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Abstract

This thesis presents an investigation of the dynamic properties of wide range of interfacial
systems, from colloidal particles in solution, through the realm of aerosols and onto studies
of molecular adsorption at an interface. The primary experimental technique utilized is
optical tweezers. An exploration of the history of the use of radiation pressure to manipulate
matter is presented, followed by an introduction to how optical tweezers work. Some of
the more advanced methods of tweezing are discussed, with an emphasis on the use of
spatial light modulators (SLMs) to realise dynamic holographic optical tweezers (DHOTS),
an example of which has been constructed within our laboratory using off-the-shelf optical
components, and combined with a spectrometer to facilitate high resolution spectroscopic
studies of microscopic systems.

The spectroscopic analysis of microparticles is greatly enhanced by optical feedback gener-
ated when the wavelength of light utilized is an integer number of wavelengths around the
circumference of the microsphere. Enhanced signal occurs at these wavelengths, termed
whispering gallery modes (WGMs). The absolute position of these resonances depends
strongly upon the shape, size and refractive index of the particle, and is predicted by Mie
theory. A discussion of the concepts behind Mie theory, as well as how to use an experi-
mental WGM spectrum to deduce the size and composition of a microparticle, is provided.
This technique is then put to use in a detailed study on the properties of single aerosols,
comprised of sodium chloride solution, and generated using a handheld medical nebulizer.
Studies have been carried out on both evaporating and growing droplets trapped with a
Gaussian beam; in the latter case, periods of size stability are observed, owing to resonant
absorption of radiation at the trapping laser wavelength. The SLM can be used to change
the trapping laser to a Laguerre-Gaussian (LG) mode, and an investigation of how this
affects the dynamics of the droplet is presented. It is found that the use of LG modes
with £ > 10 produced Raman spectra with significantly more intense WGMs, and also
suppressed droplet evaporation. Through observations made with fluorescent polystyrene
microspheres, it is argued that the LG modes are more efficient at coupling into WGMs of
the droplets.

Leading on from these experiments on salt water droplets, experiments have been conducted
using ionic liquids (ILs). These fluids have many fascinating properties and potential ap-
plications. The optical trapping of droplets comprised of aqueous solutions of the ionic
liquid ethylammonium nitrate (EAN) and water has been demonstrated for the first time.
These droplets are analysed spectroscopically by illuminating them with the output from a
broadband LED; WGMs that are observed in the backscattered light are used to determine
their size and composition. The response of the droplets to conditions of varying relative



humidity has also been investigated. In order to characterise the relative humidity experi-
enced by both the salt water and IL droplets, the concentration of water vapour within the
trapping cells has been measured using diode laser absorption spectroscopy.

The spatially modulated laser beam is then utilized in a different fashion; instead of optically
tweezing a sample, a low numerical aperture objective lens is utilized to focus the laser
onto the surface of a gold coated microscope slide. When a colloidal sample is placed on
this surface, the thermal gradients cause the particles to form two dimensional crystals.
The SLM is utilized to form multiple nucleation sites, and the dynamics of the crystals are
directly observed in real time using video microscopy. It is found that grain rotation-induced
grain coalescence (GRIGC) occurs, with the rotation of both crystals before coalescence.
Control over the grain size is achieved by altering the separation of the laser spots, and
shows that the time scale for grain boundary annealing in our system is in good agreement
with theoretical expressions formulated for nanocrystal growth.

Finally, as a complimentary technique to the microparticle spectroscopy previously dis-
cussed, a bulk interface is probed by using evanescent wave broadband cavity enhanced
absorption spectroscopy (EW-BBCEAS) specifically to study the adsorption of cytochrome
¢ (cyt ¢) to a fused silica surface. Visible radiation from a supercontinuum source is cou-
pled into an optical cavity consisting of a pair of broadband high reflectivity mirrors, and
a total internal reflection (TIR) event at the prism/water interface. Aqueous solutions of
cyt ¢ are placed onto the TIR footprint on the prism surface and the subsequent protein
adsorption is probed by the resulting evanescent wave. The time integrated cavity output
is directed into a spectrometer, where it is dispersed and analysed. The broadband nature
of the source allows observation of a wide spectral range (ca 250 nm in the visible). The
system is calibrated by measuring the absorption spectra of dyes of a known absorbance.
Absorption spectra of cyt ¢ are obtained for both S and P polarized radiation, allowing
information about the orientation of the adsorbed protein to be extracted.
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Chapter 1

Introduction

“Through the looking glass, and what Alice found there.” The title of this work of literature
by Lewis Carroll could easily apply to life as viewed through a microscope. A drop of
pond water might seem rather boring on a macroscopic level, but through the looking glass
that a microscope affords, a rich and fascinating world is observed. Physics, chemistry and

biology intersect within this microscopic world, which is the domain of colloids.

1.1 The colloidal domain

A colloid may be defined as a dispersion of small particles of one type of material within
another [1]. The precise definition of “small” varies from author to author, but it is generally
understood that a colloidal particle will have a diameter ranging from 1 nm to on the order
of a few pm. The exact terminology depends upon the nature of the materials comprising
the particle and its surroundings, with the term “colloid” and “colloidal suspension” usually
interpreted as a collection of solid particles dispersed within a liquid medium. A liquid that
is dispersed within another liquid is known as an emulsion, while liquid dispersed within
a gaseous medium is known as an aerosol. Colloidal particles play a role in a wide variety
of disciplines. Industrially, colloids play an important role within food [2], paints [3] and

cosmetics [3] to give a few examples.

Aside from their industrial importance, colloids also play an important role in fundamental
condensed matter research. Their characteristic length and timescales are on the order
of pm and seconds respectively and hence, provided that there exists a refractive index
mismatch between the particle and its surrounding medium, and that its dimensions are
greater than the diffraction limit, can easily be observed via conventional, brightfield mi-

croscopy [4]. When studying colloids in high concentration, image contrast is limited by
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multiple scattering events within the sample. This can be minimized by tuning the refrac-
tive index of the solvent to match the particle, rendering them effectively transparent to
conventional microscopy. Imaging is usually achieved by fluorescently tagging the particles,
and utilizing confocal microscopy to build up a three dimensional picture of the sample [5].
Colloidal suspensions display a rich phase behaviour within the hard sphere model such as
fluids, crystals and glasses [6]. Furthermore, their interactions can be tuned by physical
or chemical means [7], leading to their application as model systems for physical processes
such as phase transitions [8, 9], or systems at interfaces [10, 11]. Indeed, Aarts’ use of
colloids to study a vapour-liquid interface [10] prompted Poon to describe colloids as “big

atoms” [12].

1.2 Outline of the thesis

This thesis explores dynamic properties of some interfacial systems, specifically colloidal
particles and aerosols, with a strong emphasis on spectroscopic characterisation. The tools
utilized in this investigation all exploit the interaction of electromagnetic radiation with
matter, whether that be to simply see what is going on (via microscopy), analysing the
composition (via spectroscopy) or actually utilizing light induced forces to manipulate mat-
ter on the microscopic level. The advent of optical tweezers [13] has been revolutionary for
the study of microscopic systems, and forms the primary experimental technique utilized.
Chapter 2 will briefly explore the history behind the development of optical tweezers, as
well as describing how they work, and outlining some of their applications in various disci-
plines. It will then go on to describe how to go about building an optical tweezers from off
the shelf optical components. Various methods of creating custom optical potentials will
be described, with a focus on the use of spatial light modulators (SLMs) to form dynamic
holographic optical tweezers, before describing how optical tweezers can be coupled with

spectroscopic techniques for the interrogation of microscopic samples.

Chapter 3 describes some of the basics of light scattering (Mie theory), with an emphasis
on so called “ripple structure” (also known as morphology dependent resonances, MDRs,
or whispering gallery modes, WGMs) apparent within a scattering spectrum. This chapter
shall also discuss how spherical particles can act as microcavities, with the cavity modes
being the MDRs. A description of how these resonances can be used to obtain accurate

information about the size and composition of spherical microparticles shall be provided.

Chapter 4 utilizes optical tweezers and the spectroscopic techniques introduced in Chapter 3
to study aqueous aerosol particles, consisting of solutions of sodium chloride. A review of
contemporary interest in aerosols will be provided, as well as an introduction to some of

the thermodynamics governing their existence. The specific technique used to study the
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aerosols is Raman scattering, which due to the existence of WGMs within the sphere,
leads to stimulated Raman scattering at wavelengths associated with WGMs. Initially,
the chapter shall focus on the trapping and spectroscopy of droplets using conventional
Gaussian beams, exploring both droplet evaporation and growth. During droplet growth,
periods of size stability become apparent, termed “locking”, and the mechanism behind this
is explored. The chapter will then go on to explore the differences in the dynamics of the
aerosols when switching the trapping laser’s beam profile to that of a Laguerre-Gaussian

mode.

Chapter 5 extends this work on the trapping of salt water aerosols to a different class of
material, ionic liquids. These exotic fluids have many intriguing properties and potential
applications, which shall be discussed. The chapter demonstrates the first known optical
trapping of droplets containing ionic liquid, and will focus on their trapping and spectro-
scopic characterisation within different environments of varying relative humidity, with an
ultimate aim of trapping droplets of pure ionic liquid. To quantify the various RH environ-
ments, diode laser absorption spectroscopy has been utilized to measure the concentration

of water vapour within the trapping chambers.

Chapter 6 marks the beginning of a change of gear for the thesis, where the dynamic
holographic optical tweezers experiment is modified to study the formation of colloidal
crystals using thermal gradients. A low numerical aperture objective is used, so the term
“tweezers” is redundant here, however the use of the SLM allows precisely defined laser spots
to be projected onto a gold covered microscope slide, which serve as nucleation spots for
the colloidal crystals. An indepth study of the interaction of two colloidal crystal domains
is presented, with the crystals being observed to show growth properties analogous to

nanocrystals.

Finally, Chapter 7 moves away from the realm of optical trapping and colloids, and fo-
cuses on the adsorption of cytochrome c (cyt c) to silica surfaces. This is studied using
evanescent wave broadband cavity enhanced absorption spectroscopy (EW-BBCEAS) with
a supercontinuum (SC) source, to compliment the microparticle spectroscopic studies of
the earlier chapters. By increasing the concentration of cyt ¢ upon the prism surface, a
Langmuir isotherm for the adsorption is obtained. Furthermore, selective polarisation of
the SC allows a method of determining the mean orientation of the molecules upon the

surface.

The thesis closes with some general concluding comments in Chapter 8.



Chapter 2

Fundamentals of Optical Tweezers

This chapter shall introduce optical tweezers, starting with a brief outline of their history
and working through to how they function. Some of their many scientific applications shall
be explored. The optical components that are required to construct a basic tweezers are
discussed, before focusing on more advanced trapping techniques. Finally, a description
of the holographic optical tweezers that I constructed for our laboratory will be provided,

followed by a discussion of how to integrate tweezers with spectroscopy.

2.1 Arthur Ashkin, and the development of optical tweezers

It is prudent to begin this chapter with an overview of the career of Arthur Ashkin, widely
credited as the father of the modern optical tweezers. His question, “is it possible to observe
significant motion of small particles using the forces of radiation pressure from laser light?”

proved to be a significant driving force in the development of the modern optical tweezer.

2.1.1 Radiation pressure and particle manipulation

It is well known from classical electromagnetic theory that there is a momentum flux asso-
ciated with electromagnetic radiation, termed radiation pressure, given by the ratio of the
time-averaged value of the Poynting vector, and the speed of light, i.e. (S)/c [14]. As a
student in 1944, Ashkin wondered if one could use the radiation pressure associated with
microwaves to apply a force to metallic objects [15]. Obtaining an old telephone earpiece,
he fired microwave pulses with a repetition rate of 1000 pulses s~! at the metallic vibration
receiver plate. A clear signal at a frequency of 1000 kHz was observed on an oscilloscope,
which Ashkin interpreted as radiation pressure. However, no further research in this area

was carried out until the late 1960s, when Ashkin carried out some “back of the envelope”

4
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calculations on the magnitude of forces that could be exerted by radiation pressure, which

I shall now reproduce.

Consider a beam of light, of power P and frequency v, incident upon a perfectly reflecting
mirror. The number of photons striking the surface per unit time will thus be P/hv. The
momentum p associated with a single photon is given by hv/c, therefore the force imparted

to the surface will be:
_d_ P 2w 2P

T dt 8 c c
With a power of 1W, a force of 6.67 x 107? N will be applied, which is rather small in
macroscopic terms. However, if we are dealing with microscopic matter, then forces of
this magnitude become much more important. Consider now what would happen if a
1pm sphere, of mass 1 x 10~ kg, had the entirety of the 1 W laser incident upon it. The
maximum force, Fiyax, that could be applied would be if the incident radiation was perfectly
reflected, as in the above situation. The resulting acceleration, given by Fi,ax/m, is on the
order of 109 ms~2, which is a large acceleration. Even if the true force was only a tenth of

Frax, the acceleration is still considerable.

This knowledge inspired Ashkin to attempt to manipulate microscopic particles using radi-
ation pressure alone. His initial experiments consisted of suspensions of latex microspheres
(of diameter 0.59, 1.31 and 2.68 pm) in water, illuminated with a weakly focused laser beam
operating at 514.5nm [16]. Both water and latex are weakly absorbing at this wavelength,
minimizing any thermal forces that would impede the observation of radiation pressure.
While particles were observed to move in the direction of laser propagation and obtain ve-
locities given by Stokes’ Law [16], a much more interesting observation was made. Particles
were always observed to move along the centre of the beam; if a particle was illuminated
by the edge of the laser beam, then it was drawn into the middle. If the laser was blocked
when a particle reached the walls of the cell, then its motion reverted to Brownian; when
unblocked then the particle returned to the centre of the beam. This remarkable obser-
vation suggested a transverse component of the forces related to radiation pressure, that
pulled a particle towards the region of highest intensity. This force component has come to
be known as the gradient force, and shall be considered in more detail in Section 2.2. The
nature of this optical guiding technique suggested that a particle could be stably trapped
by arranging two lasers, under identical power and focusing conditions, such that the beams
are counterpropagating, i.e. no net radiation pressure acts on the particle in the direction
of either laser when it is in mechanical equilibrium. An alternative approach to using coun-
terpropagating beams to achieve equilibrium is to utilize other forces, for instance Ashkin
and Dziedzic showed in 1971 that a particle can be trapped by balancing radiation pressure

with gravity (the so called optical levitation trap) [17].
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2.1.2 Single beam optical trapping

Ashkin’s work on trapping of particles with radiation pressure continued through the 1970s
and 1980s. For example, it was demonstrated that hollow glass microspheres could be
levitated with a TEM; (“doughnut”) laser mode [18]. A modification to the experiment
allowed the measurement of forces [19], which lead to the experimental observation of
morphology dependent resonances from single particles [20, 21] (as will be discussed further
in Section 3.1.3). The work on manipulating microscopic particles lead onto some fruitful
research on the trapping and cooling of atoms [15, 22]. In 1986, Ashkin and coworkers
reported the development of a single beam gradient force optical trap for dielectric particles
[13] which has since become commonly known as optical tweezers. Originally proposed as
an atom trap [23], it was shown that optical tweezers, which utilize a tightly focused laser

beam wia a microscope objective, could be used to trap particles of a wide size range.

Since then, optical tweezers have become a powerful tool in research laboratories across the
world. The fact that tweezers themselves utilize a microscope objective means they can be
readily integrated into any experiments that investigate microscopic matter. Ashkin himself
was quick to demonstrate the application of tweezers to the trapping of biological cells, such
as viruses and bacteria [24]. This paved the way for many biological applications of optical
tweezers. The majority of biophotonic measurements utilize the fact that the optical forces
(discussed further in Section 2.2) acting on a particle in a single beam trap are such that for
small (<200nm) displacements of the trapped particle from its equilibrium position, the
restoring force is linear with displacement. This means that the optically trapped particle
can be treated as one end of a Hookean spring, and so can be utilized as a sensitive force
probe (discussed further in Section 2.2.4). Here, I shall aim to give a flavour of some of the

fascinating biological experiments in which tweezers have played a role.

An early experiment that utilized optical forces in a biological context measured the com-
pliance of bacterial flagella [25]. Optical trapping techniques can be used to study single
biomolecules, typically by use of a colloidal microparticle to act as a handle for the molecule
in question by utilizing surface chemistry techniques to adhere the molecule to the particle
[26]. This is very nicely demonstrated in the work of Bockelmann et al. where one strand
of a DNA molecule was tethered to an optically trapped microsphere, with the other end
tethered to the coverslip surface [27]. Position sensitive detection meant that the forces
acting upon the DNA strand as the glass slide was moved (relative to the fixed trapping
position) could be accurately characterised, ultimately leading to the mechanical unzipping
of the DNA molecule. The experiment used had sufficient force resolution (sub pN) to
measure extremely high base pair sensitivity, and offered a considerable improvement over
their previous measurements on the unzipping of DNA [28]. Optical tweezers have allowed

direct measurement of the forces and displacements associated with single myosin molecules



Fundamentals of Optical Tweezers 7

interacting with a single actin filament [29]. The study of the motion of silica nanoparticles
that were treated with kinesin along microtubules has also been aided by the use of tweezers
[30]. The interaction of dynein (the protein that powers flagellar motion) with individual
microtubles was measured directly using tweezers [31]. An excellent introduction to some
of the biological applications of optical tweezers in the first 16 years of their history is
given by Molloy and Padgett [32]; while a more recent primer on the applications of optical

tweezers to single molecule biology is given by Perkins [33].

Of course, it is not just biophysics that has benefited from the development of optical
tweezers. As they offer a method of precise particle manipulation, they have found appli-
cations in the realm of nanotechnology. Nanofabrication using holographic optical tweezers
(Section 2.5) was initially demonstrated by Korda et al. [34], and has been utilized in
the formation of template structures for photonic band gap materials [35, 36]. The use of
tweezers offers an advantage over self assembly of the microparticles, as they offer greater
flexibility over the positioning of the microparticles, demonstrated by Benito et al. by
introducing line defects to the crystals, as well as building 3D cubic structures. Holo-
graphic optical tweezers have also been used by Agarwal et al. to manipulate and assemble

semiconductor nanowires [37].

The ability to apply pico-Newton forces to objects affords a mechanical application for
optical tweezers. As an example, Friese et al. utilized the torque generated by birefringent
particles trapped by circularly polarised laser radiation to drive a second optically trapped
“micromachine” element [38]. Carberry et al. have developed a series of nanotools, which
can be optically trapped and utilized as an alternative method of force measurements (sim-
ilar to scanning probe microscopy) [39]. Optically trapped microrods [40] offer advantages
for force probing measurements, as the trapping laser can be placed at an arbitrary posi-
tion along the microrod (minimizing optical damage to the sample being probed), and the
reduction in symmetry could offer orientational information. Sensitive force measurements
mean that optical tweezers are ideal tools for (active) micro-rheology [41], which offers
several advantages over bulk rheology such as small sample volumes (~10pnL), examining
the high frequency response of the viscoelastic properties of the sample, and assessing the
heterogeneity of the sample [42]. Optical tweezers played an important role in a beautiful
experiment by Hertlein et al. to directly measure critical Casimir forces between a col-
loidal silica microparticle, and a planar silica interface [43]. While the measurement itself
was performed using total internal reflection microscopy, optical tweezers were utilized to

suppress particle diffusion.

Microfluidic chips are readily integrated with optical tweezers [44-46], and indeed other
“lab on a chip” type experiments [47]. Optical tweezers also find applications in colloid

and interface science [48]. For example, they have been utilized to anneal grain boundaries
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within colloidal crystals [49], and to directly measure interactions between colloidal particles

[50], such as electrostatic interactions [51, 52] and hydrodynamic coupling [53, 54].

Tweezers are finding increasing applications in chemistry laboratories. For instance, lipo-
somes, which are artificially generated vesicles comprised of a lipid bilayer, can be trapped
and manipulated optically. Kulin et al. manipulated a pair of lisosomes together, then
utilized a pulse of UV laser radiation to break the membrane joining the liposomes and
allow the liposomes to fuse into one [55], thus mixing their contents and allowing chemical
reactions to occur. Reiner et al. were able to generate aqueous droplets which could be
trapped with optical tweezers, by generating an emulsion in a low refractive index fluoro-
carbon [56]. An advantage of this technique over liposomes is that the water droplets, when
brought into contact, will spontaneously fuse to form a single droplet. Liquid droplets in air
(aerosols) can also be stably trapped and manipulated; this will be given further attention

in Chapters 4 and 5.

2.1.3 Non tweezer based particle manipulation

Before proceeding to discuss the physics behind optical tweezers, it is prudent to take a
moment to reflect upon the various, non-tweezer based methods of particle micromanip-
ulation, such as the use of evanescent waves, fibre traps and optoelectronic tweezers. An
additional method of particle manipulation, which utilizes thermal gradients to transport

matter (known as thermophoresis) will be discussed in Chapter 6.

2.1.3.1 Evanescent waves

When light that is initially propagating within a high index medium undergoes total internal
reflection at an interface between a medium of high and low refractive index, a component
of the electric field exists in the optically less dense medium, known as an evanescent wave
[14]. The evanescent wave propagates in the same direction as the original beam, and
has an intensity which decays exponentially away from the surface of the interface (the
depth at which the intensity of the wave decays to 1/e of its initial value, known as the
penetration depth, is on the order of \). If the surface is perfectly smooth then no energy is
transmitted into the second medium; however imperfections (such as scratches, or dust on
the surface) will lead to scattering of the evanescent wave and loss of energy. The scattering
sites effectively convert the evanescent wave into a traveling wave (alternatively, photons

can be thought of as tunnelling across the interface).

In 1992, Kawata and Sugiura showed that an evanescent wave could be used to manipu-

late micron sized particles (with sizes ranging from 1pm to 27 pm) across the surface of a
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prism/water interface. Scattering of the evanescent wave by the particles is responsible for
the transfer of momentum from the evanescent wave to the particles, which obtained veloc-
ities of up to 20 pms~! [57]. Surprisingly, it took over ten years between this experiment,
and the emergence of experiments that utilized counter-propagating evanescent waves, such
that no net radiation pressure acts upon the sphere. Garcés-Chéavez et al. imaged a Ronchi
ruling onto a prism surface with counterpropagating evanescent waves, and observed par-
ticle sorting into the bright fringes [58]. Mellor and Bain also utilized counterpropagating
evanescent waves [59, 60], and observed a rich variety of structures formed by sub-micron
sized particles, while for larger particles observed that interference fringes in the evanescent
field were important. Concurrent experiments carried out by Siler et al. also showed the
sorting of microscopic matter in counterpropagating evanescent waves; they also conducted
a more theoretical study on optical forces in the evanescent field [61]. The formation of
structures in counterpropagating evanescent waves is reminiscent of optical binding [62],
first reported by Burns et al. in 1989 [63]. Here, significant optical forces are induced

between microparticles in intense light fields.

There has been interest in utilizing enhanced evanescent waves for studies of optical binding,
as the optical forces due to an evanescent wave are considerably weaker than in conven-
tional optical manipulation techniques. Reece et al. utilized a waveguide to enhance the
evanescent field, giving a ten-fold enhancement in the evanescent field strength, and large
scale arrays of ordered colloidal particles [64]. Research in our group has demonstrated
the enhancement of the evanescent wave using an actively locked optical cavity [65]. An
interesting application of this technique is the ability to lock to higher order transverse
modes of the cavity, giving a different electric field pattern on the prism surface. More
recently, our group has utilized an optical tweezers to direct the assembly of such optically
bound matter, by loading one particle into the evanescent field at a time and observing the
dynamics of the system using single particle tracking [66]; in particular, optical waveguiding
effects are found to lead to optically bound structures which are reminiscent of Newton’s

cradle type motion.

2.1.3.2 Fibre traps

An alternative method of optical trapping, which bears many similarities with Ashkin’s
counterpropagating beam trap, makes use of optical fibres, first demonstrated by Constable
et al. [67]. Here, radiation from a pair of infrared diode lasers is coupled into separate single
mode optical fibres (which themselves act as spatial filters for the laser light) that can be
positioned to act as a counterpropagating trap on the microscopic scale, owing to the highly
divergent nature of light emitted from the fibre. This method of particle manipulation offers

several advantages over conventional optical trapping. Firstly, the relative position of the
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fibres can be altered, to introduce additional forces and torques into the system. Secondly,
much greater trapping volumes for sub-micron particles were reported. Finally, the fact
that the trap is decoupled from the imaging microscope offers greater flexibility for particle
manipulation. An interesting application of fibre traps is the optical stretcher of Guck et
al. [68]. This work exploits the fact that, although the net force on a trapped particle is
zero, the surface forces are additive and lead to stretching of the particle along the beam
axis. This can therefore be used to measure viscoelastic properties of trapped materials, in
particular biological cells. As cancerous tissue have an altered cytoskeleton (relative to a
healthy cell), their physical response to the optical forces can be used a method of diagnosis
[69].

