius, as shown in Fig. 4.3(a), leads to the alternating behaviour seen in Fig. 4.5(c),
where z,,;; is stable for some radii but not others. As Az becomes positive, its mag-
nitude in combination with z,,,. becomes important, beginning with the case where
—Zhar <Dz 4z < —Ziay (162 Zpay Of the +z-beam profile lies between the peaks
of the —z-beam profile). While the behaviours seen in Fig. 4.5(c) and (d) appear sim-
ilar, with z,,;; being stable only over certain ranges of radius, we can discern a subtle
distinction between the two cases by considering Fig. 4.6(c) and (d). Whereas in (c)
the midway point is stable for radii showing three peaks in their force profile, and
unstable for radii with only two, the opposite is true in (d). The three-peak profile
now forms one stable trap on either side of the midway point, and the two-peak
profile produces a single stable trapping position at z,,;;. In Fig. 4.6(e), we remain
in the regime —z;,,, < Az + z,,,, < —Znay Dut the central peak in the three-peak
profile no longer plays a role. A single, stable optical trap forms at z,,;; for all radii,
giving us the behaviour observed in Fig. 4.5(e). Finally, in Fig. 4.6(f) we consider the
behaviour of beams aligned such that Az + z,,,,, > —z,,,, (i.e. z,,, of the +z-beam
is located after z,,,, of the —z-beam). In this case, we see that for the three-peak
example, no stable traps are formed at all. However, in the two-peak example, there
are two possible trapping positions, one on either side of z,,;;. This produces the
results seen in Fig. 4.5(f), where z,,;; never forms a stable optical trap, but traps can
be seen over limited ranges of radii.

To summarise, there are four broad regimes of focal point offsets which lead

to transitions in the trapping behaviour of a particle in a dual-beam optical trap:
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Az 4z < —Zihaer —Zihax < DZF Zhay < —Zmaxr —Ziax < DZ+ Zpay < —Zpay and
Az 4 Z,00 > —Zpay- In these regimes, a particle of a given radius may have between
0 and 3 stable trapping positions as shown in Figs. 4.5(a,b,e,f). Additionally, if the
beams are sufficiently tightly focused such that the force profile at a given radius
may display three peaks as opposed to two, then the middle two regimes may be
further divided, displaying the behaviour as a function of radius seen in Fig. 4.5(c,d).
It is important to emphasise that, based on the results of Sections 4.4.1 and 4.4.2,
these four regimes will exist whenever the particles being trapped are larger than
the beam waist of the beams used to form the dual-beam optical trap. Researchers
designing and using dual-beam optical traps should be aware of this, and account

for it when interpreting results that depend on where the particle is trapped.

4.4.3 Combined effect of offsets in x and z

We now examine the potential effects of the focal points being simultaneously offset
in both the z-direction (parallel to the direction of light propagation) and in the x-
direction (perpendicular to the direction of light propagation). This complicates the
calculation of trapping positions because now we must scan the xz-plane for points
which form both a stable optical trap in the x-dimension (F, = 0 and d0F,/dx < 0)
and in the z-dimension (F, = 0 and dF, /9dz < 0).

Calculations examining this are shown in Fig. 4.7 for various x-offsets and combi-
nations of beam polarization, with the z-offset such that a particle is always trapped
at z,,;;. We see that when the beams are polarized in the same plane (a—c), offset-
ting the focal points in the x-dimension does not affect the trapping position in the
z-dimension. The particle will remain trapped midway between the focal points ir-
respective of its radius. In contrast, when the beams are cross-polarized (d—f), an
x-offset between the focal points gives rise to a change in the particle’s trapping
behaviour in the z-dimension. As shown in Fig. 4.7(d), in the absence of an offset
in x, the particle is trapped midway between the focal points independent of its
radius. However, as the beams are offset by 1 ym and 2 ym (Fig. 4.7(e) and (f), re-
spectively), we see that the stable trapping position begins to oscillate with size, and
also its mean position shifts away from the midway point in the z-dimension. Also
notable is that the amplitude of the oscillations with radius is markedly smaller than
those observed when the beams are coaxial in x but offset in z such that particles are
trapped away from z,,;4, e.g. Fig. 4.5(b).

Further calculations examining the effect of x-offsets are shown in Fig. 4.8, now
with Az chosen such that particles are trapped away from z,,;;. This time we see
that the particle trajectory as a function of radius changes irrespective of the relative
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FIGURE 4.7: Scattering force, F,, on a particle as a function of radius and
z-position from two counterpropagating Gaussian beams, with stable
trapping positions indicated by the black line. In all cases, the particle
refractive index is 1.38 +i10~8 and the refractive index of the surround-
ing medium is 1. Each beam has wavelength 0.532 ym, beam waist
0.55 ym and power 150 mW. The focal points of the beams are offset
by Az = 10 ym in the z-direction. Offsets in the x-direction are 0 ym
(a,d), 1 ym (b,e) and 2 um (cf). In the left column (a—c), the beams are
polarized in the same plane, and in the right column (d-f) beams are
polarized perpendicular to one another.
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FIGURE 4.8: Scattering force, F,, on a particle as a function of radius and
z-position from two counterpropagating Gaussian beams. In all cases,
the particle refractive index is 1.38 + i10~® and the refractive index of
the medium is 1. Each beam has wavelength 0.532 ym, beam waist
0.55 um and power 150 mW. The focal points are offsetby Az = —20 ym
in the z-direction. Offsets in the x-direction are 0 ym (a,d), 1 ym (b,e)