2.1.3.3 Optoelectronic tweezers

The final non-tweezer based method of particle manipulation that shall be discussed are
optoelectronic tweezers, based upon dielectrophoresis [70, 71]. The system is based around
a pair of electrodes, one of which is transparent (ITO glass), and the other of which is
photoconductive. The sample is sandwiched between these two electrode layers, and an a.c.
electrical bias is maintained between them. Incoherent light from an LED is then focused
onto the photoconductive layer using a low magnification microscope objective. This light
is patterned using a digital projector, or indeed any other form of spatial light modulator,
and forms what the authors term “virtual electrodes” on the photoconductive layer. The
resulting non-uniform field gives rise to dielectrophoresis. Due to the sensitivity of the
photoconductive layer, the intensity of light required to achieve the photophoretic effect
is on order of 100,000 times smaller than the intensities required for conventional optical
tweezers. As extremely well tailored and highly reconfigurable patterns can be formed
on the photoconductive substrate, this technique naturally lends itself to manipulation of
large numbers of particles, as well as particle sorting and the manipulation of live cells [72].
Recently, the technique has been utilized in assessing the motility of human sperm cells
[73].

2.2 Basic physics behind an optical trap

Having explored the history of single particle manipulation with optical tweezers, discussed
some of their applications and briefly touched upon some of the other non-contact methods
available for particle manipulation, this section shall now focus on how optical tweezers

themselves actually work.
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Following convention, the optical forces acting on a dielectric microsphere in a laser beam
is resolved into two components: the scattering force (which acts in the direction of beam
propagation) and the gradient force (which acts along an intensity gradient in the electric
field of the trapping radiation):

F = Fycat + Fgrad (2.1)

These optical forces are readily calculable in the limits where the particle (of radius a) is
much larger than the wavelength of the trapping laser (so that geometrical ray tracing can
be used to determine the forces), and when the particle is much smaller than the trapping
wavelength (so that the particle can be treated as a point dipole). A brief discussion of
these limiting forces shall now be provided, which shall also touch upon how the optical
forces are calculated when the particle’s size is similar to the wavelength of the trapping

radiation.

2.2.1 Geometric optics limit, a > A

The geometric optics limit is an ideal place to discuss the origin of the optical forces, as it
can be readily visualised. Furthermore, the forces can be exactly calculated by summing
the contributions from all rays incident upon the sphere [26, 74]. Consider the following
situation: radiation of a vacuum wavelength A in a medium of refractive index n,, is incident
upon a sphere of refractive index ng, where ng > n,,. The sphere will act as a weak lens;
rays incident upon it will undergo refraction and hence experience a change in momentum
due to the change in their direction. Conservation of momentum requires a corresponding
transfer of momentum to the sphere, causing an optical force to be exerted. In the case
of a homogeneous electric field, a sphere will equally scatter light in all directions. Hence,
all horizontal components of the momentum change will cancel, leaving the resultant force
acting in the direction of beam propagation, the scattering force, and is analogous with

radiation pressure.

If the field is spatially inhomogeneous, e.g. there is a gradient in the electric field across
the sphere, then the situation will be somewhat different. This is sketched in Figure 2.1.
In this example, the intensity of the light increases from left to right. Upon undergoing
refraction, the momentum change due to ray B (for example) will be greater than that of
ray A, hence the momentum change (and therefore force) imparted to the sphere for ray
B will be greater than ray A. The horizontal components of the momentum change now
no longer cancel, and so there will be a net force along the intensity gradient (towards the

region of greatest intensity).

The gradient force explains why, in Ashkin’s initial optical guiding experiments, the par-

ticles always migrated to the centre of the beam. Idealised laser beams have a Gaussian
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Figure 2.1: Origin of the scattering and gradient forces in the geometric optics limit.
Owing to the intensity gradient, ray B is more intense than ray A. Upon refraction, the
momentum change for ray B is greater than A, hence the force associated with ray B is
greater than ray A. Conservation of momentum results in momentum being imparted to
the sphere in the opposite direction to the light’s momentum change.

intensity profile, so the most intense region is in the centre. In most circumstances, the
scattering force far outweighs the gradient force. However, if the electric field gradient is
particularly steep, for instance, in a tightly focused beam, then the influence of the gra-
dient force becomes much more significant, to the extent where the gradient force can be
sufficient to overcome the scattering force, holding a particle near the focus. Tightly fo-
cused beams are achieved by focusing the beam down with a microscope objective of high
numerical aperture (Section 2.3.2), i.e. optical tweezers. An example of a stable trap is
sketched in Figure 2.2. Owing to the equilibrium between scattering and gradient forces,
the particle sits slightly downstream of the laser focus. Any displacement of the particle
from its equilibrium position will result in a large force mismatch, pulling the particle back

towards the centre of the beam.

2.2.2 Rayleigh limit, a < A

When the radius of the particle is much smaller than the trapping wavelength, i.e. the
conditions for Rayleigh scattering are satisfied, it may be treated a point dipole and the
optical forces directly calculated. In this instance, the two components of the optical force
are readily separable. The scattering force arises from the absorption and re-radiation of

light by the sphere. It may be calculated by the relation Fycat = Pacat/c, Where Picay is the
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Intensity
gradient

Figure 2.2: A particle in a stable optical trap. Any displacement of the particle from
equilibrium results in a strong force imbalance, which acts to pull the particle back to
the centre of the beam. The particle sits slightly “downstream” of the focus due to the
balancing of the scattering and gradient forces.

scattered power emitted by the dipole, and c is the speed of light. This may be expressed
as: [13, 75]:

Iyong,

Fscat = (22&)

1287%a8 /m2 —1\2
O‘ =
3\4 m2 + 2

(2.2b)

where I is the intensity of the incident radiation of wavelength A, o is the scattering cross
section, n,, is the refractive index of the surrounding medium, ny is the refractive index of

the particle, and m = ng/n,, (termed the refractive index contrast).

The gradient force arises from the interaction of the induced dipole with the inhomogeneous
electric field. An electric field induces dipole moments within the sphere; for a field of
amplitude E this dipole is p = aE, where « is the polarisability of the sphere. The force on
a dipole in an inhomogeneous electromagnetic field is F = (p - V)E + %‘t’ x B, the gradient

force may therefore be written as [13]:

Fyad = %VEQ (2.3a)
2
a=nsa (m2 n 2) (2.3b)

where « is the polarisability of the sphere. It is clear from Equation 2.3 that if the refractive

index of the sphere is greater than that of the surrounding medium, then the gradient force
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acts towards the region of highest intensity; otherwise the region of greatest intensity will

repel the particle.

2.2.3 Mie,a~ X

Unfortunately, most particles that are used in tweezers experiments fall between these two
limits. The optical forces in this regime become difficult to calculate, requiring use of
Mie theory to determine the scattering of the laser radiation by the particle. As tweezers
utilize highly focused Gaussian beams, classical Mie theory (which is based upon plane
wave scattering, and is discussed further in Chapter 3) is insufficient. Generalized Lorenz
Mie theory (GLMT) [76] can be used to account for the Gaussian nature of the trapping
laser, and has formed the basis of many theoretical descriptions of optical trapping [77, 78].
It is also important to consider that, owing to the refractive index mismatches inherent
with oil immersion objectives, the trapping laser will undergo significant aberrations. This
will have an influence on the magnitude of the trapping forces. This can be accounted for
by utilizing Mie-Debye spherical aberration theory (MDSA) to model the trapping system
[79, 80].

2.2.4 Mechanics of an optically trapped particle

As discussed above, a particle confined by optical tweezers experiences a harmonic potential,
thus it can be regarded as one end of a Hookean spring (i.e. a damped harmonic oscillator).
The implication of this is that optical tweezers may be used as extremely sensitive force
probes [81]. To achieve this, it is necessary to utilize a calibrated optical trap, i.e. the force
constant, x (also known as the trap stiffness) for the trap from Hooke’s law (F = —kz)
must be determined. Force measurements are not part of the remit of this thesis, and hence

shall only briefly be discussed here.

The one dimensional motion of an optically trapped particle (of radius a and mass m) in
a harmonic potential, taking into account its Brownian motion, may be described by the

following Langevin equation [82, 83]:
(t) +Tom(t) + Q3z(t) = &(t) (2.4)

where Q(Q) = k/m is the natural frequency of the oscillator, I'g = v9/m = 6mna/m describes
the damping forces on the system, given by Stokes’ Law (with n the dynamic viscosity of
the medium). An additional correction factor is required for the proximity to the coverslip.
The value £(t) represents the stochastic forces present within the system, i.e. Brownian

motion.
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Taking the Fourier transform of Equation 2.4 yields a power spectrum of the time-dependent

position of the optically trapped particle:

kgT Q2T
S, = 2.5
o) Tk (w? — Q2)2 + T3w? (2:5)
which can be rearranged as:
]{ZBT w270
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where the corner frequency is:
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As the drag (y9/m) is given by Stokes’ law, measurement of the corner frequency from an
experimental power spectrum can be used to retrieve the trap stiffness for a particle, thus

allowing the use of the trapped particle as a sensitive force probe.

There are several methods of recording power spectra of trapped particles. Fast cameras
(with a frame rates of kHz) can be used to image the particle at a sufficient frequency [84],
however a limitation is the amount of computer memory required to store the experimental
data. This method also only interrogates two-dimensional displacement of the particle. An
alternative method of position detection for particles involves use of a quadrant photodiode
(QPD) [85]. This consists of four photodiodes, each of which has a unique voltage output.
Scattered light from a particle (usually from a source independent from the trapping laser)
is imaged onto the QPD array, and Brownian motion of the particle within the trap will
result in an inhomogeneous illumination on each of the quadrants. Information about the
x, y and z displacements of the particle can be obtained by combining the voltage signals

in different fashions.

The form of power spectrum observed for a particle depends upon its surrounding medium.
For example, colloidal samples in aqueous solution constitute overdamped systems, and
their power spectra show a tail with a gradient of w™2. If a colloidal sample is suspended
in a non-Newtonian fluid, such as an aqueous solution of hyaluronic acid, the gradient of
the tail shows a significant deviation from w=2 [86]. Aerosol particles, which are trapped
in air, tend to be underdamped oscillators, and in the underdamped regime will show
an w™* dependence in the gradient of the tail in their power spectra [83]. A review of

micro-rheological tecnhiques utilizing optical tweezers is provided by Yao et al. [41].
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2.3 How to build optical tweezers

Having established the basic physics behind how optical tweezers work, I shall now discuss
how one actually builds them. For further details, the reader is invited to view the infor-
mative protocol produced by Lee et al. outlining how to modify a commercial fluorescence
microscope to accommodate optical tweezers [87]. This document is also a useful guide
for those seeking to build optical tweezers from off-the-shelf optical components, such as
the tweezers experiments used in this thesis. Finally, I further note that interest in opti-
cal tweezers has developed sufficiently for complete off-the-shelf tweezers systems to have
recently become commercially available, for instance a complete optical tweezers (with an

optional force measurement module) is available from Thorlabs.

In essence, an optical tweezers system is simply a laser beam, that is directed into a micro-
scope objective using various beam steering optics, shown schematically in Figure 2.3. Each
of the components used in a basic optical tweezers shall be described, with a discussion of

why these particular components are chosen.

Illumination

s
Beam expansion
M2 PBS Microscope objective
Beam steering
Dichroic mirror
|/

carer [N

Figure 2.3: A basic optical tweezers experiment.

2.3.1 Lasers

Laser beams are used in optical tweezers for their attractive properties, such as spatial
coherence, that allows them to be focused to tight spots using conventional microscope
objectives. The high irradiance and Gaussian intensity profile also contribute to good
trap performance. The choice of wavelength depends largely on the application; biological
trapping experiments tend to be carried out with near infrared beams, as wavelengths in

this region are close to the minima in any absorption cross sections for molecules within the
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trapping substrate, thus avoiding laser induced damage to the biological specimens (termed
opticution [88]). It is also desirable to avoid a wavelength where water absorbs significantly,
to avoid local heating and corresponding transport effects. The output from visible lasers,
such as an Argon-ion laser (514.5nm), or a frequency doubled Nd:YVO, (532nm) are
typically used in experiments involving pumping of molecules within the substrate (such as

fluorescence, or Raman spectroscopy).

Lasers used in trapping ideally have a good pointing stability, have a stable output power,
and have a beam profile with an M? < 1.1, where M? is a parameter that relates a
trapping beam’s profile to that of a perfect Gaussian beam (M? = 1). The reason for
this is that beams with a good quality beam profile will focus to a diffraction limited spot,
thus forming the necessary intensity gradients for three dimensional trapping. It is often
the case that lasers only perform to these requirements when operated at maximum driver
current. However, as only a few milliwatts are required for optical trapping, a method of
power control is thus required. While this could be achieved with neutral density filters,
this would lack the ability to fine tune the optical trapping power. The solution is to use
a half waveplate (often termed A\/2) and a polarising beam splitter (PBS). A PBS will
transmit polarized laser radiation in accordance with Malus’s Law: I = Iy cos? 6, where Iy
is the intensity of the incident laser beam, and 6 is the angle of the polarisation of the laser
relative to the transmission polarisation of the PBS. Rotation of the waveplate alters the
plane of the polarisation, thus affording a method of fine-tuning the optical power directed
to the optical trap. An appropriate dichroic mirror is used to direct the laser beam into the
objective; this is chosen to have a high reflectivity at the trapping laser wavelength, and
transmit all other wavelengths (therefore allowing the same objective to be used for both

tweezing and imaging).

2.3.2 Microscope objective

The microscope objective is the centrepiece of an optical tweezers, as it is used to focus
down the laser radiation to a diffraction limited spot. Objectives are characterised by their

numerical aperture (NA), defined as:
NA =nsiné (2.8)

where 6 is the half angle of the cone of light that can enter/exit the objective, and n is
the refractive index of the surrounding medium. The corresponding diameter of a laser
beam of wavelength A focused by the objective is 1.22A/NA [89]. Hence, to minimize the
size of the focused laser spot (and hence increase the electric field gradient, as discussed

in Section 2.2) an objective with a high NA should be chosen. In order to increase the
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NA beyond unity, an immersion fluid must be placed on the exit pupil of the objective.
Typically, this is some form of hydrocarbon oil (with n ~ 1.51); such objectives are termed
oil immersion objectives and are by far the most commonly used objectives in optical
trapping. However, a disadvantage to using an oil immersion objective is that, owing to
the refractive index mismatch between the immersion oil and a (typically) aqueous trapping
medium, significant spherical aberrations are introduced into the beam (which increase with
increasing depth into the sample). Water immersion objectives can be utilized to reduce
the degree of spherical aberration, but these are more expensive than their oil immersion

cousins.

Good quality optical traps are produced by expanding the incident beam, such that it
overfills the back aperture of the objective. The reason for this is that rays at the periphery
of the beam contribute the most to the gradient force, while those in the centre contribute
mostly to the scattering force. Therefore, by overfilling the objective, the low intensity rays
in the wings of a Gaussian beam profile are removed, increasing the intensity (and hence the
optical forces) of the rays associated with the gradient force relative to the core. Gaussian
beams are most commonly expanded using a pair of plano-convex lenses with focal lengths
f1 and fo in a simple Keplarian telescope, i.e. a distance f1 + fo apart. Slight adjustment
of the beam expansion lenses can be used to ensure that the microscope imaging plane, and

the trapping plane, are coincident.

2.3.3 Beam steering

While an optical tweezers consisting of a laser beam, directed through a pair of lenses and
into an objective is technically possible, it would be fairly uninteresting as it would lack
maneuverability; “translation” of the trap would only be possible by physically moving the
sample stage. Using steering mirrors aids alignment of the tweezers, however simply adding
mirrors would not aid in trap maneuverability, as translation of the beam would effect how
the beam enters the objective, introducing deleterious clipping of the beam at the back
aperture, and aberration. The solution to this is to use another Keplarian telescope in a
4f system, as shown in Figure 2.4. The steering mirror M2 is located a distance f; from
lens L1. Lenses L1 and L2 are separated by the sum of their focal lengths, fi + f2, and
the distance from L2 to the back aperture of the objective is fo. Hence, M2 is imaged onto
the back aperture (BA) of the objective (termed conjugate planes); changing the angular
position of M2 will not affect the position of the beam at the back aperture (thus avoiding
any negative beam clipping) but will result in a lateral displacement of the trap position,

affording a method of manipulating the particle independent of the rest of the sample.
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Figure 2.4: A 4f beam steering system (not to scale). The steering mirror SM and the
back aperture of the objective (BA) form conjugate planes. Angular displacement of SM
provides no change to the location of the beam at BA; however the change in angle of the
rays corresponds to a lateral shift of the beam focus in the sample plane.

2.3.4 Illumination and imaging

Good microscope illumination is essential for obtaining high quality images and videos of
trapped particles. If the tweezers system is a modified microscope then there should already
be a good illumination system, however if a custom tweezers set up is being built then extra
care needs to be taken. The simplest way to illuminate the sample would be to place a
white light source above the sample, and focus it down using a lens, or a second objective.
However, much higher quality illumination is achieved by utilising Kohler illumination.
This is shown schematically in Figure 2.5. Output from a white light illumination source (I
utilize a high intensity fiber coupled light source, Thorlabs OSL1-EC) is collimated using
a short focal length (25mm) lens (L1). This light is then incident upon a pair of lenses
(L2 and L3) in a Keplarian telescope arrangement. An iris is positioned at the focus of
these lenses, which serves as the field diaphragm. An additional lens (L4) forms a second
Keplarian telescope with L3, and focuses the white light onto the sample, with the result
that the field diaphragm is imaged onto the sample. A second iris is positioned before L4,
termed the condenser diaphragm. By opening or closing the field diaphragm, the brightness
of the image can be adjusted, while the condenser diaphragm will control the contrast of

the image.

Most modern objectives are infinity corrected, i.e. their image plane is infinitely far away
from the back aperture. To form an image, a tube lens is placed within the beam path,
which focuses the light collected by the objective onto the camera. Modern tweezer systems
use digital cameras for imaging, with a charge coupled device (CCD) or a complementary

metal-oxide semiconductor (CMOS) detector. An appropriate filter is placed before the
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Figure 2.5: Schematic of the configuration of a custom built Kohler illumination. The
field diaphragm and the sample form conjugate planes. Adjustment of the field diaphragm
alters the brightness of the image, while adjustment of the condenser diaphragm changes
the contrast.

camera, to remove any backreflected laser light that is transmitted through the dichroic

mirror.

2.3.5 The sample

While this may seem like a trivial topic to discuss, there are several important factors that
need to be considered when preparing samples for optical tweezers. Firstly, it is crucial to
use the correct thickness of coverslip (borosilicate glass, no. 1 thickness, 0.13-0.17 mm) due
to the short working distance of a high NA oil immersion objective. A second consideration,
which was alluded to in Section 2.2, is the relative refractive index of the sample, i.e. the
ratio of the refractive index of the object and its surrounding medium, m = ny/n,, (also
termed refractive index contrast). In order for an object to be trappable via optical forces,
it is necessary that m > 1. This is the case for most situations described in this thesis, such
as silica microparticles in water, or salt water droplets in air. If m < 1, for instance if the
sample consists of water droplets suspended in oil, the gradient force will act to push the
object away from the region of high intensity. Trapping can be achieved in this instance
by using Laguerre-Gaussian beams (also referred to as vorter beams) [90-92]. A fuller
discussion of these beams (and how to generate them) will be given in Section 2.5.4; briefly
these modes focus to rings, rather than spots, and so low index particles can be confined

to the region of zero intensity.

To prepare liquid samples (i.e. suspensions of microspheres, or emulsions) for tweezing,
it is common to sandwich a small volume (~ 20uL) of liquid between two coverslips. A
vinyl spacer (approximately 200 pm thick) is placed on one of the coverslips, to provide a

small volume for the sample to occupy. If desired, the edges of the coverslips can be sealed
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using transparent nail varnish, minimizing any evaporative losses (and increasing sample
lifetime). Custom fabricated cells, such as microfluidic chips, can easily be integrated with
an optical tweezers set up provided that a no. 1 thickness coverslip is adhered to the chip.
Trapping particles in air can be accomplished by making a simple cell, consisting of a pair
of coverslips with a rubber O ring separating them. A small section of the O ring is removed

to allow a stream of aerosol to be introduced to the trapping volume.

In all instances, a small volume of immersion oil needs to be applied before the sample can
be used on the microscope. This can either be applied directly to the objective, or else to
the surface of the coverslip that will be in contact with the objective. It is important to
use the correct variety of immersion oil that will give index matching of the glass used in
the objective lens (Nikon Type A immersion oil is utilized with the Nikon E-plan objectives
utilized in our laboratory), otherwise spherical aberrations will be introduced to the beam.
Due to the surface tension at the oil/glass interface, the coverslips will move unless they
are appropriately fixed to the microscope translation stage; I commonly achieve this by
weighing down the sample with a pair of allen keys, or an empty cage plate (Thorlabs,
CP02/M).

2.3.6 Trap characterisation

Although optical tweezers can be utilized as extremely sensitive force probes, they need to
be calibrated such that, for a given power incident upon the sample, the magnitude of force
imparted to the sample is known. This is achieved by introducing a dimensionless trapping
efficiency parameter, commonly given the symbol @, such that the force acting on a sample

may be expressed as:
P
F= Q”mT (2.9)

where @) takes a value in the range 0 — 1, and n,, P/c is the total momentum flux incident
upon the sample. The trapping efficiency in the axial direction (i.e. parallel to the beam-
path) is generally less than the lateral (perpendicular to the beampath) efficiency, and so it
is common to only determine the axial value (Qaxia1). To achieve this, a particle is trapped
stably as normal, and then the trapping power is lowered until the particle is observed to
gust fall out of the trap (Puyin), i-e. the optical forces are equal to the weight of the particle,
and any thermal forces on the particle due to Brownian motion. This minimum force may

therefore be expressed as [93]:

2kpT
d

d3
Foin = Tg(ps - pm) +

(2.10)

where d is the diameter of the particle and ps and p,, are the densities of the sphere and the

surrounding medium respectively. The first time on the right hand side of Equation 2.10 is
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the gravitational force acting on the sphere minus its buoyant force, and the second term is
the force required to suppress the thermal motion of the particle. As the above minimum
force can easily be calculated, and Py, can readily be measured, QQayia can therefore be
determined. Typical Qaxia1 values for colloidal particles tend to be < 0.1 [94], while for a

salt water aerosol they take values around 0.28 [95].

Typically, the minimum trapping power is measured by placing a power meter in the beam
dump arm of the PBS. The power incident upon the sample will be equal to the difference
between the measured power when the particle falls from the trap, and the maximum value
of the power (taking into account the transmission efficiency across the optical train). To
give a better discrimination between the small powers that will be measured, a neutral
density filter is placed into the trapping laser beam path. The optical losses between the
PBS and the microscope objective also need to be characterised; this value is trivial to
determine. It involves slightly more effort to determine the losses due to overfilling the
objective, and those of the objective itself (owing to the highly divergent nature of the
objective, making accurate measurements of power difficult). The former may be deter-
mined by setting an iris to the same diameter as the back aperture of the objective and
measuring the power before and after the iris. To determine the latter, two identical ob-
jectives (with a sample prepared from deionised water sandwiched between them) must be
used. Using a translation stage, the relative position of the two objectives is adjusted until
the laser is recollimated by the second objective, where the power can then be accurately
measured. The transmittance through a single objective is then determined by the square
root of the transmittance through both objectives; for the objectives used in this thesis, a

transmittance of 0.893 at 532 nm was measured.

2.4 Multiple trapping techniques

The basic tweezers system described above is somewhat limited in the sense that it can
only independently trap one object at a time with a Gaussian beam (unless a beam shaping
optic, such as an axicon, or a spiral phase plate, is introduced to the beam path). It is
therefore desirable to have a system that enables the trapping of multiple particles, which
can be moved independently, as this will ultimately improve the flexibilty of the tweezers
system. In this section, various methods for achieving multiple trapping of particles shall

be discussed.
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Figure 2.6: Schematic of the beam splitter portion of a basic dual beam tweezers. The
lens is chosen such that the gimbal mounted mirrors are imaged onto the back aperture of
the objective.

2.4.1 Beam splitters

By far the most simple way to achieve independently steerable traps is to split the beam
in two using a polarising beam splitter and a half-waveplate, then recombine them using a
second PBS [96], shown schematically in Figure 2.6. Use of gimbal mounted mirrors allows
each trap to be steered independently, while using a 4f system to image the GMMs onto

the normal beam steering mirror allows both traps to be steered simultaneously.

Dual beams have uses in biophysics where two optical handles need to be manipulated inde-
pendently. For instance, Mammen et al. studied the adhesion of a virus coated microsphere
with a erythrocyte, both of which were optically trapped, to investigate the effectiveness
of viral inhibitors [97]. A review of the applications of dual beam traps in biophysics is
given by Sung et al. [98]. The manipulation of liposomes described above was achieved
using a dual beam trap [55]. The procedure has been employed by Buajarern et al. to
study the coagulation of aqueous aerosol droplets [99], and is regularly used by the Aerosol
Dynamics Group in Bristol to independently trap and spectroscopically characterise a pair

of droplets, one of which serves as a control [100].

2.4.2 Acousto-optic deflectors

Acousto-optic deflectors (AODs) operate by generating an acoustic wave within a crystal,
thus creating a varying density which acts as an effective diffraction grating for an incident

laser beam. The deflection angle for a first order diffracted beam is given by 6 = Af/v,
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where ) is the wavelength of the incident beam, f and v are the frequency and the velocity
respectively of the acoustic wave [101]. The AOD generates “multiple” traps, as it rapidly

scans the laser beam between the desired trapping locations (at speeds of several kHz).

To be practical for optical tweezing, a pair of orthogonal AODs are often used to generate
optical landscapes in both the z and y directions. There are several drawbacks to the use
of AODs; they are reasonably lossy (< 85% transmission per AOD) and can introduce
aberrations to the beam. Furthermore, the diffraction efficiency across the acoustic band-
width of the AOD is not uniform; there can be a difference of as much as 10 — 15% in the
transmitted light levels (which will affect the trap stiffness). Nevertheless, AODs continue
to be a popular choice for multiple trap site generation; with digital frequency synthezisers
used to control the acoustic wave, high beam pointing stability is achieved (an important
consideration for experiments that require nanometre accuracy of the trapping beam, such

as biological force measurements) [102].

2.4.3 Diffractive optical elements

Introducing a diffractive optical element (DOE) into the beam path affords a practical
method of generating multiple beams [103]. The conceptual idea behind a DOE is quite
simple; a handwaving explanation is that the incident beam is split into multiple compo-
nents (drawing an analogy with a diffraction grating), each of which can be focused to
an independent trap. However, unlike in AODs, the laser is not timeshared between the
multiple trap sites. A DOE can also be used to alter the wavefront of an incident beam, for
instance a discontinuity in a diffraction grating would effectively provide a torque to the
wavefronts, changing them from a linear to a helical form, and adding additional angular

momentum to the photons.

Diffractive optical elements work by imparting a phase modulation onto an incident wave-
form, which is decoded by an additional optical element (e.g. a lens). Light propagating
through an optical element of thickness d and refractive index n will experience a phase lag
given by:
5 — 2mnd (2.11)
Ao

where )\g is the vacuum wavelength of the radiation. Thus it is clear that there are two

main methods of constructing a phase mask; either alter the local thickness of the substrate
(such as in a spiral phase plate, where the thickness increases around the circumference
of the plate [104]) or altering the local refractive index. As shall be discussed in the next
section, this can easily be achieved by use of liquid crystal displays. Phase masks of the
former variety will obviously be static phase modulation devices, while the latter can offer

dynamic modulation.
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Optical tweezers that utilize DOEs are known as holographic optical tweezers (HOTS).
Those which incorporate dynamic DOEs that can be altered in real-time are hence known
as dynamic holographic optical tweezers (DHOTSs) [105]. DHOTSs are computer driven,
hence there is considerable scope for flexibility with the user interface. A particularly user
friendly variant on DHOTSs combines the output from the camera that images the sample,
and the software which drives the optical tweezers, such that optical traps can be generated
in the sample via a “point and click” style interface. This progressed to the development of a
multitouch console for optical tweezing [106]. With the development and recent popularity
of tablet computer devices (most famously, the Apple iPad), the natural progression has

been to utilize them as control interfaces for DHOTs [107].

2.5 Holographic Optical Tweezers

This section will expand on the above discussion on diffractive optical elements, with an
emphasis on dynamic elements. I am extremely grateful to Dr Daniel Burnham, who pro-
vided me with his software for controlling the SLM and generating the necessary kinoforms.
Further information regarding how these programmes work can be found in his PhD thesis
[108].

2.5.1 Spatial light modulators

An electronic spatial light modulator (SLM) is a device which may serve as a dynamic DOE.
The most common form of SLM used in optical tweezers experiments is a liquid crystal on
silicon (LCOS) display. A schematic of this sort of SLM is shown in Figure 2.7. Briefly,
a layer of liquid crystal is sandwiched between two electrode layers. The upper electrode
is transparent, while the bottom layer consists of many individual electrodes, which can
be individually addressed (pixels). A dielectric mirror is placed over this electrode layer,
so that the SLM acts as a reflective optic. The physical properties of liquid crystals allow
the phase of the incident light to be modulated by applying an electric field across them. I

shall now briefly discuss these properties.

A liquid crystal is an additional state of matter, lying between the solid and liquid phase.
They show no positional order, but do have an orientation order. Nematic liquid crystals
will tend to align in a certain direction, called the director of the liquid crystal (denoted
n, not to be confused with refractive index). Nematic liquid crystals display birefringence,
with the optical axis dictated by the director [109], meaning that an incident plane polarised
wave is split into two orthogonal components: the ordinary ray (o) and the extraordinary

ray (e). The electric field vector of the o ray is perpendicular to the optical axis, and so the
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Figure 2.7: A schematic representation of a liquid crystal on silicon (LCOS) SLM. This
sort of SLM is used in the holographic optical tweezers described in this thesis.

associated refractive index (n,) is a constant, independent of the direction of propagation.
The electric field vector of the e ray is therefore in a plane which is parallel to the optical
axis, and so will display a refractive index (n.) that depends upon the angle 0 the incident

ray makes with the optical axis [110]:

2 .92 -1
no(6)? = (cos 0+ sin 0) (2.12)

ny ng
As a consequence, the effective birefringence for the liquid crystal is given by

An(0) = n.(0) — n, (2.13)

and leads to a corresponding phase retardation of a wave incident upon the LC of:

_ 2mAnd

J "

(2.14)

where d is the thickness of the liquid crystal, and Ay is the vacuum wavelength. Nematic
liquid crystals also display dielectric anisotropy; the response of the director to an ap-
plied electric field is dependent upon the dielectric constants measured parallel (eH) and

perpendicular (e ) to the director. The dielectric anisotropy is given by:
Ae=¢| — €L (2.15)

Applying an electric field across the liquid crystal will therefore cause it to rotate in order
to minimize its potential energy, therefore for an ensemble of LC molecules, the director will
rotate, thus changing the effective birefringence and hence the phase difference imparted

to a wave incident upon the SLM. To achieve efficient phase modulation, it is imperative
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that the polarisation of the laser incident upon the SLM is parallel to the optical axis of
the liquid crystal, as it is the extraordinary refractive index that is varied when the voltage
is applied. This is commonly achieved by using a half-waveplate to alter the polarisation

of the laser, prior to the SLM.

An SLM of this variety is somewhat inefficient; ~ 40% of incident light remains unmod-
ulated (termed the zeroth order, borrowing from the language of diffraction gratings) and
must be removed, usually by positioning a beam block in the focal plane of a transform lens
(see later). Compared to AODs, they are considerably slower (with a typical refresh rate
of 75Hz). However, the advantages they offer when compared to other optical trapping
techniques are considerable. These advantages, and how they might be implemented, shall

now be briefly discussed.

2.5.2 Beam steering using kinoforms

The easiest place to begin a discussion of DHOTS is to realise how the use of a DOE can
manipulate an incoming wave purely by altering its phase. An analogy between a DOE
and a diffraction grating was drawn above, although perhaps the simplest optical element
to visualise, which can redirect a beam by altering its phase profile, is a prism. Clearly the
optical path length of a plane wave travelling through a prism is different depending upon
the location at which the wave exits the prism. Similarly, a lens will alter a linear wavefront
to a spherical one, again by virtue of the fact that a different points in the lens, some parts
of the wave will lag behind others. Phase modulation for beam steering in three dimensions
can be adapted from considering the redirection of a wavefront using gratings and lenses,
and is hence often referred to as the gratings and lenses approach. The appropriate phase

modulations, ®(z,y), are [111]:

2 2T

®(z,y) = | =+ —y+T(z* +?) ) mod 27 (2.16)
A, A,

where A is the fringe period on the grating comprising the z and y displacements, and I’
controls the axial position of the trap. Should multiple traps be required, the complex sum

of the individual phase functions is calculated, and its argument determined:

O(z,y) = arg | _exp[i®;(z,y) (2.17)

The phase only holograms that these modulations describe are examples of kinoforms.
The method above is somewhat limited, however, as it cannot generate arbitrary trapping
patterns. Furthermore, the number of unwanted diffractions (termed ghost orders) increases

with the number of spots generated.
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Curtis and Grier described an algorithm which can produce an arbitrary trapping pattern
[105], based upon a Gerchberg-Saxton algorithm. Here, the incident laser field (Eo(p) =
Ao (p) exp (i), where g'is a point within the DOE aperture, and Ay(p) is the real amplitude
of the laser beam) is modelled as having a constant phase in the DOE plane, and of unit
intensity. The desired phase modulation imparted by the DOE is denoted ®(p). The
necessary phase modulation is generally calculated by taking the desired electric field in
the sample plane, and working backwards. Fourier optics [14] can be utilized to calculate
the relationship between the electric field in the front and back focal planes of a lens;
specifically the relationship (if the DOE is located a focal length away from the lens) is
a Fourier transform. The modulated field can be written as E(p) = A(p) exp (i®(p)). In
principle, one can take a desired pattern of traps and work backwards to calculate the
necessary kinoform to induce the phase modulation. However, this is a distinctly non-
trivial calculation! Inevitable spatial discrepancies between the input laser amplitude, and
the calculated amplitude, will result in light being diverted into the ghost orders. However,
the kinoform generated by this procedure (®(p)) is an ideal starting point for refinement
algorithms (such as the Gerchberg-Saxton algorithm). A comprehensive review of various
kinoform algorithms (in terms of efficiency, uniformity, etc.) is provided by Di Leonardo et

al. [112).

The above discussion makes it clear that the DOE needs to be located within a Fourier
plane of the objective lens, in order to achieve the dynamic trapping patterns afforded by
DHOTs. In practice, this is achieved by utilizing a 4f system to image the SLM onto the
back aperture of the objective. This is shown schematically in Figure 2.8. A beam block

Oth

can be positioned at the focus of the 4f system to block out the order diffraction.

2.5.3 Aberration correction using kinoforms

A disadvantage of the use of LCOS SLMs is that their surface is not truly flat, which
introduces additional, unwanted phase modulation into the beam. In practice, this means
that the beam will become further aberrated, reducing trap quality. Typically, an SLM will

introduce an astigmatism into the trapping beam.

These aberrations can be corrected for by displaying additional kinoforms on the SLM,
which are designed to correct the phase profile of the aberrated beam. These kinoforms are
based upon the polynomials devised by Zernike, which describe any form of aberration [113],
and operate by imparting an appropriate phase modulation to counteract the aberration
introduced by the SLM. Furthermore, they can be used to correct for additional aberration

in the beam (such as those arising from misalignment of the optical train).
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Image planes

Fourier planes

Figure 2.8: Relative positioning of the SLM and the microscope objective, highlighting
the Fourier and image planes. Adapted from Padgett and Di Leonardo [47].

Burnham'’s aberration correction routine precalculates the appropriate kinoforms, each rep-
resenting the mode of aberration from —2\ to +2A\ in uniform increments. The kinoform
series is displayed sequentially, and an image of the trapping laser (as reflected off a cov-
erslip) is captured using the Firewire camera. To analyse the impact of the correction
kinoform on the beam profile, he follows the method of Wulff et al. by defining the follow-
ing metric [114]: )

(Zij fz‘j)

M, = W (2.18)
where I;; is the intensity of the ij™ pixel of the image. The correction kinoform which
gives the optimum beam profile will be the global minimum of this metric. Burnham’s
kinoform generation software incorporate the Zernike correction kinoforms, by adding the
phase modulation for the correction kinoform to those which displace the beam’s position,

modulo 27. Thus, it is possible to generate multiple diffraction limited spots with the SLM.

2.5.4 Altering the beam profile

A considerable advantage that the use of dynamic DOEs has over other techniques is the
ability to alter the beam profile of the trapping laser, to more exotic geometries. This
section shall focus on the generation of vortex beams, or Laguerre-Gaussian beams, as

experiments have been performed using this beam geometry.



Fundamentals of Optical Tweezers 30

Conventional laser beams, with a Gaussian beam profile, are focused down to small spots.
However, if a beam of light has a helical wavefront, it will focus to a ring of light surrounding
a region of zero intensity. These are known as optical vortices [115], or Laguerre-Gaussian
(LG) modes. A helical mode 1,(7) is distinguished by a phase factor which is proportional
to the polar angle § around the beam axis [115]:

Yo(7) = u(r, z) exp [—ikz] exp [i40] (2.19)

where u(r, z) is the beam’s radial profile at a position z and ¢ is an integer known as the
topological charge. Destructive interference is responsible for the regions of zero intensity
until a radius Ry is reached, where constructive interference causes the bright ring. Vor-
tex beams may be described in terms of Laguerre-Gaussian modes, which have a radial

dependence of [115, 116]:

ub(r, 2) = (=1) <\/5T>€L£ (if;) exp <—;22) (2.20)

where Lf;(a:) is a Laguerre polynomial, of radial index p. These can predict the value of Ry

as [117]:
R = w\/g (2.21)

for a mode with p = 0, where w is the corresponding Gaussian beam radius. A vortex
beam (also known as an LG beam) may be formed from a Gaussian beam by applying a
phase modulation of £0 mod 27 to the incident beam. Examples of the kinoforms required
to generate a vortex beam, as well as an image of the resulting beam viewed in the image

plane of the objective, are shown in Figure 2.9.

For many applications of vortex beams, it is desirable to know what size of vortex beam
with a given value of £ will be in the trapping plane. This was achieved by imaging the
backreflection off the coverslip of a selection of vortices with differing values of £ onto the
camera, then analysing the resulting images using commercially available software (National
Instruments Vision Assistant) to map the intensity of the pixels within the image (i.e. taking
a beam profile). A Gaussian profile was fitted to each region of high intensity; by assuming
the diameter of the beam to be the distance between the two Gaussian peaks, the radius of
the beam Ry as a function of £ can be plotted. This is shown in Figure 2.10. It is apparent
that the radius scales linearly with ¢, not v/¢ as is predicted by Laguerre-Gaussian modes.
This is consistent with the work of Curtis and Grier [115] and can be attributed to the
superposition of higher order p modes within the Laguerre-Gaussian expression. As with
Curtis and Grier, additional rings are observed in the LG beam profile, which indicates the

superposition of higher order modes.
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Figure 2.9: Kinoforms required to generate, and corresponding image of LG beams with
¢ =10 (top) and ¢ = 30 (bottom). The kinoform that displaces the beams from the zeroth
order has been omitted for clarity; the kinoforms would resemble a diffraction grating with
a discontinuity, which imparts the “torque” to the wavefront.

Optical vortices are of interest in optical manipulation for two reasons. Firstly, they carry ¢h
units of orbital angular momentum per photon (as opposed to the spin angular momentum
associated with circularly polarised light), and these can be transfered to particles with
a refractive index higher than the surrounding medium. This is manifested by particles
orbiting the region of high intensity. The angular momentum associated with LG modes
prompted their use in optical manipulation as an “optical spanner” [118], demonstrating
the mechanical equivalence of spin and orbital angular momentum for absorbing spheres.
Arrays of LG modes generated with an SLM, and populated with microparticles, can act

as an optomechanical micropump [119].

The second reason is that the region of zero intensity allows a method of trapping and ma-
nipulating particles that cannot be trapped using conventional Gaussian beams, for instance
low index particles (i.e. ms < m,,) such as water droplets in oil, or hollow microbubbles
[91], by confining the particle to the region of zero intensity. An recent interesting use of
LG modes was demonstrated by Lee et al. where they were utilized as an “optical shield”
against the influence of other particles in the measurement of fluid viscosity using optical

tweezers [120)].

Other exotic beam profiles, such as Bessel beams [121], may be generated using the SLM.
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Figure 2.10: The diameter of a vortex beam (2 x Ry) as a function of ¢, highlighting the
linear dependence of the beam radius upon /.

It should be noted that, due to the pixelated nature of the SLM, a natural limit is imposed
on the efficiency of mode conversion, and that well aligned physical optics (such as axicons
in the case of Bessel beams) may be preferable [122]. However, an SLM is not limited to
generating laser modes; in principle any electric field distribution can be realised within
the trapping plane, and its Fourier transform calculated in order to determine the kinoform
required to generate it. Burnham et al. used this to great effect in studying the growth of
the fungus Neurospora Crassa [123]. Custom light patterns generated by the SLM (both
multiple Gaussian spots, as well as a continuous extended line) were utilized to influence
the hyphal growth. Holographic techniques were also demonstrated to have a use in the
thermocapillary control of large (> 100pm) droplets in microfluidic chips [124]; custom
beam geometries (such as lines) were more effective at stopping droplets within the flow

than Gaussian spots, and also required less laser intensity.

2.6 Experimental configuration of a Dynamic Holographic

Optical Tweezers

A schematic of the dynamic holographic optical tweezers set up that I have built and used

in this thesis is shown in Figure 2.11. A 532nm CW solid state laser, operating at a
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maximum power of 400 mW (Laser Quantum Torus), is used as the laser source. A half-
waveplate (Thorlabs, WPDMO05M-532H-1064Q)) in a rotation mount (Thorlabs, RSP1/M)
and a polarising beam splitter cube (Edmund Optics) are used to finely control the power,
as described in Section 2.3.1. A second half-waveplate is used to control the polarisation of
the beam incident upon the SLM (Holoeye LC-R 2500), to ensure the maximum efficiency of
light directed into the first diffracted order (as discussed previously). This SLM modulates
the phase of incident light from 0-27 in 255 discrete levels. It is mounted in a conventional
mirror mount, which gives tilt and angular control of the reflected laser radiation. The
beam is expanded using a Keplerian telescope, such that the beam overfills the vertical
axis of the SLM. Two +400 mm lenses in a 4f arrangement are used to image the SLM
onto mirror M4. An obstruction (such as a sharpened pencil lead, or an anodized razor
blade) is placed at the focus of lens L3 to block out the zeroth order diffraction from the
SLM. A second 4f lens system is used to image M4 onto the back aperture of a microscope
objective (Nikon E Plan, 100x/1.25), as well as simultaneously reducing the size of the
beam such that it just overfills the back aperture of the objective. The two 4f systems are
arranged so that the SLM and the back aperture form conjugate planes. A 532 nm dichroic
mirror (CVI Melles-Griot) is used to reflect the laser light into the microscope objective
while allowing other wavelengths to pass. The sample is illuminated from above using
custom Kohler illumination (Section 2.3.4), and is imaged using the same objective that is
used for tweezing. This light is then imaged onto a Firewire camera (PixeLINK PL-A774),
with images and videos captured using custom software written in LabVIEW. The entire
tweezers section (the section enclosed by a dashed line in Figure 2.11) is constructed using

Thorlabs cage systems.

Good alignment of the optical train is crucial for good performance of the holographic
optical tweezers, in order to minimize aberration of the beam. The alignment method used
involves removing all of the lenses from the optical train, switching off the SLM (so that

Oth

the system is aligned to the order) and ensuring that the unexpanded beam is passing

through the centre of the cage system. This can be checked using commercially available

alignment tools, such as the Thorlabs cage alignment plates.!

The easiest way to align
a cage system is to use a pair of mirrors; the mirror closest to the cage system (M4 in
Figure 2.11) is used to adjust the position of the beam at the far end of the cage, while
the other mirror (M3) is used to align the entrance of the cage. Adjustment of these two
mirrors is performed iteratively, until the beam is passing cleanly through the middle of
the cage plates. At this stage, the lenses are inserted into the setup, starting with the
lens closest to the objective (L.6) and working backwards. Each time a lens is inserted, the
alignment through the cage system is checked using the alignment plates; if the alignment

is off then the position of the lens is changed accordingly. Once all the lenses are in place,

!These are affectionately referred to as “T shirts” in our lab.


http://www.thorlabs.de/navigation.cfm?Guide_ID=2002
http://www.thorlabs.de/thorProduct.cfm?partNumber=CPA1

Fundamentals of Optical Tweezers 34

PBS
L1 L2

SR VA INES S

\ L3
'V”/ Filter for Oth order

M2 I) \%3

L4

M5

Objective

|
|
|
|
|
|
|
I
/ |Dichroic mirror for 532 nm
b
— |
|
|
|
|
|
|

Figure 2.11: Schematic of the experimental setup for dynamic holographic optical tweez-
ers. The area enclosed by the dashed lines refers to a side view of the optical system.

an image of the beam is captured by placing a coverslip onto the sample stage, and lowering
to the objective until the Airy disk is observed on the CCD (initially no immersion oil is
added). Minor adjustments of the mirror M3 can be used to correct for aberration in the
beam (which can be assessed by the appearance of the Airy disk), with M4 (which is in a
plane conjugate to the back aperture of the objective) used to return the beam to its initial
position. The quality of the beam can easily be assessed by displaying an LG kinoform on
the SLM as the LG modes are extremely sensitive to aberration [125]; any misalignment
will be manifested in a distinctly non-circular shape of the backreflection off the coverslip.
Once satisfactory alignment and beam quality has been achieved, the SLM is switched on,
and a beam steering kinoform displayed. The tilt adjustment of the SLM mount is then
used to align the 1% order diffraction off the SLM to the position of the 0" order, thus
ensuring the optimum alignment of the SLM beam. The Zernike aberration correction
procedure is then applied, to correct for the astigmatism introduced by non-uniformities in
the SLM.
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Figure 2.12: Schematic of the arrangement of the tweezers cage system for spectroscopy.
A red reflector is used to direct wavelengths > 600 nm into the spectrometer. A 550 nm
longpass filter cuts out any transmitted laser light. If broadband Mie scattering is desired,
an additional arm is added above the trapping laser. The lenses are arranged such that
the iris is imaged in the sample plane.

2.7 Combining optical tweezers with spectroscopy

Optical tweezers can readily be combined with a spectrometer, to allow the wavelength-
resolved spectroscopy of a sample to be investigated. The work presented in this thesis
utilizes two main spectroscopic techniques: spectral analysis of the particle due to molecules
within it (such as fluorescence, or Raman spectroscopy) and the scattering of white light
from the particle itself. Both of these techniques afford different advantages, depending
upon the exact aim of the study being performed. The tweezing objective is also used to
collect any emitted/scattered radiation from the trapped sample. An appropriate reflector
can be used to remove wavelengths of interest into an extra arm in the tweezers cage
assembly, while transmitting all others. The tweezers system described above uses a red
reflector (Thorlabs, FM02) to achieve this. A 550nm longpass filter (Thorlabs, FEL550)
is placed in the path of the reflected light to cut out any backscattered laser radiation,
before being focused into the entrance slit of a spectrograph (Andor Shamrock SR-303i),
coupled with a thermo-electrically cooled CCD detector (Andor iDus DU420A). Spectra are
recorded using commercially available software (Andor Solis), which is also used to control

the spectrometer. This optical configuration is outlined in Figure 2.12.
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Broadband light scattering experiments require an additional arm added to the cage sys-
tem. Output from a high intensity white LED (1 W Luxeon Star/o LED, LumiLEDs, San
Jose, CA) is collimated by a 25 mm lens, and then directed through a Keplarian telescope
consisting of a 50 mm and a 100 mm lens, with an iris at the focal plane of the telescope.
The 100 mm lens was positioned such that an image of the iris was formed in the focal plane
of the microscope objective. A 50:50 beamsplitter (Thorlabs, BSW10) is used to reflect the
light into the objective (at the cost of losing ~ 50% of the incident laser radiation).

2.8 Conclusions and outlook

This chapter has described the basic physics of optical tweezers, as well as outlining more
advanced optical trapping techniques. An emphasis has been placed on holographic optical
tweezers, as one of these has been constructed for use in our laboratory. Additionally, it has
been shown how an optical tweezers experiment can be combined with spectroscopy. Look-
ing ahead, this DHOTSs system will be used in three main experiments: Chapter 4 focuses
on the spectroscopic studies of aqueous aerosol droplets, utilizing the SLM to generate both
conventional Gaussian traps, and LG modes. The primary spectroscopic method employed
is Raman spectroscopy of the aerosol droplet; enhanced Raman scattering is observed at
discrete wavelengths, and the properties of these resonances afford a highly accurate way
to characterize the droplet’s size and composition. This resonant behaviour (and its phys-
ical origin) will be described in Chapter 3. Chapter 5 looks at the optical trapping and
spectroscopy of ionic liquid droplets, and uses broadband Mie scattering to characterise
the droplets. Chapter 6 uses the SLM in a somewhat different fashion; instead of a high
NA objective, a lower magnification objective with a long working distance is used to focus
the 532 nm radiation onto a gold-coated microscope slide. Owing to absorption of the laser
radiation, thermally induced forces cause an aqueous suspension of microspheres to self
assemble into 2-dimensional colloidal crystals around the laser focus. The SLM is used to
generate multiple trapping sites at controlled locations, allowing a study of the interaction

of these crystals to be carried out.



Chapter 3

Light Scattering and the

Spectroscopy of Microparticles

This chapter will focus on the scattering of light by spherical particles, with an emphasis
on so called Mie Theory. A description of how spherical objects can act as spherical
microcavities, leading to constructive interference at specific wavelengths and maxima in the
measured signal, will be provided. It will be discussed how these resonances are predicted
by Mie theory, and can be used to accurately determine both the particle radius and its
refractive index, providing the necessary theoretical framework for the data presented in
Chapter 4.