and 2 um (c,f). In the left column (a—c) the beams are polarized in the

same plane, and in the right column (d—f) the beams are polarized per-
pendicular to one another.
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polarization of the beams. Thus, parallel polarization of the beams only suppresses
the effect of an offset in x when the particle is trapped at z,,;;. Additionally, the
effect of the x-offset on the z trapping position for perpendicular beam polarization
is less noticeable when the particle is not trapped at z,,;; than when it is (compare
Fig. 4.7(d—f) and Fig. 4.8(d—f)). In the latter case, the oscillations in trapping position
are dominated by the effects of the z-offset, whereas when the particle is trapped at
or close to z,,;; any oscillations are caused solely by the x-offset.

We make similar observations when considering the trapping position of the
particle in the x-dimension. Fig. 4.9 shows the trapping position of particles in the
x-dimension with Az = 10 ym and Ax setto 0 yum (a,d), 1 ym (b,e) and 2 ym (c,f). The
beams are polarized in the same plane in the left column (a—c), and perpendicular
to one another in the right column (d—f). As expected when Ax = 0, the particle
is trapped at x = 0 independent of its radius, with no difference between the two
combinations of polarization. Upon offsetting the beams in the x-dimension, the
difference between the two combinations of polarization is clear. Whereas particles
of any radius are always trapped midway between the two focal points in x when
the beams are polarized in the same plane (panels (b) and (c)), this is not the case
when the beams are polarized in perpendicular planes. Not only are particles not
trapped at the midway point in x when the beams are polarized perpendicular to
one another, but the x trapping position also oscillates as the particle radius changes.

As with the z trapping position, the effects of polarization on the x trapping
position are less pronounced when the particle is trapped away from z,,;;, as shown
in Fig. 4.10. The beams are polarized in the same plane in the left column (a—) and
perpendicular to one another in the right column (d—f). As with Fig. 4.8, the relative
polarization of the beams makes only a small difference. Regardless of the relative
polarizations, we see that, as in Fig. 4.9, particles are trapped at x = 0 independent
of their radius when there is no x-offset (panels (a) and (d)). However, in contrast
to Fig. 4.9, displacing the beams in the x-dimension leads to small oscillations in
the stable x trapping position irrespective of the relative polarization of the beams.
Furthermore, rather than becoming trapped close to, or exactly, midway between
the focal points in the x-dimension, the oscillations instead occur close to one of the
focal points, with small differences in the proximity to the focal point dependent on
the relative polarization of the beams. Thus, similar to the observations for the z
trapping position in Fig. 4.8, the relative polarization of the beams has little effect
on the trapping positions.

In summary, introducing an offset between the focal points in the x-dimension

affects the trapping behaviour of particles as a function of radius both in the x- and
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FIGURE 4.9: Gradient force, Fy, acting on a particle as a function of
radius and x-position from two counterpropagating Gaussian beams.
In all cases, the particle refractive index is 1.38 + i10~8 and the refrac-
tive index of the medium is 1. Each beam has wavelength 0.532 ym,
beam waist 0.55 ym and power 150 mW. Beams are polarized in the
same plane in the left column (a—c), and mutually perpendicular in the
right column (d—f).The focal points are offset by Az = 10 ym in the z-
direction. Offsets in the x-direction are 0 ym (a,d), 1 ym (b,e), and 2 ym
(cf). Stable trapping positions are shown in black.
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FIGURE 4.10: Gradient force, F,, acting on a particle as a function of
radius and x-position from two counterpropagating Gaussian beams.
In all cases, the particle refractive index is 1.38 + i10~® and the refrac-
tive index of the medium is 1. Each beam has wavelength 0.532 ym,
beam waist 0.55 ym and power 150 mW. Beams are polarized in the
same plane in the left column (a—c), and mutually perpendicular in the
right column (d—f).The focal points are offset by Az = —20 ym in the
z-direction. Offsets in the x-direction are 0 ym (a,d), 1 um (b,e), and
2 um (c,f). Stable trapping positions are shown in black.
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z-dimensions. These effects differ based on the relative polarization of the two coun-
terpropagating beams, and whether the particle is trapped at or away from z,,;; in
the z-dimension. When trapped at z,,;4, the effect of relative polarization is most ob-
vious. If the beams are polarized in the same plane, then the particle’s xz trapping
position does not vary with the particle size. Particles of all radii are trapped mid-
way between the focal 