3.1 Scattering basics

Consider the following generic system, consisting of an illumination source (say a laser)
with an irradiance of Iy, incident upon a photodetector. If we introduce some particles e.g.
a fog of aerosols into the system, from intuition it is clear that the irradiance incident upon
the detector, I will be less than Iy, i.e. the presence of particles has removed energy from
the light source. The main ways that energy can be removed from the beam are (elastic)
scattering of radiation, and absorption. This removal of energy is referred to as extinction.
These processes are quantified by defining an appropriate cross section, i.e. the equivalent
area of the light beam that a particle will remove by scattering, conventionally labelled
o;. However, it is more convenient to work with a dimensionless efficiency; for a sphere of

radius @ this may be defined as Q; = 0;/7a?. Conservation of energy requires that

Qext = Qabs + Qsoa (31)

37
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where the subscripts ext, abs and sca refer to extinction, absorption and scattering re-
spectively. The scattering of light by a sphere will depend on both the size of the sphere
(typically quantified by the radius, a) and the wavelength of the illuminating light, A (which
will depend upon the optical properties of the medium surrounding the sphere). It is there-
fore convenient to define a parameter which contains these two variables. This is known as

the size parameter, x, and is defined as:

2mang,
= 3.2
o= 22 (32)

where n,, is the refractive index of the surrounding medium and Ag is the wavelength of
the illuminating light in a vacuum. Very small particles (z < 1) may be treated as point
dipoles, and the scattering of light calculated via Rayleigh scattering. Conversely, large
particles may be examined via geometric optics, with scattering properties determined by
ray tracing. However, as was the case when discussing the physics of optical tweezers, the
majority of particles of interest (and all that are relevant to this thesis) lie between these

two limits, and therefore require a different theory to describe their scattering properties.

The scattering of light by an arbitrary sized particle is an important problem in many
aspects of science. While independently studied by Lorenz [126],! Debye [127] and Mie
[128], the solution for the scattering of a plane wave is commonly referred to as Mie theory.
More recently, the theory has been modified to account for the scattering of a generic
light field, known as Generalized Lorenz-Mie Theory (GLMT) [129]. However, for the work

presented in this thesis, conventional Mie theory provides an adequate description.

In its essence, Mie scattering theory is a solution for Maxwell’s equations for a spherical
interface, of an arbitrary radius and (complex) refractive index. The theory involves finding
a solution to the vector wave equation:
2

V2E = ;%g (3.3)
that is appropriate for a spherical interface. The boundary conditions for the scattering
problem are that the tangential components of the electric and magnetic fields (E and H
respectively) are continuous across the spherical surface of the particle. A complete and
thorough solution can be found in texts such as Bohren and Huffman [130], and van der
Hulst [131]. The general solution for Equation 3.3 involves rewriting the Laplacian in terms
of spherical polar coordinates, then expanding the incident, internal and scattered fields in
terms of an infinite vector spherical harmonic expansion. At this stage, a pair of separation

constants m and n (not to be confused with refractive index) appear within the equations.

In a somewhat cruel twist, Lorenz arrived at the solution in 1890, 18 years prior to when Mie and Debye
studied the phenomenon. However, his work was buried within a mathematical journal, undiscovered by his
younger colleagues.
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Applying the boundary conditions to the radial and angular components of the expanded
wave yields four coefficients: a,, and b,, which define the properties of the scattered wave,
and ¢, and d,, which describe the internal fields within the spherical object. The scattered
field is comprised of a superposition of the vector spherical harmonics M,, and N,,, known
as the electromagnetic normal modes, weighted by the appropriate scattering coefficient.
Therefore, for each value of n there is a pair of modes; these are known as the transverse
magnetic (TM), for which there is no radial component of the magnetic field, and the

transverse electric (TE), for which there is no radial component of the electric field.

3.1.1 Scattering coefficients

Rewriting Equation 3.3 in spherical polar coordinates then separating the variables into
radial and angular components yields a second order differential equation in r, the solutions
to which are the spherical Bessel functions. The scattering coefficients are therefore written
in terms of spherical Bessel functions, and for a dielectric sphere (which has a relative
permeability p, = 1) take the form [130]:

m2jn(ma)[2jn (7)) — ju (@) [majn(ma)]’

Ap = (343)
m2jn (ma) [zl (2)) — by (@) [maj, (ma))

. InmD)win(@)) = (@) maja(me)]) (3.40)

Ju(ma) [z (@) — b (@) Ima, (ma)]

where m is the refractive contrast between the sphere (ns) and the surrounding medium
(nm), i.e. m = ng/Nuy,, x is the size parameter and the prime indicates differentiation with
respect to the term in brackets. These coefficients are easily calculable in MATLAB, via its
built in double-precision Bessel functions, and MATLAB code for calculating the scattering
coefficients has been written by Métzler [132]. The relationship between a Bessel function

of the first kind, J, 1 (x), and the corresponding spherical Bessel function, j,(x) is:

() = [ 3y @ 9

A similar relationship holds for the Bessel function of the second kind (Y, 1 (2)), i.e.

(@) =[5V, @) (36)
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The scattering coefficients also make use of the spherical Bessel function of the third kind,
i.e. the spherical Hankel function, and may be determined from the spherical Bessel func-

tions of first and second kind, via:
WD () = ju(z) + iyn (@) (3.7)

The derivatives of the spherical Bessel functions can be computed via the following recursion

relation:

Often Equations 3.4a and 3.4b are simplified by writing them in terms of Ricatti-Bessel
functions: ¥, (p) = pjn(p) and &,(p) = phg)(p). In this notation, the scattering coefficients

take the form:

b (ma)h (x) — v (@) (ma)

(3.9a)

by = n n (3.9b)

3.1.2 Scattering efficiencies

Now that we have the expressions for the scattering coefficients, the scattering efficiencies

Qext and Qgca can be calculated within Mie theory. These may be expressed as:

2 (o]

Qext = — ;(271 + 1)Re(an + by) (3.10a)
2 — 2 2

Quen = — ;(271 + 1) (|anl® + ba]?) (3.10b)

and Q,ps follows from the definition of extinction in Equation 3.1. When calculating the
efficiencies, the infinite series may be truncated after = + 423 + 2 terms [130, 132]. An
example of Qext as a function of x for a water droplet (assuming a fixed refractive index of
1.33) is shown in Figure 3.1. The trend is apparent; there is an abrupt increase in extinction
for small size parameters (owing to Rayleigh scattering). As z increases, the extinction
curve undergoes a slow oscillation, tending to a limiting value of 2. The oscillation is
known as the interference structure. This name originates from the viewpoint of extinction
arising due to interference between the incident and scattered fields [130]. The optical path

difference between a wave traversing the sphere, and one which bypasses it is 2a(ns — ny,),
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Figure 3.1: An example of an extinction curve for a water droplet in air, with a fixed
refractive index contrast of m = 1.33. Panel (a) shows the overlying structure of the curve,
including the interference structure and the limit of 2. Panel (b) shows a magnified area,
highlighting the ripple structure that is imposed onto the extinction curve.

giving a phase difference of ZF[2a(n, — n,,)], i.e. 2z(m — 1). Destructive interference will
occur between the waves when the phase difference is an odd-integer multiple of , i.e.
2x(m—1) = (2p+1)7 where p is an integer. For the extinction curve considered above, the
difference in x, Ax between successive maxima in the interference structure is calculated to
be ~ 9.5. The above expression can also be derived by considering the asymptotic behaviour
of the Riccati-Bessel functions comprising a, and by, namely that 1, (p) ~ sin(p — ) for
|p| > n%. When this relationship is considered, it is found that the numerators of a,, and
by, both contain a common factor of sin [x(m — 1)], which is independent of n, therefore the

maxima in the extinction curve may be approximately located by considering the maxima

™

in the sine function. These occur at x(m — 1) = (2p + 1)7, which is the same condition

that a simple optical model returned.

The limit of 2 (double the prediction from geometric optics), seems counterintuitive; it
suggests that a large particle can remove twice the amount of energy incident upon it. This
so called “extinction paradox” is resolved by considering diffraction around the edges of
the sphere. Effectively, both the physical obstruction by the sphere, and diffraction around
its edges, contributes a factor of ma? to the extinction efficiency, with the result that the
scattering efficiency is twice the geometric cross section. The paradox itself is resolved as

diffraction is only observed in the far field.

Of more interest, however, is the “ripple” structure i.e. sharp spikes that are superimposed
onto the slow oscillation. These are more apparent in Figure 3.1b, which shows an enlarged
section of the extinction curve. A theoretical explanation for the ripple structure, proposed

by van der Hulst [131], was interference between the forward scattered field, and surface
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waves on the circumference of the sphere. The position of the ripples depends on both the
size and refractive index of the scattering object, hence they have come to be known as

morphology dependent resonances (MDRs).

3.1.3 Morphology Dependent Resonances

The appearance of resonances is unsurprising given the nature of the scattered wave, i.e. it
is a superposition of the electromagnetic normal modes. At certain size parameters and for
a given value of n, one mode will be dominant in the scattered field; under these conditions
the denominator of the appropriate scattering coefficient will be a minimum. The a,, (or
TM) mode is dominant when:

m2jn(ma)[zh{) (z)]" — bV (@) [maj, (mz)]’ = 0 (3.11)

n

Similarly, a b, mode (TE) will be dominant when:

Jo(ma)[zhP ()] = b (@) [maja(mz)) = 0 (3.12)
i.e. MDRs are poles in the scattering coefficients. There are an infinite number of solutions
to the above equations; each solution is classified by a mode number, which is the value
of n for the resonance, and a mode order, [, which for now we shall describe as an integer
which describes which solution of the equations we are referring to (starting with the first
order, [ = 1). Modes of increasing order are broader, to the extent that the full width half
maximum of high order modes will be broader than the intermode spacing, and hence will
not contribute to the extinction efficiency. A complete label of the resonance would take
the form al, and bl,, however it is more common to refer to the resonant modes by their
polarization, i.e. TMln and TEln. For a given sphere, the frequencies which exactly satisfy
Equations 3.11 and 3.12 are complex, with the modes themselves being virtual; the real
part of the frequency of the poles is very close to the true resonant mode frequency, while

the imaginary part of the pole frequency influences the mode’s linewidth [133].

Ripple structure was considered to be “numerically insignificant for practical applica-

tions...”

by van der Hulst, however it was experimentally observed by Dobbins et al.
[134] in 1977. This experiment utilized a cloud chamber [135] to generate water droplets
with a narrow size distribution, which were illuminated with a helium neon laser. The
laser light transmitted through the chamber was detected on a photomultiplier tube, while
light scattered at 90° was collected onto a second photomultiplier tube. The size of the
droplets was varied by changing the pressure within the chamber, inducing condensation.
Low level oscillation observed on the measured signal transmitted through the chamber (as

the pressure was varied) was attributed to ripple structure.
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Clearly, the observation of MDRs will be difficult for systems with multiple particles (owing
to the range of particle sizes), so single particle traps (such as Ashkin’s optical levitation
experiment [17]) offer benefits for investigating light scattering. This levitation experiment
was enhanced in 1977 [19] by introducing an electronic feedback to the laser, which altered
the power of the laser (and therefore the height at which a droplet was levitated). This
feedback system affords a method for sensitive force measurements, for if the particle’s
position is perturbed by an external force (for instance, by applying an external field to a
charged droplet) then the optical power required to restore equilibrium will be indicative
of the force acting on the droplet. It therefore stands to reason that any ripple structure
that arises due to dominant modes within scattering should be detectable via this optical
levitation experiment. An efficiency for radiation pressure can be defined as Qpr = Qext —
Qscalcos @) [130], where the term (cos#) is known as the asymmetry parameter and is the
average cosine of the scattering angle. Clearly, any ripple structure in the extinction curve
will also appear in the radiation pressure curve (recall that Qg is also defined in terms
of the scattering coefficients). Ashkin and Dziedzic [20] investigated this experimentally in
1977, by using a tunable dye laser to scan across size parameters of the droplet under study,
and noting the laser power that was required to keep a droplet levitated at a fixed height.
Clear resonances were observed in the trapping power, which agreed well with predictions
from Mie theory. A further experimental verification within their work was carried out by
adjusting the position of the droplet within the beam such that it was near to the focus
of the laser (i.e. all of the laser radiation passes through the droplet, and hence cannot
be considered as illuminated by plane waves). Under these conditions, no resonances were
observed as the wavelength of the laser was scanned. This suggested that edge illumination
causes significant numbers of surface waves to propagate around the circumference of the
droplet, with the droplet itself functioning as a low-loss optical cavity. A later study
directly observed ripple structure in both the near- and farfield backscatter, as well as at
90° [21]. Using these experimental measurements, a theoretical study by Chylek et al. [136]
confirmed that the sharp modes were caused by partial wave resonances; furthermore they
concluded that first order (I = 1) resonances are so narrow that they do not contribute
significantly to the radiation pressure and hence were not detected experimentally. A
further observation within Chylek’s study was the effect of increasing absorption (quantified
by the imaginary part of the refractive index) on the mode structure of a droplet. Increased
absorption broadens the resonant modes and decreases their intensity, with the effect being
most significant for first order modes. This effect is nicely illustrated on p302 of Bohren
and Huffman. A physical interpretation of this is that absorption introduces an additional
loss term, which significantly decreases the relevant quality factor of the resonator. This

shall be discussed in the next section.
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3.2 Spherical particles as optical microcavities

The preceding discussion has introduced the concept of MDRs, however it has lacked a
physical interpretation of why ripple structure appears in an extinction curve. It was
alluded that a droplet can act as an optical cavity in the previous section; this section shall
elaborate on this discussion as it plays a significant role in the experimental data presented
in Chapter 4, as well as providing a much more physically intuitive picture for the presence
of MDRs.

Initially, a discussion of a simple étalon/linear optical cavity will be provided, as there
are many useful analogies that can be drawn between the transmission properties of said
cavities and their spherical analogues. This then shall lead into a discussion of some of the
terminology specific to spherical microcavities, and demonstrate how their resonant modes
can be predicted from Mie theory. Finally, an introduction to how this mode structure can
be used to determine the radius of a droplet with high precision, as postulated by Ashkin
and Dziedzic [20], will be provided.

3.2.1 A Fabry-Pérot optical resonator

Consider a simple example of a Fabry-Pérot optical resonator: a material of thickness L
and refractive index n, with a reflectivity of R. A practical realization of this would be a
glass coverslip, such as the ones used to make sample chambers described in Section 2.3.5
(thickness 0.15mm). White light, such as that from the microscope illumination, which
is transmitted through this coverslip and focused into a spectrometer will be found to
have an oscillating intensity owing to interference effects within the glass. A simple wave
picture would suggest that constructive interference will occur when a integer number of
half-wavelengths exist between the two surfaces of the coverslip, i.e.: ¢\/2n = L, assuming
there is no phase shift due the reflection at the glass/air interface, which is the case for
normal incidence. The frequencies that can be supported within the étalon are therefore
vy = qc/2L, where c is the speed of light. The free spectral range is defined as vg41 — vq
and is equal to ¢/2L. In the context of a linear laser cavity, these frequencies would be
referred to as the longitudinal modes of the resonator. A more detailed analysis considers
the behaviour of a ray incident upon the étalon at an angle 6 [137]. A fraction of the ray
will be reflected upon hitting the air/glass interface, with the remaining light undergoing
refraction and transmission through the glass. Upon hitting the glass/air interface, again
most of the light will be transmitted, while some undergoes reflection. This reflected light

will then also reflect /transmit through the coverslip, interfering with the incident rays. The
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Figure 3.2: A plot of the transmission of a thin (0.15mm) glass coverslip for various
reflectivities. The green line corresponds to the normal case of a ~ 4% reflective surface.
The red and the blue lines show the effect of increasing the reflectivity to 60% and 95%
respectively.

phase shift due to the coverslip is:

0= <2)7\T> 2nL cos 6 (3.13)

By summing the contributions from all the waves, it can be shown that the transmitted

intensity is given by [137]:

1
= TTEaa( (%) (3.14a)
4R
R (3.14b)

The factor F' is known as the finesse of the etalon. A plot of this transmission function
is shown in Figure 3.2 for an étalon of thickness 0.15mm and for three different values of
the reflectivity (at normal incidence). The first (green) line corresponds to the normal case
of an air/glass interface having a roughly 4% reflectivity. The red and the blue lines show
the effect of increasing the reflectivity; the modes sharpen and narrow upon increasing

reflectivity. This behaviour may be quantified by defining a quality factor, QQ, for the
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resonator:
v
= — 3.15
Q=1 (315)
The quality factor and the finesse are related via the free spectral range of the étalon:
v
=F— 3.16
Q=Freg (3.16)

Therefore, by increasing the reflectivity of the surfaces comprising the étalon, the finesse
increases, and therefore () increases. Furthermore, lengthening the étalon will decrease the

FSR of the mode structure, hence leading to an increase in Q.

3.2.2 Whispering Gallery Modes

A famous feature of St Paul’s Cathedral in London is the whispering gallery, located within
the dome. It gained its name owing to the remarkable feature that a whisper at one part
of the gallery could be clearly heard at any other location around the circumference. Lord
Rayleigh investigated this phenomenon, providing a mathematical framework for the prop-
agation of sound waves around the gallery [138]. The optical analogue of these acoustic
standing waves are the morphology dependent resonances, also termed whispering gallery
modes (WGMs). Physicallyy, WGMs may be envisaged as rays that are confined to the
surface of a sphere by multiple total internal reflections around the circumference. The
condition for constructive interference will therefore be that an integer number ¢ of wave-

lengths must be contained within the circumference of the sphere, i.e.

A
q— =2ma (3.17)

S

For a sphere of size parameter x, the value of n for a first order (I = 1) resonance is
approximately nsz [139] and so the integer ¢ in the above equation may be interpreted as
the mode number n. As was the case with MDRs, for a given n there is a pair of WGMs (TE
and TM). Within this physical model of a WGM resonance, these modes will not occur at
the same wavelength /frequency, owing to the (complex) phase shift associated with total
internal reflection. The mode order, [, describes the degree of radial penetration of the
WGM (with low order modes being the most confined to the surface). Each WGM has a
2n + 1 azimuthal degeneracy. This is usually denoted m, and should not be confused with
the refractive index contrast defined previously. Any mention of m in this and subsequent

chapters should be interpreted as the refractive index contrast, unless otherwise stated.

A WGM has a Lorentzian lineshape; a quality factor @ for a given resonance may be
calculated from knowledge of the mode’s frequency, v, and its full width half maximum
(FWHM), év using Equation 3.15. The value of @) associated with a WGM resonance
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defines the lifetime of a photon confined to the surface of the sphere, and may be expressed

as [133]:
27 x Energy stored (3.18)

- Energy lost per cycle
By analogy with the Fabry-Perot etalon above, a larger sphere will return a larger value
of () owing to the longer optical pathlength. @ is also known to increase with increasing
mode number and decrease with increasing mode order [140]. A TE mode exhibits a higher
value of @ than a TM mode (attributed to a higher coefficient for total internal reflections,
leading to fewer losses per round trip). This may seem initially surprising, as the reflectivity
of a total internal reflection event would be equal to 1 when calculated from the Fresnel
equations (noting that R = r*r; above the critical angle the Fresnel reflection coefficients
are complex) and the resulting evanescent wave carries no power into the second medium.
This is only true for a planar interface; for a curved interface such as reflection at a sphere,
there will always be some leakage of light into the second medium, as shown by a rigorous
ray tracing approach by Ioppolo et al. [141]. Theoretical @) values can be very large indeed
(e.g. Datsyuk quotes a theoretical @ of 10™ [142]) but are experimentally limited to a
maximum of 108 —10? [143]. These high Q resonators are of extremely high surface quality
and of near perfect spherical form, with very few absorption losses. To put these values
in context, typical values of () for optically trapped aerosol droplets are on the order of
103 — 10* [144].

Two examples of WGM spectra are given in Figure 3.3; the left hand figure was taken from
an optically trapped salt water droplet of diameter 9.21 pm, with WGMs visible within the
Raman scattered light from the water molecules within the droplet. This shall be discussed
further in Chapter 4. The right hand figure is a fluorescence spectrum taken from a dye
doped polystyrene microsphere (Duke Scientific, 36-3), with a diameter of 10.9 pm and
pumped with 532 nm radiation. Again, WGM resonances are visible within the fluorescent
emission; these are considerably broader than the salt water droplet due to the lower @ for
the resonator. The reason for this is two fold—surface tension will naturally give droplets
a more perfect spherical form compared to a manufactured solid microsphere, while the
refractive index contrast of the microsphere is lower than that of a droplet (~ 1.2 and 1.33

respectively).

To illustrate the variation in ) between modes of different polarisation, consider the fluo-
rescence spectrum of Figure 3.3b, which has been assigned by the method discussed later.
@ for these modes can be determined by fitting a Lorentzian profile to the spectral profile
to determine the central wavelength and FWHM, then utilizing Equation 3.15. As a repre-
sentative, the value of ) for the TMgg mode is 2117+ 68, while for the TEgs it is 2408 498,

clearly demonstrating the increase in ) for a TE mode.
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Figure 3.3: Two examples of whispering gallery modes. Figure 3.3a is the Raman emis-
sion from an optically trapped salt water droplet. Figure 3.3b is the fluorescence from
a dye doped polystyrene microsphere. WGMSs are visible in both spectra as local, sharp
maxima imposed upon the smooth background emission.

3.2.3 Scattering vs emission

The description of Mie scattering theory, and MDRs in Section 3.1.3 refers to the scattering
of a plane wave from a spherical microparticle, with the resulting field being a superposition
of the incident and scattered waves. However, the spectra shown in Figure 3.3a are due
to emission from within a spherical microcavity, with mode structure attributed to WGMs
within the sphere. Although these are fundamentally different problems, the physics under-
lying them is similar. A physical interpretation is that when the molecules emit radiation,
some of it will necessarily be coupled into a WGM. Furthermore, the radiation confined
in the WGM can stimulate emission at those wavelengths, further increasing the measured

signal (see the discussion on stimulated Raman scattering in Section 4.4).

Chew [145, 146] has provided theoretical expressions on the transition rates and lifetimes
of atoms near spherical surfaces. Consider the power radiated by a dipole p located at a
radial coordinate r’ within a sphere. For radial oscillations of the dipole, the transition
rate R (normalized to the transition rate in the absence of a sphere, Ry), which has been

rewritten to match the notation given earlier in this chapter, is given by:

R+ 3 nsnd, = Jn(y1)
— == nn+1) x 2n+ 1) (3.19)
Ry 2 a? 7;) y?| Dy |?
and for tangential oscillations:
Rl 3nmd, & (‘[yljn(yl)]l' fmfts Ja(y1) )
— == 2n + 1) x + L 3.20
Ry 4 o 7;)( ) 1D emes Yi|Dy|” 320
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where y; = ngkr’, €, and €4 are the relative permittivities of the medium and the sphere
respectively, t,, and ps are the relative permabilities and k£ is the wavenumber in a vacuum.

The factors D,, and D/, [146], again rewritten to match the earlier notation, are:

Dy, = nZjn(ma)[xh (2)) — n2,h{D () [maj, (ma)) (3.21a)
D! = ju(mz)[zh) (2)] — bV (@) [maj, (ma)] (3.21b)

/
n’

Upon inspection of the factors D,, and D, , it is clear that they are identical to the de-
nominators of the scattering coefficients a,, and b,. This is as expected; the resonance
modes should be the same in both theories. Therefore, one is able to make use of the
poles of the scattering coefficients as determined from Mie theory to determine the theo-
retical location of a WGM resonance. Owing to their explicit dependence on the size of
the particles, WGMs afford a very accurate method of sizing microparticles (£1nm). The
next section shall describe how to make such accurate measurements of a particle’s size, by
utilizing experimentally collected WGM spectra and comparing them to theoretically gen-

erated spectra of known input parameters. Their explicit sensitivity to their surroundings

also suggests their use as sensors, e.g. in vitro biosensing [147].

3.3 Assignment of Whispering Gallery Mode spectra

Having discussed the basic principles of Mie scattering theory, MDRs and their link with
WGMs, this section shall now discuss how to assign a WGM spectrum. Here, the term
“assignment” means determining the mode number n and mode order [ of the resonances,
the polarization (TE/TM) of the resonance and hence, the sphere radius and refractive

index contrast.

3.3.1 Determining the location of the resonances

The first step of the assignment procedure is to calculate a theoretical WGM spectrum, i.e.
determining the location of the resonances of the scattering coeflicients in size parameter
space. The scattering coefficients are complex parameters; at a size parameter associated
with an MDR the real part of the scattering coefficient is equal to one, while the imaginary
component equals zero. Thus, to then determine the location of the resonances, it is

necessary to solve for the imaginary part of Equations 3.11 and 3.12.

The general procedure adopted for this is as follows. First of all, the real part of the
scattering coefficient for a given range of values of size parameter (z), mode number (n) and

(complex) refractive index contrast (m) are calculated, for instance as plotted in Figure 3.4.
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Figure 3.4: A plot of the real part of the scattering coefficients asg and b5g, demonstrating
the poles in the scattering coefficients at a given size parameter associated with an MDR.

It is clear from this figure that higher order resonances are broader. A simple peak detecting
algorithm? is used to coarsely determine the location of the first order (and second order,
if the spectrum under consideration obviously has second order modes) resonances. A
MATLAB script (fzerotx.m) is used to numerically solve the imaginary Equations 3.11 and
3.12 for size parameter, z. The end result is the determination of the location (in size

parameter space) of the TE and TM modes for a given refractive index contrast.

3.3.2 Fitting the experimental wavelengths

Having determined the locations of MDRs in size parameter space, the next stage is to
match the theoretical resonances to the experimentally measured WGM spectrum, which
will thus determine the size of the sphere and therefore give an assignment of the modes
observed. The first step is to define the location of the experimental resonance. One way
to define these would be to note the most intense pixels recorded on the spectrometer’s
CCD (see experimental discussion in Chapter 4) for each mode. However, a preferable
method would be to fit an appropriate function to the experimental spectrum (subtracting
any background signal where necessary) and utilize the central wavelength from this fit
as the location of the resonance. The WGMs have a Lorentzian lineshape, whereas the
spectrometer’s response function will return a lineshape that is approximately Gaussian.
Strictly speaking, a Voigt profile with a fixed Gaussian width should be used to fit the
resonances. However, if the width of the resonances is narrower than that of the spectrom-
eter’s resolution (as is the case for first order resonances in a salt water droplet of diameter

~10pm) then it is acceptable to fit a simple Gaussian function to the modes.

*http://www.billauer.co.il/peakdet.html
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Figure 3.5: Theoretical scattering efficiency for an 8 ym diameter salt water droplet in
air, with a salt concentration of 20gL~!.

By considering the wavelength spacing between two adjacent modes of the same polarization
(i.e. an effective free spectral range), an initial estimate of the radius can be determined
[139, 148]:

AN

A2 tan~![(ng/nm)* }]5 (3.22)

2manm[(ns/nm)? — 1

However, by using theoretically generated spectra (with an exactly defined radius/diame-
ter as the input), it was found that this equation overestimates the size of the sphere. For
example, consider the extinction curve, plotted in Figure 3.5. This is a simulated extinc-
tion curve for an 8 ym diameter salt water droplet, with a salt concentration of 20 gL™!.
Dispersion in the refractive index is accounted for by explicitly calculating the refractive
index at each wavelength, using the dispersion relationship of Quan and Fry [149],% and
then using that value for the refractive index when calculating the scattering coefficients
that appear in Equation 3.10a. Using Equation 3.22 to determine the size of the droplet
yields a diameter of 8.263 pm, ~ 3% larger than the true value of 8 um, hence the equa-
tion is utilized to provide an initial guess (and upper limit) from which to more accurately
determine the radius/diameter. At this point, it is noted that while most equations are
written in terms of the radius, it can be more intuitive to think in terms of the particle
diameter, hence from here on all references to the particle size shall be to the diameter of a

sphere, unless otherwise stated. From this initial guess, a suitable range of “guess” particle

3This relationship will be quoted in Chapter 4.
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Figure 3.6: The result of matching theoretical resonance wavelengths (calculated for a
40gL~! salt solution) to the experimental spectrum shown in Figure 3.3a, using Equa-
tion 3.23.

diameters are determined, and for each of these diameters, use Equation 3.2 (rewritten
in the form # = wd/\) to convert the theoretical resonances calculated earlier from size
parameter space into theoretical resonance wavelengths. These theoretical wavelengths are
then compared to to the experimentally measured resonance wavelengths (for instance, de-
fined as the central wavelength of the Gaussian fit to each peak in the WGM spectrum)
and, provided that a diameter guess will give the correct number of resonances within the

experimental range, a residual A for that diameter is defined:

A= Z ()\expt - )\theory)2 (3.23)

A typical example of this is shown in Figure 3.6a, with reference to the experimental
spectrum shown in Figure 3.3a. It is clear from the figure that there are several local minima,
in the assigned diameter, so care must be taken to ensure that the correct diameter is chosen.
Indeed, it is not necessarily the case that the diameter with the lowest associated value of
A will be the correct value for the diameter, as the theoretical resonances are determined
for a fixed wavelength, whereas in reality there will be a variation in the refractive index of
the sphere across the relevant emission/scattering band owing to dispersion. This point is

best illustrated via a simulation.

Consider again the extinction curve in Figure 3.5 (which took refractive index dispersion
into account). Initial fitting of the peaks using the method above would suggest that the
best fit diameter is 8.162 um, rather than the true 8 pm that was used for the input of the

simulation, i.e. failure to account for refractive index dispersion will result in oversizing the
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sphere. It would be computationally exhausting to recalculate the scattering coefficients
for each measured wavelength (and hence refractive index); fortunately there is a simple
solution that exploits the fact that the refractive index varies approximately linearly with

wavelength over the range considered. Specifically, a linear relationship implies that:

A €eor )\COI‘
theory — (3.24)

Mtheory Mcor

where Atheory is the theoretical wavelength returned from Equation 3.2, mygheory is the re-
fractive index that was used in the initial calculation of the scattering coefficients, mcor is
the refractive index at the experimentally determined resonance wavelength, calculated us-
ing an appropriate dispersion relation, and Ao, is the resulting theoretical wavelength that
is corrected for refractive index dispersion. Applying these corrected wavelengths to the
residual defined in Equation 3.23 results in a plot such as Figure 3.6b. Now there is much
less ambiguity in which diameter provides the best fit; furthermore testing this algorithm

with the simulated extinction curve returns the exact input diameter of 8 pm.

This initial stage will return the diameter of the sphere, from which the mode number,
order and polarization of the resonances can be inferred. However, refractive index has still
not been explicitly accounted for; although a refractive index was specified as an input for
the fitting programme (in order to generate the theoretical MDR resonances), there are sit-
uations where the refractive index of the sphere will not be known. For example, salt water
aerosol droplets will have a refractive index that depends on the concentration of sodium
chloride present. As shall be discussed in the next chapter, aerosol droplets will change
their composition (i.e. grow/shrink) in order to maintain thermodynamic equilibrium with
the surrounding environment; therefore as the diameter of the droplet increases/decreases
due to condensation/evaporation, the salt concentration (and hence refractive index) of
the droplet will decrease/increase respectively. To give a quantitative idea of how the salt
concentration affects the refractive index, a difference in salt concentration of 1 gL' will

result in a difference in refractive index of 2 x 10~%.

Of course, one solution to determining the refractive index of a droplet would be to simply
recalculate all of the theoretical resonances for a range of refractive indices, and determine
which refractive index generates a theoretical spectrum that best matches the experimental
data. The computational time required to achieve this fitting is greatly reduced if one
precalculates the necessary resonances for each refractive index, and saves the values to be
read into MATLAB at a later stage. While asymptotic formulae for the positions of the
resonance exist [150], the highest accuracy will be obtained from directly solving Equations
3.11 and 3.12.
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Figure 3.7: An assigned Raman spectrum of a salt water droplet, and the result of fitting
the refractive index.

As an example, consider the data presented in Figure 3.7. The spectrum presented was
obtained from a droplet generated from a bulk salt water solution of concentration 40 g L.=!
and was assigned using the method described above. The refractive index is assigned by
looping through the various precalulated resonances, as determined by solving Equations
3.11 and 3.12 for refractive indices in the range 1.33-1.36, in 0.0001 increments. The
resulting values of A are presented in Figure 3.7b, alongside the corresponding best fit
diameter in Figure 3.7c. In this instance, the best fit refractive index was 1.3424, and
the best fit diameter was therefore 9.2136 pym. This refractive index corresponds to a salt

concentration of 63gL~!. This technique shall be utilized significantly in Chapter 4.
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3.4 Outlook

This chapter has provided a basic outline of the spectroscopy of microparticles, with an
emphasis on the observation of whispering gallery modes within particles, and the use of
Mie scattering to assign these resonances and hence determine the size and refractive index
of the particle under question. This technique will be put to significant use in the next
chapter, which is focused on the study of optically trapped aerosol droplets using cavity

enhanced Raman spectroscopy.



Chapter 4

Spectroscopic studies of optically

trapped aqueous aerosol droplets

This chapter will apply the concept of WGMs established in the previous chapter to the
study of aqueous aerosol droplets. The optical tweezers are used to capture individual
aerosol particles, and their growth dynamics interrogated using cavity enhanced Raman
spectroscopy. WGM resonances are clearly visible within the OH stretching band of the
droplet’s Raman spectrum. In addition, differences between trapping an aerosol with a
conventional Gaussian beam, and using a Laguerre-Gaussian/vortex beam (Section 2.5.4)

are investigated. In both cases, resonant and non-resonant heating effects are observed.

4.1 Why study aerosols?

Aerosols may be defined as a multiphase system, comprising solid or liquid particles sus-
pended in a gaseous medium. They play an important role in many aspects of science,
hence it is crucial that they are studied in detail so that their impact within the various
fields can be predicted. For instance, aerosol technology plays an important role in drug
delivery [151], although perhaps the most relevant contemporary field in which knowledge
of aerosols play a role is that of atmospheric physics and chemistry. For example, aerosols
serve as a vessel or surface in/on which heterogeneous chemical reactions can occur within
the atmosphere [152]. The role that aerosols play in climate change is potentially vast; for
example their scattering and absorption properties will have a direct effect on the amount
of radiation incident upon the surface of the earth, but they can also have an indirect effect
by influencing the properties of clouds and the albedo [153]. Studying aerosol droplets is
of interest, as knowledge of their size and composition dependent optical properties (such

as the refractive index) is an important consideration in models of climate change [154];

56
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these parameters are necessary to model the absorption and scattering of radiation by the
aerosol. Traditionally, aerosols have been studied in the bulk phase, using techniques such
as LIDAR [155], while more recently cavity-ring down spectroscopy (CRDS) has been uti-
lized to directly measure the extinction properties of aerosols [156]. Typically these use a
single frequency of radiation, and measure a range of size parameters by utilizing a poly-
disperse sample, although very recent measurements have investigated the scope for the
technique to obtain information about the wavelength dependent scattering properties by
using a monodisperse sample with a scannable laser source [157]. However, it is of in-
terest to study the dynamics of single aerosol particles, rather than relying on ensemble
averaging techniques, owing to the greater quantity of information that can be obtained
(and with higher accuracy). To probe the dynamics of single aerosol particles, techniques
that can isolate a single droplet from its surroundings are required. Optical manipulation
techniques (whether of the single beam gradient force trap, counterpropagating beams trap
or optical levitation) are ideally suited towards this goal [158, 159]; practical features of
tweezing aerosols shall be discussed in Section 4.2. Prior to the widespread use of aerosol
optical tweezers, electrostatic levitation (in a similar fashion to the Millikan experiment)
was a commonly used technique to isolate individual droplets [160], however an obvious
disadvantage to this technique is the requirement that the aerosol acquire a charge prior to

levitation [161].

Aerosols are classified by their size distribution. Particles with radii less than 0.05pm are
known as nucleation mode aerosols. Those with a size range between 0.05pm to 1pm are
known as accumulation mode, while those with a radius greater than 1pm are known as
coarse mode. Accumulation mode aerosols are of most interest, due to their dominance in
the atmosphere [162]. Considerable progress has been made in utilizing CRDS to interrogate
bulk volumes of accumulation mode aerosols [154, 157]. However, these are difficult to
capture and interrogate with conventional optical trapping techniques. Sub-micron droplets
can be optically guided using a Bessel beam [163], while counter-propagating Bessel beams
can be utilized to confine droplets and probe them using elastic light scattering [164],
with optical characterisation recently demonstrated for accumulation mode particles [165].
Dear et al. have experimentally demonstrated that it is possible to trap smaller droplets
(a > 0.5 pm) with single beam gradient force traps by utilizing an annular beam, which was
realised by simply blocking the central core of a Gaussian beam [166]. Furthermore, they
also reported an increase in the axial:lateral trap stiffness ratio when compared to Gaussian
trapping. These observations are in excellent agreement with theoretical predictions by
Burnham and McGloin [167].

While this section has predominantly focused on contemporary interest in aerosols within
other disciplines, from a purely physical viewpoint aerosols are interesting to study as they

form easily reconfigurable microcavities. As shall be explained in Section 4.3, the size
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of the aerosol can be controlled by adjusting the local relative humidity. Changing the
morphology in this fashion would be the microcavity equivalent of scanning a linear optical
cavity via a piezoelectric transducer on one of the cavity mirrors. This chapter shall focus
on the dynamic response of droplets to changes in the beam geometry and power of the
trapping laser, specifically with respect to droplet heating mechanisms (both resonant, and
non-resonant). Initially, the focus shall be on the use of Gaussian beams, as the majority
of previous measurements reported in the literature were performed under those conditions
(e.g. [158]) . The SLM shall then be utilized to change the trapping laser to an LG mode,
to determine how the microcavity responds to these changes in trapping and excitation

geometry.

4.2 General considerations for optically trapping aerosols

The optical trapping of aerosol particles is rather different to trapping in an aqueous medium
(as is the case with conventional colloidal samples). The first obvious difference is that the
surrounding medium is air, therefore an optically trapped aerosol particle can constitute an
underdamped system. This has important consequences for force measurements and other
experiments which measure the dynamics of optically trapped aerosols [83]. Another con-
sequence of the surrounding medium being air is that, due to the refractive index mismatch
between a glass coverslip (n ~ 1.5 for borosilicate glass) and air (n ~ 1), the critical angle
at the interface is ~ 42°. Any incident rays at an angle greater than this will be reflected
at the interface, this means that the numerical aperture of the objective lens is effectively

limited to 1, therefore weakening the gradient force relative to the scattering force [95].

The art of trapping in air is very different from trapping in aqueous media. In the latter
situation, it is relatively easy to seek out and trap the particles of interest by moving either
the trap (with steering mirrors) or the sample itself. As water is more viscous than air,
the distance over which the particles will diffuse in a given time interval is comparitively
small,’ allowing a somewhat active method to trap particles. To tweeze particles in air,
the trap itself must be held stationary, while aerosols are introduced into the trapping cell.
This makes trapping in air a much more passive (and often quite laborious) process. As
a consequence of this, the fog of aerosols will settle onto the lower surface of the trapping
chamber. These would form small droplets, which would impart severe aberrations onto
the trapping beam (as well as distorting the image of the trapped particle). To minimize
this negative beading, the coverslips which form the lower surface of the trapping chamber
are soaked in a solution of 50% Decon 90 for at least one week [108]. Before being used,

they are thoroughly rinsed with Milli-Q water, then carefully dried using a piece of lens

!The mean square displacement, (), is related to the diffusion coefficient by (x?) = 2Dt. The diffusion
coefficient is inversely proportional to the solvent viscosity (Stokes-Einstein relationship).
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tissue. This treatment increases the hydrophilicity of the glass, which will result in droplets

spreading out into a thin layer when they settle on the surface.

In this chapter, aerosols are generated using a handheld medical nebulizer (Omron, U22
Micro A-I-R) with a custom manufactured glass nozzle. This nozzle serves two purposes; it
aids conditioning of the aerosol droplets but also focuses the stream, to allow the aerosols
to be introduced to the sample chamber [95]. Other common techniques utilized to gen-
erate aerosols include the use of vibrating orifice aerosol generators [168], and ultrasonic
nebulizers [169]. The solutions nebulized are aqueous sodium chloride, henceforth referred
to as salt water. The concentrations of bulk solution varied depending on the specific ex-
periment performed, but varied from 20gL~' to 80gL~!. Salt water is utilized as the
salt lowers the vapour pressure of the droplet, allowing it to achieve equilibrium at relative
humidities lower than 100% (as shall be discussed more thoroughly in Section 4.3). The
relative humidity is defined as:

RH = 100 x ]% (4.1)

where p is the partial vapour pressure of atmospheric water vapour, and p° is the saturated
vapour pressure at that temperature. The majority of the experiments in this thesis utilize
a very basic aerosol chamber, consisting of a rubber O-ring with a small section of its
circumference removed, adhered to a circular coverslip, 30 mm in diameter and of no. 1
thickness (VWR, ECN 631-1585). A second circular coverslip is applied (with immersion
oil) to the microscope objective (which has been treated with surfactant, as discussed
above), and the cell is placed on top. Although crude, this type of chamber provides
protection from local air currents in the laboratory, as well as providing a region where a
high concentration of aerosols can be contained (to aid trapping, and growth of droplets).
Compared to the outside lab air, the relative humidity will be greater within this chamber
owing to the layer of water that settles on the surface of the cell. When working with
aqueous aerosols, a piece of moist tissue (soaked in deionised water) is inserted into the

cell, to further increase the local relative humidity.

Experimentally, optically trapped aerosol droplets show many interesting properties that
are somewhat counterintuitive. For example, the size of droplet that can be trapped shows
a linear dependence upon the trapping power [159]. However, simply increasing the trap-
ping power does not increase the ease with which a droplet can be trapped; in fact stable
trapping is not possible with high powers [170]. Another interesting observation for aerosols
is that their axial trapping position depends on the trapping power, with higher trapping
powers “pushing” the droplet out of the focal plane, eventually pushing the droplet out
of the trap altogether. These peculiar observations motivated Burnham and McGloin to

rigorously model the optical forces acting upon a droplet, utilizing Mie-Debye spherical
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aberration theory (MDSA) to account for the refractive index mismatches between the ob-
jective optics/oil, the glass coverslip, the thin water layer and the surrounding air [167].
An important prediction of this model is that removal of the central portion of the Gaus-
sian beam profile (an annular beam) enhances the performance of the air based tweezers
(similar to Ashkin’s demonstration that a doughnut mode enhances the trapping of a col-

loidal/biological specimen [74]), experimentally verified by Dear et al. [166].

4.3 Thermodynamics of a single aerosol droplet

Before introducing spectroscopic studies of aerosols, it is prudent to consider some of the
thermodynamic properties governing their existence. The basis for this discussion is that the
droplet will remain in thermodynamic equilibrium with its surroundings. In this instance,
there is an interface between liquid and air, and so we must consider the vapour pressure
of the liquid component. For the pure liquid at a planar interface, this may be quantified

using the Clausius-Clapeyron equation:

dinp  AvapH
dTT  RT?

(4.2)

An excellent (and comprehensive) discussion on the thermodynamics of aerosol droplets is
provided in Seinfeld and Pandis [162], and is the source upon which the following discussion

is based.

4.3.1 The Kelvin effect

A liquid will tend to adopt a shape that minimizes its surface area to volume ratio; this
ensures that the majority of the molecules are in the bulk phase (as opposed to being at
an interface) and thus lowers the free energy of the system. For a droplet, the morphology
with the lowest surface area to volume ratio is a sphere, hence the existence of spherical
droplets. The work required to form a droplet with a radius of curvature a is 4ra0, where
o is the surface tension of the liquid. The surface tension for pure water as a function of

temperature over the range —40°C to 40°C can be described via [171]:
0w = 0.0761 — 1.55 x 10~%4(T — 273) (4.3)

where T is the temperature in K. At typical laboratory temperatures (23 °C), the surface
tension of water is 72.5 x 107> Nm™'. To quantify the effect on the vapour pressure over
this curved interface, it is necessary to consider the change in the Gibbs free energy for the

formation of a droplet from the pure vapour, i.e. AG = Garoplet — Gpure vapour- It can be
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shown that resulting vapour pressure over a water droplet (p) of diameter D,, relative to

the vapour pressure over a corresponding flat interface (p°) is given by the Kelvin equation:

Pw(Dp) 4M, 0o
= _—wrw 4.4
p° “P\RTp.D, Y

where M,, is the molar mass of water, o,, is the surface tension of water and p,, is the
density of water. Thus, the vapour pressure of a liquid above a curved interface will always
be greater than the corresponding bulk medium; this means that a pure water droplet will
only be stable in supersaturated conditions. Indeed, this is in fact a metastability; slight
perturbations to the system will result in either perpetual growth or evaporation of the

droplet. Note that the Kelvin effect is most significant for small (<100nm) droplets.

4.3.2 The solute effect

Atmospheric aerosols are often composed of solutions of inorganic salts, as well as various
other chemicals. Therefore, the vapour pressure of these solutions must be determined
when considering the thermodynamic properties of the droplet. Consider the equilibrium
of a (planar) liquid interface with its surrounding vapour. By definition, the chemical
potential, u, of the liquid and vapour phases will be equal, i.e. ji,(g) = pw(aq). Assuming
that water vapour behaves as an ideal gas, its chemical potential can thus be written as
tw(g) = py, + RT Inp® where, as before, p° refers to the partial vapour pressure of water
vapour over the interface. Similarly, we can write for the liquid component p,(aq) =
w4+ RT In (7yxy ), where p is the chemical potential of the pure liquid, 7, is the activity
coefficient for water and z,, is the mole fraction of water in the solution [162]. It follows
that the vapour pressure of the solution (p?) is related to the vapour pressure of pure water
(p°) via:

Ps = YuZwp’ (4.5)

Note that Equation 4.5 does not assume ideality, and reduces to Raoult’s Law in the limit

of infinite dilution (v, — 1).

4.3.3 Kohler theory

The two above effects may be combined to describe the vapour pressure of an aerosol
comprising of an aqueous solution of a given solute. Substituting Equation 4.5 into Equa-
tion 4.4, we find that a droplet of diameter D), comprising of n,, moles of water and n

moles of an involatile salt (such as sodium chloride), will have a vapour pressure described

by:
Pw(Dp) 47,0
— 4.6

P°YwTw exp RTD, (4.6)
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where v, is the partial molar volume of water within the droplet. The total droplet volume
will satisfy:
ﬂ'Dg

5 = Ny + NsVs (4.7)

For a dilute solution, nsvs < WD%/G, O R Oy, Uy = My/py (where py, is the density of

water) and v, — 1. With these approximations, Equation 4.6 can be expressed as:

. <pw(Dp)> _ 4My,o,  6nsM,, (45

»° ) RTpuwD, wpuD3

Plots of the vapour pressure of the droplet vs their diameter are known as Kohler curves.
Equation 4.8 shows that there are two main components to describe the vapour pressure of
a droplet; the Kelvin effect, which increases the vapour pressure relative to the bulk phase,
and a solute effect, which decreases the vapour pressure. The presence of solute therefore
means that a droplet can achieve thermodynamic equilibrium with its surroundings at

relative humidities lower than 100%.

4.3.4 Heating effects

An optically trapped droplet sits slightly downstream of the waist of the tightly focused
laser beam, hence it is sensible to assume that all of the laser radiation passes through it. As
the imaginary part of the refractive index will be non-zero, some degree of absorption of the
laser radiation will occur. This absorption may be quantified by the Beer-Lambert law (see
Section 4.7). The pathlength can be approximated as the diameter of the droplet, giving
an absorption of ad, where « is the absorption coefficient and is related to the imaginary
part of the refractive index,? via o = 47k/\. Therefore, for a given trapping power P, the

temperature elevation induced by absorption may be stated as [100]:

(1 —exp [—ad)])

AT =r ondK,

(4.9)

where K, is the thermal conductivity of the surrounding air, and takes the value of
2.62x 1072Wm 'K~ at 298K and 1 atmosphere [172]. The magnitude of the imagi-
nary part of the refractive index at 532nm is 1.8 x 10~ for pure water, and for salt water
solutions lies within the range of 9.2 x 107 to 14.8 x 10~ for the range of concentrations
used [173]. Thus, the influence of trapping power on the equilibrium size of a droplet can be
described; increasing the power will increase the amount of absorption, and hence increase
the temperature of the droplet. This temperature increase will lead to an increase the

vapour pressure of the droplet. In order to regain equilibrium with the surroundings, the

2The complex refractive index is expressed as 71 = n -+ ik, where n is the real part of the refractive index,
which describes the dispersion properties, and k is imaginary part of the refractive index, which describes
absorption of radiation.
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droplet must increase its salt concentration in order to lower its vapour pressure to equal
the partial pressure of water vapour in the surroundings, i.e. water must be lost from the
droplet. Conversely, if the trapping power is lowered, then the amount of heating decreases.
The droplet will then have a lower vapour pressure than the partial pressure of water in the
surroundings, and so must decrease its salt concentration by the uptake of additional water
molecules. To give a feel for the magnitude of temperature changes, for a trapping laser
wavelength of 532 nm, with 5mW of power incident upon the droplet and the imaginary
components of the refractive index quoted above, a 9 pm diameter droplet (a typical value
for the droplets discussed in this chapter) will experience a temperature increase of 1.3 mK,

6.6 mK and 10.6 mK respectively.

4.4 Raman spectroscopy of aqueous aerosols

The primary analytical technique utilized within this chapter is vibrational Raman spec-
troscopy, utilizing the trapping laser as a source of pump photons. Briefly, when electromag-
netic radiation is scattered by a molecule, some of the photons will have a different energy
to the input field (i.e. inelastic scattering), known as Raman scattering. The difference
in energy between the pump and scattered photons correspond to molecular transitions
within the molecule. The pump photon excites the molecule to a “virtual state”; if the
molecule relaxes back to its initial state (so no change in energy) then the scattered pho-
ton is equivalent to Rayleigh scattering. If the molecule relaxes to a higher energy state,
the scattered photons have a lower energy than the pump, and are referred to as Stokes
scattered. Conversely, if the molecule returns to a lower energy state, the photons in-
crease in energy relative to the pump, and are anti-Stokes scattered. For a vibrational
transition to be Raman active, it is necessary that the molecular polarisability changes
with vibrational coordinate. Generally speaking, only Stokes emission is observed in vi-
brational Raman scattering, as the majority of molecules are in the ground vibrational
state at room temperature. This type of Raman scattering process is referred to as linear
Raman spectroscopy, or spontaneous Raman scattering. Raman scattering is widely used
in chemical analysis; as an example pertinent to the study of aerosols, Rosen and Novakov
demonstrated the use of Raman scattering in the analysis of atmospheric aerosols (with an

emphasis on the particles found in urban environments) [174].

The presence of intense electromagnetic fields, such as within pulsed laser beams, not only
enhances the Raman effect but can result in significant non-linear effects. For example,
a Stokes photon, coupled with a pump photon, can stimulate another Raman transition,
generating a second Stokes photon at that frequency. This amplification process is known

as stimulated Raman scattering (SRS), and is considerably more efficient than spontaneous
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Raman scattering. The stimulated Raman emission intensity increases exponentially with

propagation distance within the scattering medium (z), and may be expressed as [175]:
I(z) = I5(0) exp (Glpz) (4.10)

where I is the flux density of the Stokes scattered radiation, and Iy is the flux density
of the pump source. The factor G is the Raman gain factor, and is proportional to the
concentration of scattering species, the Raman scattering cross-section and the spontaneous

lineshape function [176].

Spherical particles can form microcavities where the resonant modes of the cavity are
the whispering gallery modes, and at a wavelength concomitant with a WGM, a large
enhancement in the optical pathlength and internal electric field occurs, which can provide
the necessary feedback for coherent, nonlinear processes within the microcavity [177, 178].
When the electric field exceeds a certain threshold value, the resulting gain will amplify any
spontaneous processes, leading to stimulated Raman scattering within the cavity. The SRS
process begins when molecules emit spontaneous Stokes scattered light into a WGM, which
is then confined to the surface of the microparticle via multiple total internal reflections.
The threshold for SRS occurs when the gain per round trip exceeds the losses. Although a
rigorous theoretical framework of SRS within microparticles is incomplete, approximations

have been formulated, for instance [175]:
I;(a®) = I5(0) exp [(k - GSI es — L)a®] (4.11)

where « is the radius, and the coordinate a® describes the angular variation during propa-
gation around the circumference of the droplet. Quantum electrodynamic (QED) enhance-
ment of the Raman gain is described by the Purcell factor, k. The value this takes depends
upon the cavity mode spacing, Av and the homogeneous line width of the spontaneous Ra-
man line, I' [179]. If Av > T > v/Q, where @ is the droplet quality factor, then k ~ Av/T
[175]. Conversely, if Av < T', then k &~ 1. For the spectroscopic studies in this chapter, the
width of the spontaneous Raman line in water is ~ 800 cm ™!, while the mode spacing is

~ 240 cm~!. Therefore, k ~ 1.

The radiation circulating within the microcavity, I, may be expressed as:

Ires%IO'fU'fb (412)

where f, is the fraction of laser radiation coupled into the input resonance, and f; is the
cavity build up factor, which (for plane wave excitation) is a function of the droplet radius,
quality factor, refractive index and illuminating wavelength. If a multimode laser is utilized,

then the laser bandwidth will often be greater than the linewidth of the WGM resonance,
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hence only a fraction of the laser power can be amplified within the droplet.? However,
even if Aljaser < AVgroplet, it Will not necessarily be the case that f, = 1, i.e. spatial overlap
between the input and output resonances is important. This is quantified by the factor S.

The losses per unit length, L, are linked to the quality factor of the droplet, @, by [180]:

2mng

I =
AsQ

(4.13)

where A\g is the WGM wavelength, and ng is the refractive index at that wavelength. It
follows that the threshold circulating intensity, I;n, within the droplet may be expressed

as:
L

kGS

Previous spectroscopic studies of SRS in droplets utilized a vibrating orifice aerosol gen-

Iy = (4.14)

erator to generate a flow of droplets, which fall through the beam path of a pulsed laser
source [177, 181]. These droplets were considerably larger than the droplets captured using
tweezers (diameters on the order of 40 pm; tweezed droplets tend to have diameters on order
of 10pm), although the size of the droplets could be altered by changing the vibrational
frequency of the aerosol generator. More recently, it has been shown that the combination
of optical tweezers with spectroscopy is beneficial as it allows probing of single particle dy-
namics over extended time periods [158]. Furthermore, multiple trapping techniques mean

that droplets of a different composition can be individually trapped and coagulated [99].

4.4.1 General comments on the analysis of SRS spectra

Raman spectra from the aerosol droplets are induced using the same laser used for trapping,
i.e. operating at a wavelength of 532nm. The observed spontaneous Raman band arises
due to the fundamental OH stretching vibration in the water molecules of the aerosol, and
ranges from 630nm to 660 nm, which corresponds to an energy in the frequency range
~2900cm ™! to 3700cm ™! being removed from the pump. A typical example of this is
shown in Figure 4.1. The extremely broad shape of the Raman band is due to the large
rotational constants of water, and to hydrogen bonding between the water molecules [182].
The maximum in the spontaneous Raman signal occurs at approximately 650nm. SRS
resonances, corresponding to WGMs within the droplet, are observed over the spontaneous
Raman signal, and their intensity mirrors the intensity of the spontaneous signal. However,
a strong spontaneous Raman signal, corresponding to CH stretches in the (hydrocarbon)
immersion oil, is observed between 630 nm to 638 nm, and obscures any SRS modes from

water occurring in that wavelength range.

3A droplet with a @ on the order of 10* would have a linewidth on the order of 60 GHz. Note that our
solid state laser has a linewidth that is ~ 5 MHz.
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Figure 4.1: Typical example of raw data from the spectrometer, showing the Raman
band of water molecules with WGMs superimposed upon it, and Raman scattered light
due to the immersion oil between 630 and 638 nm.

In order to utilize WGMs for quantitative measurements of the size of a droplet, it is
necessary that a sufficient number of resonances occur within the bandwidth of the spectral
region of interest. The physical size of the droplet puts a natural limit on the number
of WGMs present; if it is too small then there will be too few resonances lying within
the spectral range (a minimum of three modes need to be present to confidently assess
the diameter). Conversely, if the droplet is too large, then higher order WGMs become
increasingly narrow (i.e. show a higher value of @); if these higher order modes are so
narrow that they too are spectrometer limited then accurate assignment of the modes is

extremely difficult. The optimum size range for aerosols is thus 810 pm in diameter.

The important parameter for assigning a WGM spectrum is the location of the WGMs
themselves. The procedure for determining this was alluded to in Section 3.3; an appropri-
ate lineshape is fitted to the resonance modes in the experimental spectrum and the central
wavelength from the fit is used as the experimentally determined WGM resonance. While
a WGM itself has a Lorentzian lineshape, the response function of the spectrometer returns

a lineshape that is approximately Gaussian. Therefore, the choice of which function to fit

4This is only a problem with techniques that involve buildup of radiation within the microcavity; in
Chapter 5 it will be experimentally shown that within Mie scattering, narrow resonances are not detected
by the spectrometer.
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Figure 4.2: A fully assigned SRS spectrum for a typical water droplet, showing both
first and second order modes. In this instance, the diameter is 10.63 pm.

with depends upon how narrow the resonance is. The Gaussian function used for fitting is:

LA (-2(A—Ac)2>
Y=ot s e =

where A is the area under the Gaussian curve, \. is the central wavelength and w is the
width, related to the full width half maximum (FWHM) via w = FWHM/vIn4. The

Lorentzian function used is:

(4.15)

24 w
Y=IT 00— A2+ u?)

(4.16)

where the width in this instance is equal to the FWHM. In both cases, the area of the
function may be interpreted as the integrated intensity of the WGM resonance; hence from

here on, use of the term “intensity” should be interpreted as the integrated area of the
WGM resonance.

To put these fitting routines into context, consider the spectrum shown in Figure 4.2. In
this case the droplet is sufficiently large to show both first and second order resonances,
while not so large that the second order widths become spectrometer resolution limited.
Example fits to the resonances are shown in Figure 4.3. From the fitting parameters, values
of the quality factor ) can be obtained. For the second order resonance, () takes the value
of 1650 4+ 160, while for the first order resonance Q = 5070 4+ 80. Note that the true value

of @ for the first order resonance will be considerably higher (on the order of 10%).
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Figure 4.3: Examples of fits to the experimental data, in this case referring to Figure 4.2.
Panel (a) shows the TE},, which is spectrometer limited, and has a Gaussian function
fitted. Panel (b) shows the TMZ, whose width is not limited by the spectrometer and has
been fitted with a Lorentzian function.

As the aerosol droplet used consist of nebulised aqueous sodium chloride solutions (herein
referred to as salt water solutions), the real part of the refractive index is determined using
the algorithm of Quan and Fry [149], which is an empirical equation for the refractive index

of sea water. Adapting notation to suit this thesis, it is expressed as:

ns + ngS + nyT ng | Ny
A A2 \8

n(S, T, \) = ng + (n1 4+ noT + n3T?)S + nyT? + (4.17)

where S is the salt concentration in g L™!, T"is the temperature in °C and \ is the wavelength

in nm. The coefficients are presented in Table 4.1.

Table 4.1: Coefficients for the refractive index algorithm of Quan and Fry [149], given in
Equation 4.17, for the refractive index of salt water solutions.

ni 1.31405

ny  1.779 x 1074
ny —1.05x 1076
ng —2.02x1076

ns 15.686
ng 0.01155
ny —0.00423
ns —4382

ng 1.1455 x 1076
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4.5 Optically trapped aerosols in a Gaussian beam

Having established the thermodynamic properties of aerosol droplets pertinent to single
droplet studies, and reviewed the analysis procedure, the dynamics of droplets trapped by
a conventional Gaussian laser beam are now considered. Performing experiments with a
Gaussian beam also affords a method of testing the validity of the results obtained with
LG mode illumination presented later, and corroborates some of the previous studies of
droplets trapped with optical tweezers which have been performed in a very small number
of laboratories [100, 158, 183-185].

4.5.1 Evaporating droplets

The aerosol cell described in Section 4.2 has no method of fine RH control, and as it is
exposed to the lab atmosphere it is expected that droplets should, on the whole, evaporate
due to the decreasing RH conditions within it. As an example, consider the spectrum shown
in Figure 4.4. The WGMs can be observed to blueshift, which is characteristic of droplet
evaporation. This is because the size parameter = of a resonance’ (for a given refractive
index contrast) is a constant; hence as the diameter decreases, A must also decrease. As a
consequence, the wavelength of the resonances should be expected to track the size of the

droplet, i.e.:
AA _ Aa

3 . (4.18)
where AX and Aa are the changes in resonance wavelength and radius respectively. The
time dependent wavelengths of the TMsg and TEsg resonance are plotted in Figure 4.4c
and 4.4d; both show an identical trend (and indeed, all the modes within the spectrum
show this behaviour). Note that there is slight variation in the position of the wavelengths
at around 50 and 80s; this is a real phenomenon that was observed in the time resolved
spectrum, and is not an artifact in the fit to the experimental data, likely caused by slight
variations in the local relative humidity of the laboratory air. A linear fit to the data in
Figure 4.4b yields a gradient of —0.88 £ 0.01 nms~!. The diameter of the droplet decreases
by 0.12pm over the 128 s period presented; the change in volume is therefore 19 L, giving
a net loss of 6.3 x 10" water molecules. The net evaporation rate under these conditions

is therefore 4.9 x 10° moleculess!.

The evaporation rate of the droplet depends upon a balance between the rate at which
water molecules leave the surface of the aerosol, and the collision frequency of gas phase

water molecules with the droplet. The latter can be estimated using a simple kinetic model

SRecall the definition of the size parameter was z = 27a/\
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Figure 4.4: SRS spectrum of an evaporating droplet. The modes are clearly observed to
blueshift, which is characteristic of droplet evaporation. Assignment of the modes allows
the diameter of the droplet to be tracked through time (assuming a constant refractive
index, in this case).

of the collision frequency of gas phase molecules (Z,,) with a surface of area A:

PwA
vV 27rmkaT

where p,, is the partial pressure of water vapour in the environment surrounding the aerosol,

Ty = (4.19)

My, is the mass (in kg) of a water molecule and A = 47a?, i.e. the surface area of the droplet.
If we assume that every collision of a water molecule with the surface of the droplet results
in the uptake of that molecule into the droplet, then the condition for net evaporation
(which is what is measured experimentally) will be that Z,, must be less than the rate
at which molecules evaporate from the surface, which in turn will depend on the vapour

pressure due to the solute effect and net heating of the droplet due to absorption of the
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trapping laser. As an example, a droplet of diameter 10 pm in an environment of relative

humidity of 90% will experience a collision frequency of 2.9 x 106 moleculess™!.

4.5.2 Growing droplets

If the local relative humidity increases, it should be expected that an equilibrium condition
will exist, where the rate of evaporation is balanced by the rate at which water molecules
are uptaken by the droplet, followed by droplet growth. The driving force behind growth of
a droplet will be an increase in the vapour pressure at the droplet interface, by decreasing
the concentration of salt within the droplet. To encourage observation of growing droplets
in a low RH environment offered by the trapping cell, a more concentrated salt solution

was nebulized.

When an aerosol droplet is growing, the WGMs will be expected to redshift for the same
reason as outlined above. However, instead of constantly changing (in time) like in the
spectra from evaporating droplets in Figure 4.4, the modes are observed to “lock” at certain
wavelengths for extended periods of time. Furthermore, the intensity of the SRS modes
increase dramatically during these periods. As an example, consider the spectra shown in
Figure 4.5. It is clear from this figure that the wavelength position of the WGMSs in the

droplet are stable in time.

Two subtly different cases of droplet growth have been observed in these experiments.
The first bears more similarity to the evaporating case, where the individual modes can be
observed to red shift. Upon reaching a size associated with locking, the modes then fix their
wavelength and grow in intensity. After an intensity maximum is reached, a sudden loss
of all SRS intensity occurs. Low intensity SRS modes then reappear, at further redshifted
wavelengths, where the process then repeats. The second observed case is similar, except
that instead of the droplet’s modes being observed to redshift before coming onto a locking
period, the spectrum shifts from one locked state to another. This is termed mode hopping,

to draw an analogy with the operation of single mode lasers.

While the intensity of the SRS modes increases during the locked period, the wavelength of
the resonance also subtly redshifts. This is shown clearly in Figure 4.6, and is characteris-
tic of all periods of locking. The magnitude of this shift is extremely small (0.01 nm), and
indeed would not be observed if the lineshape was not fitted with a Gaussian/Lorentzian
profile. The corresponding change in diameter is approximately 0.2 nm (the initial diameter
of this droplet was 11.2479 pm), i.e. a change in volume of 40 al.. This volume change corre-
sponds to a net uptake of 9.8 x 10 molecules, i.e. a growth rate of 7.3 x 10 molecules s™!.

To put this figure in context, consider the number of molecules striking the droplet per
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Figure 4.5: Time invariance of WGMs during a Gaussian locking period.

unit time. If we assume an ambient relative humidity of 90%.% the corresponding partial
vapour pressure of water is 25.3 mbar. For the droplet considered above, Equation 4.19
yields a collision frequency of 3.4 x 106 moleculess™!, which is considerably greater than

the measured growth rate.

However, before moving onto discuss the implications of these results, it is important to
confirm that the observations are indeed due to droplet growth, and not due to drifting of
the laser frequency. Recall that the bandwidth of a WGM at the trapping laser wavelength
is on the order of 60 GHz, and that the laser utilized has a bandwidth of ~ 5 MHz. The
measured shift in wavelength of the TEgg resonance is approximately 0.01 nm over a 110s
period. The fractional change in wavelength, AX/X is therefore 1.5 x 1075, Assuming
this can be related to a change in the laser frequency, the corresponding drift would be
8.5 GHz over the whole time period, hence 77 MHzs™!. A drift of this magnitude does
not correspond to the experimental behaviour of the laser, and hence it is concluded that

droplet growth is occurring during the locking periods.

5This number was chosen as a representative value using the results of Section 4.7.
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Figure 4.6: Central wavelength (a) and area (b) of an SRS resonance during a locked
period (in this instance, corresponding to the spectra shown in Figure 4.5). The growth
in intensity is accompanied by redshifting of the resonance frequency.

4.5.3 Discussion

Clearly, the phenomenon of locking must suppress droplet growth, i.e. there must be an
enhanced evaporation during the locking period. These observations are consistent with a
previous study by Miles et al. [173], who observed similar mode locking for an optically
trapped aerosol in an environment of increasing RH, where active control over the local RH
was provided by flowing wet nitrogen through the trapping chamber. It is interesting that
locking periods are observed even in the open cell utilized in this work, suggesting that
the moist tissue is indeed providing a greatly increased local relative humidity within the

trapping cell.

The periods of size stability indicate that there is an additional heating contribution to
the droplet, arising from resonant absorption of the trapping laser radiation. This can be
justified by considering the absorption efficiency, Qaps, of a droplet illuminated by 532 nm
radiation, such as in Figure 4.7. Here, Q.15 is plotted as a function of the droplet diameter,
for a droplet consisting of a 40gL~! salt water solution, with an imaginary part of the
refractive index of 9 x 107 (a typical value for the imaginary part of the refractive index
for a salt water solution at this wavelength; 532 nm is near the minimum in the absorption
spectrum of water). Ripple structure is observed in the absorption efficiency; the diameters
at which a resonance occurs correspond to a resonance wavelength of 532nm, i.e. there
is resonant absorption of the laser. Note that Q.ps is calculated assuming plane wave
illumination, and so will be an overestimate of the true absorption efficiency for a Gaussian

beam illuminating a spherical droplet. The temperature change, in terms of (.5, may be
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Figure 4.7: Plot of the absorption efficiency for a droplet, comprised of a 40gL~! salt
water solution, where the imaginary part of the refractive index is 9 x 10~%, illuminated
by radiation of wavelength 532 nm.

expressed as:

IQabsa
AT =
4K,

(4.20)

where I is the laser irradiance, expressed in Wm™2.

Guillon et al. [144], who also con-
tributed to the study of Miles, showed that the temperature rise of the droplet can be
factorised into two components: a non-resonant contribution that depends solely on the
degree of absorption, and a resonant contribution that depends on the fraction of radiation

that is able to couple into a WGM. The increase in temperature is therefore expressed as :

. PQabs o aP &
AT = 4rKq.a 21K, <1 " ka (421)

where @ is the quality factor for the droplet, k = 27 /A, and f is the fraction of light coupled
into a WGM at the trapping laser wavelength.”

The mechanism behind locking again relies on the droplet being in thermodynamic equi-
librium with the surrounding gas. As the local relative humidity increases, the droplet will
absorb water to grow and increase its vapour pressure by diluting the salt present (the solute
effect). However, as the droplet’s size tunes towards a WGM resonance at the wavelength

of the trapping laser, it will suddenly experience a (large) temperature change associated

"Note that this equation, as originally formulated in Guillon’s paper, contained an erroneous factor of a.
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with resonant heating. For instance, the droplet that provided the data for Figure 4.6 was
trapped with 20 mW of laser power.® Using the calculated value of Qb5 (assuming plane
wave illumination) of 1.3 x 1073 gives a temperature increase of 28 K using Equation 4.21.
Note that this is exceptionally high value for the temperature rise, owing to the calculation
of Qaps assuming plane wave illumination. A later study by Miles et al. utilized Mie-Debye
spherical aberration theory (MDSA) to calculate Q,ps, returning a much smaller value of
~ 3 x 107% [186]. This value suggests that the fractional degree of light coupled into a
WGM should be on the order of 2 x 1073. Using this value for Qaps gives AT = 65 mK.
Note that utilizing Equation 4.9 with the above parameters yields a non-resonant contri-
bution to the droplet temperature of 26 mK, i.e. resonant heating is at least as important

as non-resonant heating when determining the equilibrium response of the droplet.

The increase in temperature will be responsible for an increase in the vapour pressure of the
droplet without the need to absorb water to dilute the salt. The red shift of the resonant
modes in the SRS spectrum, along with the increase in intensity, are characteristic of the
droplet’s size tuning closer to a wavelength where a WGM exists for the trapping laser
wavelength. Figure 4.7 shows that the first order resonances are very sharp, and so once
the droplet’s size passes through the maximum, there will be a sudden drop in the droplet
temperature. To compensate for this decrease in droplet vapour pressure, the droplet will
quickly grow to restore equilibrium with the surroundings via the solute effect. According to
this mechanism, the two distinct growth regimes described above are actually identical; in
the latter case, the slow growth period must be happening faster than the spectrometer’s
temporal resolution (1.94Hz). This resonant heating mechanism also explains why no
locked periods are observed for droplet evaporation; approaching a resonance will simply
drive off more molecules due to the temperature increase, meaning the droplet’s size will
never lock to the trapping laser wavelength. It is, however, possible to tune an evaporating
droplet to a resonance at 532 nm by lowering the trapping power, which reduces the degree
of non-resonant heating and encourages droplet growth. The droplet will not stay on
resonance, however; it will then rapidly evaporate (characterised by blue shifting of the
resonance wavelengths in the SRS spectrum, accompanied by a reduction in the intensity
of the SRS signal).

To further confirm that the droplet is indeed locking to the trapping laser, via a WGM
at 532nm, consider the following pieces of data. First of all, the diameter assigned to
a growing droplet (in the limit where the sudden growth at the end of a locking period
occurs at a timescale that is shorter than the spectrometer’s temporal resolution) during
successive locking periods is shown in Figure 4.8. Note that these diameters were inferred
by assuming a constant refractive index, equal to the bulk solution that was nebulised to

form the droplets. In reality, the refractive index of the droplet will decrease as the droplet

8This is on the higher end of the range of trapping powers.
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Figure 4.8: Assigned diameter of a droplet during successive locking periods, in this
case with where the sudden growth occurs faster than the spectrometer resolution. The
diameters in this plot were inferred by assuming a constant refractive index, corresponding
to a concentration of 80 gL~!.

gets bigger, due to the reduction of the salt concentration. The size stability is apparent;
furthermore, the magnitude of the change in droplet diameter alternates reproducibly be-
tween the different locking periods as a function of the polarisation of the locking mode.
This data is presented in Table 4.2, along with a comparison of the diameter that would
return a resonance with the trapping wavelength. The difference between diameters of
consecutive locked periods is also computed. The agreement between the theoretical reso-
nances and experimentally measured diameters does indeed suggest that resonant heating
is responsible for the observed locking periods. However, it is stressed that no refractive
index fitting is considered for this table; variation in the refractive index is presented in
Table 4.3 where the diameter and refractive index quoted is those which provide the best fit
to the experimental data. Using this refractive index, the wavelength that the spectrometer
grating is centred at (650 nm, and assuming the droplet is at the same temperature as the
ambient conditions in the laboratory, 23°C), a value for the salt concentration (in gL~!)
for each period is estimated. This salt concentration is then used to determine the droplet

size for a resonance at 532 nm.

At this point, it is appropriate to comment on the subtle differences between the theo-
retical diameter, and the experimentally measured value. The first point to note is the

uncertainty in the assigned salt concentration. To quantify this, a change in the assigned
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salt concentration of 1 gL ~! results in a change in the refractive index of 0.0002. While this
is perhaps a very slight change, it corresponds to a roughly 1nm change in the diameter
for a resonance at 532nm. Secondly, it is noted that the algorithm used to determine the
refractive index of the salt water solution comprising the droplets also has temperature as
an input. If the temperature used is increased by 2°C, the refractive index increases by
0.0003, which again alters the resonance diameter by approximately 1.7nm. Finally, it is
noted that the trapping laser does not operate at exactly 532nm. The wavelength of our
frequency doubled Nd:YVO, was measured using a wavemeter (Coherent Wavemaster); the
exact wavelength varied according to which specific longitudinal mode of the resonator that
the laser driver locks to, but was always observed to lie within the range of 532.054 nm to
532.106 nm (the value quoted is the wavelength in air). Hence, from here onwards, the

resonant diameter at a wavelength of 532.1 nm will be considered.

Further evidence for locking comes from the relative intensities of the SRS resonances.
Consider Figure 4.9, in which the intensities of a pair of WGMs of the same mode number

and order are plotted as a function of time (the integrated areas have been normalised to

Table 4.2: Comparison between the diameter which would give a resonance at 532 nm, and
the experimentally measured diameters at the beginning of a locking period. Additionally,
the difference in size between consecutive locked periods is considered.

: Theoretical di- Difference Measured Difference
Locking resonance .
ameter (pm) (nm) diameter (pm) (pm)

TM77 10.6233 0.0522 10.6213 0.0530
TE~7s 10.6755 0.0777 10.6742 0.0768
TMrsg 10.7531 0.0521 10.7510 0.0508
TE7g 10.8052 0.0777 10.8018 0.0793
TMrg 10.8830 0.0520 10.8811 0.0511
TEsgo 10.9349 0.0778 10.9322 0.0789
TMgg 11.0127 11.0111

Table 4.3: Analysis of the data in Table 4.2, taking into account the variation in the
refractive index. Note the anomalous value TEgg, this is likely due to a second order SRS

mode overlapping with a first order resonance at this diameter, introducing an error into
the fit.

Locking resonance Diameter (pnm) Refractive Salt concentra- Resonance Di-

index tion (gL~1) ameter (pm)
TMy7 10.5462 1.3555 135.88 10.5463
TE7s 10.5985 1.3553 134.77 10.5985
TMrg 10.6897 1.3536 125.33 10.6898
TE~rg 10.7418 1.3533 123.66 10.7430
TMrg 10.8157 1.354 127.55 10.8157
TEgq 10.9347 1.3452 78.65 10.9369

TMgg 10.9585 1.3522 117.55 10.9589
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Figure 4.9: The areas of the TMgy and TEg4 resonances, normalised to their area at
the start of each locking period. The mode with a polarisation which matches the locking
mode at 532 nm, indicated above each set of data, grows in intensity quicker, and shows a
higher overall intensity.

their initial value at the start of the locking period). As the assignment of the modes also
returned a diameter, the resonance that occurs at the trapping laser wavelength is also
quoted. It is clear from this figure that the mode whose polarisation matches the resonance

at 532 nm grows in intensity faster, and reaches a higher overall intensity.

As a final piece of evidence that the droplet is indeed optically locking to the trapping laser
wavelength, consider the data shown in Figure 4.10. In Figure 4.10b, which is a zoomed
in portion of Figure 4.8, there is clearly a period at earliest times where the droplet locks
to a smaller size. Upon considering the resonant diameters at 532.1 nm, it is apparent that
a TE%Q resonance occurs at 10.6719 pm, while the TE%g resonance occurs at 10.6775 pum.
The difference of 5.7 nm is consistent with the experimental data, which has a difference
of approximately 4 nm. Furthermore, it is clear from the spectra shown in Figure 4.10a
that the second order WGMs (just short of 645 and 655 nm) are more intense than the first
order WGMs in the same spectrum (the spectrum resulting from locking to the first order
resonance is also shown, vertically offset for clarity). The observation of locking to a second
order resonance is likely due to the low bandwidth of the frequency doubled Nd:YVO, laser
used in these experiments (sub 1 MHz according to the manufacturer’s specifications, al-
though measured to be < 5 MHz via high resolution spectroscopy measurements conducted

within our group [187]); furthermore the short period of time associated with locking is
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Figure 4.10: Evidence of locking to a second order resonance at 532.1nm. In panel
(a), note that the second order WGMs short of 645 and 655 nm are as intense as the first
order. The subsequent first order locking spectrum is also shown, and is vertically offset
for clarity. Panel (b) is a zoomed in version of Figure 4.8, showing that there is clearly a
period (before 30s) where the droplet is locked to a smaller size.

explained by both the low value of Qs for a second order resonance (see Figure 4.7), and

the close proximity of the first order resonance.

4.6 Optically trapped aerosols in a Laguerre-Gaussian beam

Having established the general properties of optical trapping of aerosols with Gaussian laser
beams, their Raman spectroscopy and the phenomenon of size locking, this section shall
now consider what happens to the dynamics of optically trapped aerosol particles when the

illuminating light field is changed, specifically from a Gaussian beam to an LG mode.

4.6.1 Trapping with an LG beam

Aerosol droplets were generated as above, and initially trapped with Gaussian beams.
Generally, the kinoforms which produced the LG mode were generated in advance, using
an additive adaptive algorithm [188], and displayed on the SLM using a custom LabVIEW
interface. The kinoforms themselves were a superposition of the ¢0 phase modulation
hologram, which generates the LG mode, and a grating element to displace the trapping

beam from the zeroth order (which was blocked using a fine pencil lead).

Example images of a trapped droplet of approximately 9.6 pm are shown in Figure 4.11.
When trapped with a Gaussian beam, the droplet lies within the image plane of the mi-

croscope objective, and when low values of £ were utilized, the droplet’s axial position did
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(a) Gaussian

(b) £=10

(c) £=20

Figure 4.11: Video microscopy images of an optically trapped aerosol particle of approx-
imately 9.6 pm in diameter. Upon switching the laser geometry, a clear “jump” in axial
position occurs. At higher values of ¢, the droplet orbits the region of high intensity.
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Figure 4.12: Fluorescence spectra from a dye-doped polystyrene microsphere. Upon
changing excitation geometry from Gaussian to LG, a clear increase in the WGM intensity
(relative to the background fluorescence) is observed.

not appear to alter. However, upon switching to £ = 10, the droplet jumped slightly out
of focus, as shown in Figure 4.11b. If ¢ was further increased (hence increasing the size of
the LG mode, see Figure 2.10), the droplet could be observed spinning as in Figure 4.11c,
i.e. angular momentum is being imparted to the droplet. Note, however, that LG modes
are highly susceptible to aberration; it is feasible that a slight imperfection in the optical
alignment causes a hotspot to develop within the focused beam, in which the droplet will
preferentially sit. This is confirmed by observing an increased degree of lateral motion of
the droplet in the £ = 10 mode. Upon increasing the topological charge of the mode, the
intensity distribution of the beam becomes more uniform, allowing the particle to freely

orbit around the beam axis.

4.6.2 Spectroscopy with LG modes

To begin to consider the differences between spectroscopy utilizing conventional Gaussian
beams and LG modes, spectra were taken from a fluorescent polystyrene microsphere,
utilizing the green laser as an excitation source (rather than trapping, as the increased
absorption due to the fluorescent dye lead to short microsphere lifetimes when the laser
powers associated with trapping were incident upon the sphere) positioned at the centre of
the particle. The SLM was then used to change the illumination geometry, with a spectrum
recorded for increasing values of the topological charge £. Two example spectra are shown
in Figure 4.12; panel (a) corresponds to Gaussian illumination, while panel (b) refers to
excitation with an £ = 30 mode. The assigned diameter of this sphere is 10.46 pm. The dif-

ferences between these two spectra are immediately clear; while the Gaussian spectrum has
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Figure 4.13: Variation of the WGM contrast ratio with topological charge, where the
Gaussian mode is taken to have a topological charge of zero. A clear increase is observed,
with the maximum corresponding to an LG size that best matches the circumference of
the microsphere.

a higher overall signal (owing to the laser radiation passing through the entire diameter of
the microsphere), the WGMs are less pronounced upon the background fluorescence signal
when compared to the LG spectrum. To confirm this, a WGM contrast ratio was defined,
being equal to the ratio of the height of the WGM to the background fluorescence signal.
This was calculated for a range of LG modes, and the results are plotted in Figure 4.13,
specifically for the TE and TMr4 modes, but the trend is identical across all modes. A clear
increase in the contrast ratio is observed as the topological charge is increased, reaching
a maximum value before rapidly decreasing. This maximum corresponds to the size of
LG mode that best matches the circumference of the microsphere; the rapid decrease in

intensity occurs as the mode becomes too large to illuminate the particle.

While it is known that edge illumination provides better coupling into WGMs [181], edge
illumination of the microparticle with the Gaussian beam did not provide the same level of
contrast enhancement that the high LG modes demonstrated (contrast ratio measured to be
1.57 for Gaussian edge illumination on the TEr4, vs 1.29 for Gaussian centre illumination,
and 1.83 for ¢ = 30). These observations indicate that illumination with an LG mode

provides better overlap between the input excitation field and the output WGMs.

4.6.3 Mode hopping with LG modes

Having established that LG illumination results in a higher contrast ratio for WGMs within
a fluorescent polystyrene sphere when compared to utilizing a Gaussian beam, the spec-

troscopic response of aerosol droplets shall now be considered. Especially pertinent here is
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Figure 4.14: “Mode hopping” upon switching between Gaussian and LG illumination.
The droplet was initially stable when trapped with a Gaussian beam. The location of the
TEs4 resonance within a Gaussian beam and LG beams with £ = 5 and ¢ = 15 are marked
with an «, 8 and ~y respectively.

that, unlike a solid microsphere, an aerosol can change its size depending on the degree of

resonant and non resonant heating.

The first condition to consider is a droplet, trapped in a Gaussian beam and showing WGMs
in its Raman spectrum, such as in Figure 4.14 (green line). The assigned diameter of this
droplet is 9.218 pm and the corresponding best-fit refractive index is 1.3418. This implies
a salt concentration of 59.6 gL ~!. Note that this salt concentration suggests that a TMgg
resonance occurs at 532.1nm for a diameter of 9.2181 pm. The droplet was stable at this
size for around 15 minutes prior to the recording of the above spectra, suggesting that the

droplet is in a stable equilibrium with its surroundings.

The trapping laser is then changed to an £ = 5 mode, and an instant “mode hop” is
observed. To quantify this, consider the location of the TEs4 resonance. For Gaussian
illumination, it occurs at 646.18 nm (indicated by « in Figure 4.14). Assignment of the
LG spectrum shows that the resonance has shifted to 649.96 nm (indicated by ). By
applying AX/A = Ad/d, the expected change in diameter should be a growth of 53.9 nm.

The diameter returned from the assignment is 9.275 um, with a new refractive index of
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Table 4.4: The data described in the text, for the first set of mode hopes for LG excitation.
The resonance diameter is the closest match to the experimental diameter, that gives a
WGM at 532.1 nm; the difference between these two is also tabulated.

Excitation mode Assigned RI Salt  conc Resonance  Difference (nm)
diameter (gL™h) diameter
(m) (m)
Gaussian 9.218 1.3418 59.6 9.2181 0.1
=5 9.275 1.3413 57 9.2756 0.6
¢=10,15 9.358 1.3403 51.43 9.3588 0.8
=20 9.403 1.3417 59.2 9.4035 0.5

1.3413 (salt concentration of 57 gL™!), corresponding to a Ad of 59nm. Note that if the
refractive index was not allowed to vary, then the value of Ad from assignment would be
55.9nm. The droplet was illuminated by the ¢ = 5 mode for ~90s, before switching to an
£ = 10 mode. Another mode hop was observed, with the TEs54 resonance now located at
655.24 nm (indicated by ). The new diameter (from assignment) is 9.358 pm, with a salt
concentration of 51.43gL~!. Of more interest, though, is the behaviour of the SRS line
intensities; upon switching to ¢ = 10 illumination, the modes have become more intense.
No further changes were observed in the SRS spectrum when ¢ was changed from 10 to 15,
with no appreciable change in the spontaneous Raman signal. Finally, a further mode hop
occurred upon changing to ¢ = 20, though this did not happen instantly (as was the case
when switching from Gaussian to £ = 5, and to £ = 10). Instead, the droplet remained size
stable for ~10s before mode hopping to a diameter of 9.4 um, with a refractive index of
1.3417 (a corresponding salt concentration of 58.9 gL ~1). For ease of reference, this data is

presented in Table 4.4, along with the closest theoretical resonance diameter for 532.1 nm.

This stepping series (Gaussian, £ = 5, £ = 10, £ = 15, £ = 20) was then repeated with
the same droplet. Upon switching back to the Gaussian illumination, the droplet lost its
previous size stability. The initial diameter and refractive index for this second Gaussian
period are 9.385um and 1.342 respectively (i.e. the droplet has shrunk, relative to the
previous period of LG excitation), giving a salt concentration of 61.1gL~!. Tracking the
wavelength of the TE55 mode shows that the droplet then proceeds to grow, as shown in
Figure 4.15. When the beam was changed to an ¢ = 5 mode (at approximately 310s), a
sudden jump in the position of the wavelength occurred. The wavelength fluctuates for
a while, before continuing to increase. Note that although both illumination geometries
display a plateau wavelength, the intensity is the same throughout this period, and small.
Immediately before switching to higher £ modes, the assigned diameter is 9.429 pm with a
refractive index of 1.3398, giving a salt concentration of 48.5gL~!. A comparison of these
sizes with the closest resonant diameter is presented in Table 4.5. Sharp SRS resonances

were again observed for £ = 10, 15 and 20, though in this instance there was no variation in
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Figure 4.15: Tracking the wavelength of the TEs5 resonance, upon switching back to
Gaussian illumination, followed by a switch to £ = 5 at approximately 310s.

the position of the SRS resonances upon increasing ¢, indicating size stability for this period.

In all cases, the droplet’s diameter is observed to tune closer to the resonant diameter.

Table 4.5: Data for the continuation of the Gaussian/LG stepping series that was pre-
sented in Table 4.4. This time, assignment data from the beginning and end of each period

are considered.

Excitation mode  Assigned RI Salt Resonance  Difference
diameter conc  diameter (nm)
(hm) (gL™") (um)

Gaussian (initial) 9.385 1.342  61.1 9.4011 16.1

Gaussian (final)  9.409 1.3407 53.7 9.4103 1.4

¢ =5 (initial) 9.427 1.3392 45.8 9.4202 -7.2

¢ =5 (final) 9.429 1.3398 48.5 9.4168 -12.2

¢ =10 (initial) 9.492 1.3399 48.8 9.4929 0.9

¢ =10 (final) 9.489 1.3403 51.4 9.4896 0.2

¢ =15 (initial) 9.489 1.3403 51.0 9.4901 0.8

¢ =15 (final) 9.490 1.3402 50.9 9.4903 0.3

¢ =20 (initial) 9.491 1.3401 49.9 9.4915 0.8

¢ =20 (final) 9.487 1.3406 53.1 9.4876 0.3

It is clear from the above spectra that illumination with higher ¢ modes results in signifi-

cantly more intense SRS peaks. To investigate this further, spectra were recorded from a

trapped droplet while ¢ was incrementally stepped up on the SLM. The resulting spectra
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Figure 4.16: An illustration of the effect of stepping up the values of £ which form the
kinoform displayed on the SLM. Note that there appears to be a transition at ¢ = 10,
where the intensity of the WGMs increases.

are shown in Figure 4.16. It is immediately clear that there is not much variation between
the intensities of the SRS modes for a Gaussian beam, and the low values of ¢ (1-9). How-
ever, upon switching to £ = 10, the intensity of the modes increases and the droplet became
size stable. Furthermore, the droplet was observed to “jump” out of focus in the trap, as
discussed in Section 4.6.1. The assigned diameters are presented in Table 4.6; generally the
diameter increases as ¢ increases.

Table 4.6: Assigned diameters from the spectra resulting in stepping up the value of

¢ displayed on the SLM. A clear transition to more intense SRS peaks was observed at
¢ = 10, and remained size stable.

Excitation mode Assigned diameter (nm)

Gaussian 9.412
(=1 9.409
=2 9.408
(=3 9.414
(=4 9.427
{=5 9.428
=6 9.490
L=7 9.503
=28 9.545
£=9 9.565
f=10 9.621

{=15 9.621
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Table 4.7: Assigned diameter of a droplet trapped in various LG modes, corresponding
to the data in Figure 4.17. A constant refractive index, corresponding to an 86.6 g L~! salt
solution was assumed. This gives a resonant diameter of 9.1895 um, i.e. a TMgg resonance
at 532.1 nm. The difference between the assigned diameter, and the resonant value, is also
tabulated.

Excitation mode Assigned diameter Difference (nm)

=5 9.1850 0.87
=10 9.1854 0.54
=15 9.1855 0.40
¢ =20 9.1856 0.35

4.6.4 Enhanced SRS spectra with LG excitation

The observations presented above suggest that enhanced SRS spectra from droplets can be
observed by using a high (> 10) value of ¢ for the LG mode that constitutes the trapping
and excitation beam. The data presented in Figure 4.17 is a further illustration of the
positive effects on the stimulated Raman spectrum that LG illumination offers. The first
point of interest was that, for this droplet, low intensity WGMs were observed when the
particle was trapped with a Gaussian beam, with the wavelengths slowly redshifting (but
not showing any sign of locking due to resonant heating). Slightly more intense WGMs
were observed for £ = 5, and once again with an associated increase in signal for ¢ = 10,
15 and 20. Looking at the raw spectral data, it again appears the resonances are occurring
at the same wavelength (the maximum in each WGM is detected by the same pixel on the
spectrometer’s CCD) for the three LG excitation geometries. In Figure 4.17a, the central
wavelength of a Gaussian fit to the WGMs is noted (for the TMs3 resonance in this case,
but an identical trend is shown in all the modes). The larger uncertainties (and scatter in
the position) in the central wavelength for the ¢ = 5 data is attributed to the lower intensity
modes in the spectrum (giving a greater standard error in the lineshape fit). However, there
is still an obvious shift in the wavelength upon switching between the different topological
charges. The modes are observed to redshift, implying that the LG mode illumination
leads to droplet growth. The increase in intensity as £ is increased suggests better overlap
of the input and output fields, however an increase in intensity may also indicate that
the droplet is tuning closer to a resonance at the trapping laser wavelength. To quantify
this, a representative of the assigned diameter for each LG mode, and theoretical resonant
diameter for 532.1 nm, are presented in Table 4.7. Due to the very small shift in the SRS
wavelengths, a constant refractive index corresponding to a salt concentration of 86.6 g L~!
has been used (the refractive index which gave a best fit to an £ = 5 spectrum) in calculating

the assigned diameters.

Of more interest is that, for this droplet (and under the ambient conditions at the time),

the system is highly reversible. This is best illustrated by Figure 4.18a, where the droplet



Spectroscopic studies of optically trapped aerosol droplets 88

651.005

......... Ly vy v vy o by ey a1y
=
0 R, .
55 £=10 =201

£ ]
= 1 3
@ 651
3] ] § (=15 [
g ] S 50 L
5 ) L
2 650.995 o
£ ] 5 %] C
° 1 Hller o 2 40 -
P 1l 1 L
= 650.00-] WL e 5] i
o 4 = B F
£ 1381 30 -
2 650.985 - EHPLE © 1 [
k5 1 & 254 -
o ] o 1 L
§ sc006 ] < 204 =5 -

50.98 | 1 3

T T T T —
100 150 200 250 100 150 200 250
Time (s) Time (s)
(a) Wavelength (b) Intensity

Figure 4.17: A demonstration of observed effects when switching between low and high
values of ¢ in an optically trapped droplet. Note that for ¢ = 20, angular momentum was
clearly imparted to the droplet.
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Figure 4.18: Data from the same droplet as Figure 4.17, at a later time.

is modulated between ¢ = 20 and ¢ = 5 illumination. The droplet was trapped with a
Gaussian beam for the minute between Figures 4.17 and 4.18, and no WGMs were observed
in its spectrum; furthermore the droplet itself was moving quite wildly in the trap, its axial
trapping position fluctuated between different positions (perhaps indicating bistability in
the trapping position, as in the work of Knox et al. [189]). Upon switching back to £ =5,
the droplet’s axial position stabilised. While there is a very slight (but noticeable) redshift
of the ¢ = 20 central wavelength, the central wavelength for £ = 20 and ¢ = 5 is essentially
unaffected by switching between the two. It is therefore concluded that the higher ¢ modes
are tuning the droplet closer to the diameter corresponding to a WGM at the trapping

laser wavelength.
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Figure 4.19: Evaporating Gaussian followed by LG switch.

4.6.5 Changing excitation geometry during Gaussian locking periods

The response of changing the beam geometry for a droplet coming off resonance with a
Gaussian beam is now considered. The data at early times (<50s) presented in Figure 4.19
corresponds to this scenario, as evidenced by the blueshifting of the central wavelength of
the mode, and its decrease in intensity. Upon switching to an £ = 20 beam, the mode further
blueshifts (i.e. the droplet shrinks), but the intensity of the mode increases. Switching back
to a Gaussian causes an increase in the resonance wavelength and an overall decrease in the
intensity, however the intensity of the mode now grows with time. Finally, another switch
back to £ = 20 shifts the resonance wavelength back towards the blue end of the spectrum,

and the intensity continues to increase.

Clearly, there is a subtle combination of processes occurring within this system. The
assignment of this data presents some curious findings. Again, due to the small variations
in the position of the resonances, a constant refractive index shall be assumed. At the
beginning of the dataset, the droplet’s size is 9.5014 ym, and is coming off a TMgg resonance
(the resonant diameter is 9.5037 pm, a difference of 2.3nm). Upon switching to the LG
mode, the droplet’s size remains steady at 9.5012nm, which is still displaced from the
resonance condition. Even if the refractive index is allowed to vary, the assigned diameter
is still smaller than the resonant diameter by ~ 2.5nm. This is puzzling, as the intensity

of the SRS modes has increased relative to the Gaussian excitation.

As was discussed in Section 4.5.3, misassignment of the salt concentration can induce

refractive index changes that will change the resonance diameter, and if the temperature
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Figure 4.20: A continuation of the data presented in Figure 4.19b. After a mode hop
caused by switching back to a Gaussian profile, the beam was modulated between a Gaus-
sian and an ¢ = 20 mode every 10 frames (~5s).

quoted is incorrect then this too will offset the resonance diameter? (indeed, these two
quantities are intrinsically linked, as a temperature was required to determine the salt
concentration, based upon the best fit refractive index). However, the droplet’s diameter is
clearly decreasing away from a resonant diameter during the Gaussian period (as evidenced
by the blueshifting and decrease in SRS intensity), and the SRS wavelengths for the LG
period are both stable in position and shorter than the initial Gaussian data but yet show
an clear increase in intensity. This suggests that there must be an additional consideration

rather than resonant heating associated with WGMs at the trapping laser wavelength.

Continuation of the data accumulated from this droplet is presented in Figure 4.20. After
a mode hop induced by switching back to a Gaussian profile, which changed the size of the
droplet to 9.556 pm (a TEgg resonance would require a diameter of 9.5583 um) the droplet
was modulated between Gaussian and ¢ = 20 every 10 frames (roughly every 5s.) Again,
the difference in resonance wavelength is reversible, although note that the diameter for

LG periods is 9.5558 um, i.e. further from the resonant diameter.

Next, consider what happens to the spectrum of a droplet that is switched from a Gaussian
beam to an LG mode during a Gaussian locking phase (Section 4.5.2). The first ten seconds
of data in Figure 4.21 correspond to Gaussian excitation; the increasing intensity and the
minimal redshifting of the resonance wavelength are characteristic of a Gaussian locking
period. During the first minute of spectral acquisition, there were two typical Gaussian
mode hops; the data in Figure 4.21 is therefore from the third growth period. The initial
diameter of the droplet during this period is 10.7327 pm (tuning towards a TE77 resonance

9Note that temperature changes on the order of 50 mK only affect the refractive index beyond the fifth
significant figure.
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Figure 4.21: A growing Gaussian droplet, switched to an LG mode.

at 10.7344 pm). Upon switching to the LG mode (¢ = 20), the intensity immediately drops
by ~ 10%, but then continues to grow. The wavelengths of the SRS modes also blue shift
immediately upon mode shifting (implying a droplet contraction of 0.1nm), before red
shifting in a similar fashion to spectra of growing droplets from Gaussian illumination. It
is of interest to note that, despite the intensity of the SRS modes exceeding those of the
Gaussian as the droplet grows, the droplet doesn’t reach the same size as with Gaussian
excitation (as evidenced by the position of the WGMSs), again suggesting that the droplet

has not reached the resonance condition.

4.6.6 Using LG modes to suppress droplet evaporation

An interesting feature of LG illumination is that it appears to suppress the evaporation of
the droplet. This was apparent during the Gaussian unlocking in Figure 4.19, however it
is also observed when the SRS modes are blue shifting. For instance, in the spectra shown
in Figure 4.22, it is clear that the SRS modes are blue shifting during periods of Gaussian
trapping. Upon switching to LG illumination, the spectra snapped back to a pattern that
is consistent with a resonance at the wavelength of the trapping laser (with the associated
increase in WGM intensity). This is most clearly illustrated in Figure 4.22b, which plots

the diameter of the droplet as a function of time.

As a further investigation, the trapping power was varied for a droplet while trapping with
an ¢ = 20 mode. The effects of the power shifts on the wavelength and intensity on the
TEg3 mode are shown in Figure 4.23. Upon increasing the trapping power (by a relatively
large amount, 17.5mW), a blueshift of the resonances occurred, i.e. increasing the power

has caused the droplet to slightly evaporate. In real terms, the droplet’s size has changed
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Figure 4.22: A demonstration of the observation that switching from an Gaussian beam
to an LG beam (¢ = 15 in this case) suppresses evaporation of the droplet. In panel
(a), there is a 10s time period between the two Gaussian spectra (red and green), and a
10s period between the two LG spectra (blue and cyan). Panel (b) shows the temporal
variation in diameter, over a longer time period.
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Figure 4.23: Effect of altering the trapping power on the central wavelength and intensity
of the TEg3 resonance while trapping with an ¢ = 20 mode.

from 10.7326 pm to 10.7322pm, i.e. a shrinkage of 0.4nm. This corresponds to a loss of
~ 2000 water molecue. Droplet evaporation is be expected due to the increase in laser
absorption, i.e. non-resonant heating, however this is a surprisingly small change, given
the magnitude of the change in power. It was also noted that the lateral position of the
droplet, as observed via video microscopy, changed when the power was changed, with the
droplet observed to spin at the highest trapping powers. Further increasing the trapping
power in this instance increases the droplet size. However, as the droplet’s position changed
within the beam, the irradiance will be diminished, decreasing the degree of non-resonant
heating and encouraging the modes to redshift. Generally note, however, that the intensity
of the SRS signal decreases with increasing power; this is likely to be due to poorer overlap
of the input and output fields due to the change in axial position of the trapped droplet.
Previous measurements on SRS spectra also showed a decrease in SRS intensity as trapping
power was increased [144], which was attributed to the increase in power driving the droplet

further from the resonance condition.

While LG illumination clearly has been shown to suppress droplet evaporation, it should be
noted that LG illuminated droplets themselves are not completely immune to evaporation.
This is illustrated in Figure 4.24. Initially this droplet was 10.0698 pm in diameter, with
a refractive index of 1.3502, and a corresponding salt concentration of 106gL~!. The
closest 532.1 nm resonant diameter is 10.0707 pm (TMy73). Upon the switch from Gaussian
to £ = 15, the resonant modes blue shift (shown for a TM59 resonance) and increase in
intensity, however this rapidly depletes as the modes continue to blue shift further until the

modes are barely discernible over the spontaneous Raman signal.

In contrast, however, is Figure 4.25. This droplet was held stable in an ¢ = 15 beam for
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Figure 4.24: Unlocking of a droplet (i.e. evaporation) trapped with an ¢ = 15 mode,
that was initially trapped with a Gaussian beam.

nearly 2.5 hours, in a cell without active relative humidity control. To put this figure in
context, no salt water droplets trapped with a Gaussian beam have been stably trapped in
such a cell within our laboratory, for a time period of that magnitude. Initially, the droplet
has a diameter of 9.759 pm, with a refractive index of 1.3466 and a salt concentration of
86.6 gL~!. The closest resonance at the trapping laser wavelength is the TE7; resonance,
which gives a diameter of 9.7596 pm (this value is obtained by utilizing a wavelength of
532.1nm). Assuming that the refractive index is constant across the time period (owing
to the very small changes in the resonance wavelengths), the diameter of the droplet as
a function of time is plotted in Figure 4.25c. Note that the diameter of the droplet is
decreasing as the integrated intensity of the modes increases, which is contrary to the
observations for Gaussian locking periods, although the precise value of this diameter change
is very small (< 1nm). Even slight uncertainty in the trapping laser wavelength will
change the theoretical resonant diameter to lie within/beyond this experimentally measured

diameter range.

4.6.7 General Discussion

The data presented above has made it clear that changing the trapping beam profile from
a conventional Gaussian beam to a Laguerre-Gaussian mode has a measurable effect on
the stimulated Raman spectra of optically trapped aerosol droplets. This section shall
attempt to rationalise the observations, in light of the observations made for a fluorescent
microsphere in Section 4.6.2. As ever, the discussion begins by assuming that the droplet
is in equilibrium with its surroundings, and that any external perturbation to the droplet

will result in a change in its composition to restore equilibrium.
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Figure 4.25: Spectral data for a droplet that was trapped in an ¢ = 15 mode. The
wavelength stability of this droplet is impressive for a non-RH controlled cell.

The first consideration is the effect on non-resonant heating upon switching to an LG mode.
As the size of the LG mode scales linearly with ¢, and assuming that the efficiency of the first
order diffraction from the SLM is independent of the value of ¢ (this assumption is validated
by a lack of observable change in the magnitude of the Raman signal of the immersion oil
upon mode switching), progressive increases in ¢ simply results in a decrease in the overall
intensity of laser radiation incident upon the particle. This conclusion is supported by the
decrease in the integrated bulk fluorescence from dye doped polystyrene microparticles by
a factor of 2-3 as ¢ is changed from 0-30 (see Section 4.6.2). Thus the temperature rise
associated with non-resonant heating effects should be roughly half that for an LG mode
compared to a Gaussian and, all other things being equal, a droplet should grow when the
illumination mode is switched from Gaussian to LG; this behaviour is generally observed
in much of the data with growth occurring on a timescale faster than the time response of

the spectrometer.
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While the non-resonant heating effects are diminished when using LG beams, coupling into
WGMs is more efficient for this illumination mode than for Gaussian with the result that
the SRS signals are of comparable magnitude for both cases despite the total illumination
power being different by a factor of 2 or so. This observation indicates that resonant heating
will be generally at least as large for the case of LG modes. Given that resonant heating
generally dominates non-resonant heating in these systems, and locking is readily observed,
it seems entirely reasonable that only small increases in droplet size will be observed when
switching illumination modes and this is indeed the case where the changes are of the same
order as those observed when the polarization of the locking mode changes. Once, again it
should be emphasised that all of these changes correspond to very small number of added
water molecules, in comparison to the average rate at which water molecules collide with
the droplet surface, and these subtle but reproducible effects are only discernible given the

high sensitivity of WGMs to changes in droplet size.

It should however be emphasised that switching to LG mode illumination does not always
promote growth; the droplet dynamics also depend upon the direction and rate of size
change prior to switching illumination modes as well as the polarisation of the locking mode
as this also changes the magnitude of resonant heating. The above discussion also ignores
the fact that the position of the droplet within the trap is clearly affected by switching to an
LG mode—indeed the particle orbits within the trap for high £ modes. While SRS spectra
are still readily observable with LG mode illumination, a change of trap position also subtly
changes the coupling efficiency into WGMs, an effect that requires high level modelling to
quantify. Note that similar SRS studies were conducted using sodium dodecyl sulphate
solutions, which have a lower surface tension than salt water solutions; these measurements

could not discern any effects of droplet deformation induced by trapping with LG modes.

4.7 Determining the local relative humidity using laser ab-

sorption spectroscopy

The work in the previous sections have been related to the dynamic properties of an aerosol
droplet with respect to changing the trapping geometry. During the experimental runs, the
ambient relative humidity was not characterised. This section aims to provide a measure
of the relative humidity within the aerosol cell while a droplet is trapped, and investigate
whether there are any measurable changes in this property during droplet growth/evapo-

ration.

Previously reported measurements utilize different methods to determine the RH. For in-

stance, experiments conducted at the University of Bristol utilize a capacitive RH probe
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within the sample chamber to monitor the RH to an accuracy of £2% [190]. Alternatively,
the Raman spectrum of a control droplet (which has been trapped with the second beam
of a dual-beam tweezers configuration), along with knowledge of the mass of solute present
within the droplet, can be utilized to monitor the RH [100]. For a droplet of radius a in

equilibrium with its surroundings, the RH may be expressed as [191]:

2V o
RH = 4.22
(yp €XP ( RTa ) (4.22)
where V,, is the partial molar volume of water, and a,, is the activity of water in the solution
comprising the droplet. However, if a droplet is not in equilibrium with the surroundings

(e.g. it is growing or evaporating), then this method would not be valid.

This section shall present an alternative method of determine the relative humidity by
utilizing diode laser absorption spectroscopy to determine the concentration of water vapour
present within the sample cell. A brief overview of absorption spectroscopy will be provided,
followed by measurements of water vapour in both the background laboratory air and in
the aerosol cell. Concentration gradients within the cell shall be characterised, and the

water vapour concentration monitored while a droplet is trapped.

4.7.1 Laser absorption spectroscopy

Consider two quantum states of a molecule, |m) and |n), separated in energy by AE =
E, — E,, = hv. At this stage, the states are completely generic; they could refer to
vibrational, rotational, electronic energy levels or combinations thereof. Interaction of
electromagnetic radiation of frequency v can result in the promotion of the molecule from
state m to n (absorption). This excited state can reemit a photon to relax to m (spontaneous
emission), alternatively the electromagnetic field can induce the emission of a photon and
cause relaxation of the system back to m (stimulated emission). The rate of these processes
are described by the Finstein coefficients By, (absorption), By, (stimulated emission) and
Apn (spontaneous emission) [192]. In fact, if [m) and |n) have the same degeneracy, the
two Einstein B coefficients are equal, and at thermal equilibrium, A, is related to By,
by Apm = 8hvird By, where ¥ is the wavenumber of the transition. The transition between
m and n will be optically allowed provided that the transition dipole moment integral
(TDM), defined as Ry, = (n|ftjm), is non zero. The rate of a transition is proportional
to the square modulus of the TDM, hence providing the link between the Einstein B
factor and the wavefunctions of the upper and lower states (B o |Rpm|?). Absorption of
electromagnetic radiation will attenuate its intensity, providing the basis for experimental
absorption spectroscopy. As the energy difference between the upper and lower states are

determined by the molecular properties, absorption spectroscopy can provide a high degree



Spectroscopic studies of optically trapped aerosol droplets 98

of specificity for molecular detection. Furthermore, it can give quantitative information

about the absolute amount of molecular species present.

Absorption spectroscopy is quantified by the Beer-Lambert law [193]. Radiation incident of
intensity Iy, incident upon a region of pathlength L containing a homogeneous distribution

of absorbing species will have its intensity attenuated to an intensity I, via:

ln% =a(v)L (4.23)
where a(v) is the frequency dependent absorption coefficient of the species. This is of-
ten written in the form a(rv) = o(v)C, where o(v) is the absorption cross section of
the species, present in a concentration'® C. The absorption cross section is proportional
to the Einstein B factor for that transition [194]. As absorption profiles have a finite
linewidth, it is typical to integrate the absorption profile and quote the integrated ab-
sorbance, and hence describe a transition in terms of its integrated absorption cross section,

2 em~ ! molecule ™.

oint- The units of the absorption cross section are usually quoted as cm
In this work, a diode laser operating at ~ 1.37 um is utilized to probe a strong vibrational
transition in the water molecule at this wavelength; specifically the v1 + v3 combination
band. The rotational transition (3,1,3) < (2,1,2) used occurs at 7306.75cm~1,'! with

Oint = 1.795 x 1072% cm?2 cm ! molecule™!.

4.7.2 Experimental method

To carry out these experiments, a different aerosol chamber was constructed. This was
based upon a Thorlabs cageplate, which had three holes drilled through its sides to provide
an aerosol inlet port, and two apertures for the laser radiation. The chamber was created by
adhering two circular coverslips to the top and bottom of the cage plate using transparent
nail varnish. As before, the coverslip forming the bottom surface was pre-treated with Decon
90 solution. A piece of moist tissue was inserted into the cell to replicate the conditions of

the experiments described above.

The diode laser system utilized, comprising of laser, detector, driver electronics and ac-
quisition software, is part of the laser gas analyser (LGA) developed within our group for
breath diagnostics [195, 196]. Briefly, a 1368 nm fibre coupled diode laser (NTT Electron-
ics, NLK1E5EAAA), controlled by commercially available current and temperature drivers
(Thorlabs, LDC205B and TED200C respectively) is utilized as the source. The output

For gaseous samples, the term concentration is often synonymous with the number density, N/V, where
N is the number of molecules within a volume V.

"' The terminology for a rotational transition is (J/, K., K.) < (J”, KY K/), where K, and K, describe
projections of J on the molecular rotational axis a and c respectively.
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Figure 4.26: Experimental configuration of the laser-absorption spectroscopy experi-
ment, as viewed from above.

of this laser is directed through the aerosol chamber, onto an InGaAs photodiode (Hama-
matsu, G8372-01). The laser current is altered in order to scan the laser wavelength across
the transition, and data acquisition is carried out by a custom written LabVIEW software.
The response time of the water analyser was set to 20 ms. The cell is oriented on top of the
microscope objective such that the diode laser beam is probing the air between the piece
of tissue paper, and the droplet. This is shown schematically in Figure 4.26; the output
coupler for the fibre-coupled diode laser is positioned outside the cell. The total pathlength

traversed by the laser is 7.5 cm, of which 4.06 cm corresponds to the aerosol chamber.

An example of the raw data is shown in Figure 4.27a. This specific set of data was taken
without the aerosol cell in place, and hence corresponds to the absorption of water vapour
in the laboratory air. The plotted signal is an average over a 5s acquisition time; each
individual acquisition spanned 20 ms. The absorption due to water vapour in the atmo-
sphere can clearly be observed over the background laser signal, which increases in intensity
(reflecting a greater output power) as the laser is scanned. To define Iy for the absorption,
a second order polynomial was fitted to the background signal. The absorbance for each
data point was then calculated via In (Iy/I). The x axis of this graph is in time, and must
be converted to a frequency scale before quantitative measurements on the absorption can
be made. This was achieved with an optical spectrum analyser with a FSR of 7.5 GHz
(CVI, 35AE036). The conversion from time (t) to relative frequency (7) is performed by

the following polynomial:
7 = —0.005515 + 610.1¢ + 62823t + 5.935 x 10%¢* (4.24)

The resulting absorption spectrum is shown in Figure 4.27. A Lorentzian profile is fitted
to this spectrum, as at atmospheric pressures the lineshape will be dominated by pressure
broadening (the Doppler width is 0.02cm ™! at 298 K, while the width of the line in Fig-
ure 4.27 is 0.2ecm™!). The resulting area from the fit defines the integrated absorbance,
which is equal to oi,C L. The corresponding water concentration is (3.96 £ 0.03) x 1017

molecules cm ™2, where the uncertainty comes from the standard error in the Lorentzian fit,
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Figure 4.27: Example of the data produced by the LGA for laboratory air. The red line
in panel (b) is a Lorentzian fit to the experimental spectrum.

as well as uncertainty in the laser pathlength. Assuming that the water vapour behaves as

an ideal gas, the partial pressure of water vapour is 16.2 & 0.1 mbar.

To convert this partial pressure into a value of RH, the saturated water vapour pressure
(p°) needs to be calculated. An empirical formula for this was determined by Lowe and

Fick [197], and is given by:
p°(T) = ap + a1 T + aoT? 4 a3T> + agT* + asT° + a6T®; (4.25)

where the pressure is in mbar, and 7' is the temperature in °C. The coefficients are given
in Table 4.8. During these measurements, the laboratory temperature was measured to
be 23.7°C, giving a saturated vapour pressure of 28.1 mbar, i.e. a relative humidity of
55.3 + 0.4%.

Table 4.8: Parameters to determine the saturation vapour pressure of water from Equa-

tion 4.25.

Parameter Value
ao 6.1078
a, 4.436518521 x 1071
as 1.428945805 x 102
as 2.650648471 x 104
a4 3.031240396 x 106
as 2.034080948 x 10~

ag 6.136820929 x 10~
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Figure 4.28: Absorption spectrum of water vapour, both without and with the aerosol
cell in place. The increase in the total absorption when the cell is present, owing to the
presence of the moist tissue and the thin water layer on the lower surface of the chamber,
is apparent.

4.7.3 Results and discussion

Having established the water concentration in the laboratory air, it is now possible to
insert the aerosol chamber (containing the moist tissue and a thin layer of water on the
lower surface) to determine the increase in water vapour concentration that an optically
trapped aerosol will experience. The resulting spectrum (alongside the background spec-
trum, for comparison) is shown in Figure 4.28. The increase in absorption due to the
higher concentration of water vapour along the pathlength of the laser is apparent; the in-
tegrated absorbance is now 0.0774, compared to the background absorbance of 0.0533.
Using the Beer-Lambert Law, the resulting water concentration with the cell in posi-

3 over the

tion is 5.75 + 0.04 x 10'” molecules cm ™3, an increase of 1.8 x 107 molecules cm™
background air. This would equal a partial pressure of 23.5 + 0.2 mbar, hence an RH of
80.36 + 0.59%, averaged over the whole pathlength of the cell. It is noted, however, that
this is a lower bound on the RH within the cell. As the laser apertures and aerosol inlet
port are unsealed, water molecules will necessarily diffuse out of the aerosol cell and along
the beampath of the probe laser. As a consequence, it is not possible to infer a water

concentration within the dimensions of the cell itself.

The next stage in characterising the water vapour within the cell is to determine the
variation in the concentration across the cell, perpendicular to the probe laser propagation
axis. This was achieved by positioning the cell on the tweezers translation stage with the
laser beam at the edge of the window closest to the moist tissue, such that the beam was

not clipping the edge of the window. The stage position was then manipulated using the
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micrometers, in 0.5 mm increments, with an absorption spectrum recorded at each position.
The resulting integrated absorbances are plotted in Figure 4.29a. A clear decrease in signal
is observed as the laser is moved away from the tissue and towards the aerosol inlet window
(which is exposed to laboratory air), with the absorbance decreasing by ~ 10% over a

distance of ~ 1 cm. The resulting water vapour concentration is plotted in Figure 4.29b.
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Figure 4.29: Variation of the laser absorption (and hence water vapour concentration)
over the dimensions of the window in the cell.

The next stage of these measurements is to follow the water concentration while an aerosol
droplet is trapped. The SLM was not utilized for these measurements; trapping was carried
out with a basic tweezers, such as in Figure 2.3. The background water vapour concentration
while the droplet was trapped was measured to be 4.39 + 0.03 x 107 molecules cm ™3, hence
the RH was 61.4 + 0.46%. A representative Raman spectrum of the droplet is shown
in Figure 4.30a, and the variation of the WGM positions plotted in Figure 4.30b. The
clear blueshifting indicates droplet evaporation, which is unsurprising given that three of
the cell walls are open to the laboratory atmosphere. To characterise the local humidity
while the droplet was trapped, an absorption spectrum was recorded every 20 ms for the
duration of the experimental run (8.5min); ten consecutive spectra were recorded, and
their signals averaged. The resulting variation in water concentration (again, relative to the
background air in the laboratory) is plotted in Figure 4.30c. A near constant water vapour
concentration of 6.05 + 0.02 x 107 molecules cm ™3 is observed,'? despite the droplet overall
evaporating. The overall decrease in droplet diameter over the course of the measurement
is 62nm. The fact that a bulk measurement of the water vapour concentration reveals
a near constant concentration over the result of the measurement, while the measured
SRS wavelengths clearly indicate evaporation, highlights the exquisite sensitivity of WGMs

to the surrounding environment. This is unsurprising; the change in droplet diameter

12The quoted value is mean =+ standard deviation.
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during this measurement corresponds to a volume change of 9.2 x 10~ m3.

The change
in droplet mass would be approximately 9.2 x 1072 g, corresponding to a difference of
3 x 10" molecules, i.e. considerably less than the concentration of water vapour present

within the air.
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Figure 4.30: Variation in the water concentration increase, with an optically trapped
aerosol.

For a final set of measurements, an attempt was made to increase the local relative humidity
by adhering thin glass coverslips to the sides of the cell with transparent nail varnish, over
the probe laser entrance and exit windows. While glass is not wholly transparent to infrared
radiation, the attenuation over the wavelength range of the diode laser was a constant
and should not affect the absorbance measurements. While this droplet was trapped,
the laboratory air concentration was determined to be 4.06 + 0.03 x 10'” molecules cm ™3,

corresponding to a lab RH of 56.8 + 0.4 %. With the cell in place, the RH measured across



Spectroscopic studies of optically trapped aerosol droplets 104

the whole pathlength is 91.3+ 0.7%, highlighting that the glass coverslips are effective at

containing the water vapour within the cell.

4.7.4 Conclusions and future work

This section has applied laser absorption spectroscopy towards the measurement of absolute
water vapour concentration within an aerosol cell whilst a droplet is optically trapped,
with a higher accuracy than conventional capacitive probe measurements. Even without a
relative humidity controlled cell, high water vapour concentrations were measured within
the cell. Additionally, concentration gradients due to the open cell have been measured.
Aerosol dynamics are not changed by the range of bulk RH values within the cell, and none
of the subtle growth/evaporation dynamics observed are determined by long term changes

in the RH within the cell.

Future measurements should aim to measure the absolute water concentration within the
cell. The first step towards this is to minimize the path length between the laser output
and the detector. The cell itself should be extremely well sealed with windows that are

transparent to IR radiation, such that no water can diffuse from the sealed sections.

4.8 General Conclusions

This chapter has provided an in-depth study of some characteristics of the Raman spec-
troscopy of optically trapped salt water droplets. Droplets that were trapped with a con-
ventional Gaussian beam within a non-RH controlled cell were shown to both evaporate
and grow, depending upon the specific conditions within the cell. The growing periods are
dominated by periods of droplet size stability, termed locking, and the observed measure-
ments are consistent with previous measurements reported in the literature, thus confirming
that the custom constructed optical tweezers/spectroscopy set up is functioning correctly.
The diameter difference between successive modes is a function of the polarisation of the
locking mode, and further evidence for the locking phenomenon comes from the observation
of transient locking to a second order resonance. The SLM was then utilized to investigate
the spectral response of a droplet to LG trapping/excitation. Switching between Gaussian
and LG illumination was observed to cause the droplet to “mode hop” between different
diameters. LG modes with a topological charge > 10 were observed to give much more in-
tense SRS spectra, and could be utilized to suppress evaporation of the droplet by locking
to a resonant diameter at the trapping laser wavelength. Finally, laser absorption spec-
troscopy was applied to the aerosol cell in an effort to determine the local relative humidity

experienced by a trapped droplet and to determine the extent of any spatial gradients in
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the RH. These latter experiments will be of use in interpreting the experimental results

presented in the next chapter.



Chapter 5

Optical trapping and spectroscopy

of Ionic Liquids

Salts which exist in the liquid phase at room temperature are known as ionic liquids (I1Ls).
These liquids have many fascinating properties and potential applications in chemistry.
In this chapter, these properties and applications shall be briefly reviewed, followed by a
demonstration of the optical trapping and spectroscopy of aqueous solutions of the ionic
liquid ethylammonium nitrate (EAN), as a first step towards the trapping and characteri-
sation of pure ILs. This is of interest from a “lab on a chip” analysis context to assess the
purity of an IL sample, owing to the very small volumes involved for an optically trapped
droplet. Furthermore, the trapping and analysis of individual droplets of pure ILs would

be crucial for investigating their potential to sequester industrial and greenhouse gases.

5.1 History and properties of ionic liquids

Tonic liquids were first developed in 1914 with the synthesis of ethylammonium nitrate
(EAN) by Walden [198], however they remained largely ignored for the majority of the 20"
century, until the discovery of binary ILs that were made from mixtures of aluminum (IIT)
chloride and N-alkylpyridinium in 1975 [199] and with 1,3-dialkylimidazolium chloride in
1982 [200]. The structure of an IL typically consists of bulky organic cations and anions
[201], with no requirement for a molecular solvent. They exhibit an extremely low volatility
compared to traditional organic solvents, with an almost immeasurable vapour pressure
[202], and are highly effective solvents in their own right [203], hence are widely touted
as ‘green’ solvents [204]. Further attractive properties include low flammability [205], high
thermal stability and a large liquidus region (where the term liquidus is defined as the

range of temperatures between the normal melting and boiling points) [206]. It should
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be stressed, however, that ILs themselves are not inherently “green” liquids (they could
easily be designed to utilize toxic compounds such as cyanides); their attraction lies in their
potential to contribute to green chemistry by, for instance, reducing the amount of volatile
organic compounds (most conventional solvents fall into this category) discharged into the

atmosphere.

The physical properties of ILs, such as viscosity, hydrophobicity, density and melting
point can be altered by changing the composition of the ions [205], hence ILs have de-
veloped the label of “designer solvents” [207]. For instance, the melting points of 1-alkyl-
3-methylimidazolium tetrafluoroborates depend on the length of the alkyl chain [208]. As
a flavour of some of the wide applications of ILs, they have been utilized in organic synthe-
sis [209], synthesis of nanoparticles [210], industrial lubricants (where their high thermal
stability and neglible vapour pressure make them ideal for extreme environments) [211]
and chemical processing [206]. They have extensive uses in materials science, both as ad-
vanced materials in their own right, and as advanced media for further material production
[212]. An interesting and relevant property of ILs is their ability to sequester gases such
as CO, [213-215], SO, [216] and N,O [217]. These gases are particularly relevent as they
are post-combustion waste products, and are greenhouse gases. Two recent comprehensive,
open source volumes of research stand as a testament to the vast amounts of contempo-
rary interest in ILs in chemical and materials science [218, 219]. As well as being readily
synthesised in house, ILs are widely available commercially; however a serious limitation is

the difficulty of obtaining highly pure IL samples in large volume [220].

Optical tweezers are a prime candidate for the characterisation and analysis of IL samples,
particularly those only produced in small quantities, owing to their ability to perform micro-
rheology as well as being readily coupled with spectroscopic techniques, yet there appears
to have been little research done on the properties of ILs using tweezers. Recently, forces
between single negatively charged microspheres within aqueous solutions of water miscible
IL solutions have been measured utilizing optical tweezers [221]. Micro-rheology utilizing
tweezers would provide a useful method of assessing the local physical properties (such as
viscosity, and any micro-heterogeneity) of ILs; the small volumes (~ 10uL) of IL required
also provide a significant advantage over bulk techniques [222], as a smaller amount of pure
IL would need to be synthesized. The generation and trapping of IL droplets is of interest
as the volume scales involved are further reduced (fL), and the exquisite sensitivity afforded
by a combination of Raman spectroscopy and WGMs would provide an excellent method for
assessing the purity of the liquid. Furthermore, droplets of different composition could be
coagulated to initiate chemical reactions within a micro-reactor, with the extent of reaction
monitored via conventional spectroscopic techniques (such as Raman spectroscopy), or
through the use of WGMs (exploiting their sensitivity to local refractive index variations).

The uptake of gases could also be monitored, to assess the viability of IL droplets in
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sequestering post-combustion flue gases, again utilizing changes in the droplet’s spectrum

to measure the change in composition of the droplet.

The work in this chapter presents the first known trapping of aqueous ionic liquid solutions,
specifically of EAN. These droplets are characterised using broadband Mie scattering, to
determine their size and composition. Their response to different relative humidity envi-
ronments is investigated, and compared with the results of conventional salt water droplets
from Chapter 4. Finally, a comparison between Mie scattering and cavity-enhanced Raman

spectroscopy (CERS) is presented.

5.2 Optical trapping of ethylammonium nitrate solutions

The ionic liquid used for this study was ethylammonium nitrate (EAN), and was obtained
from a specialist IL manufacturer (io-li-tec) and utilized without further purification. The
SLM was not used for optical trapping; droplets were trapped using the 532 nm laser in
a basic optical tweezers configuration, such as that presented in Figure 2.3. Owing to
their high viscosity, it was not possible to nebulize pure ILs with the handheld nebulizer
utilized in the work presented in the previous chapter. As a workaround, it was decided
to dissolve the IL within a solvent as a carrier, taking inspiration from commercial aerosol
cans. Ethanol was a good solvent for EAN, however its own viscosity (which is greater than
water) made nebulization difficult. Organic solvents like acetone, and ethyl acetate, were
also good candidates for dissolving ILs, and their lower viscosities means that nebulization
should not be problematic. However, these organic solvents were not compatible with the
plastic of the handheld nebulizer, resulting in complete disintegration of the nebulizer head.

As a result, water had to be used as the solvent for the IL.

Pure ILs have relatively high refractive indices; for instance, EAN has a refractive index
of 1.452 [223]. To characterise the refractive index of aqueous solutions of EAN, bulk
solutions were made by diluting pure EAN with MilliQQ water by volume. The refractive
indices were measured using an Abbe refractometer (Reichert, Mark II Plus), and are
plotted in Figure 5.1 as a function of the mole fraction of EAN (which was determined
using the density of EAN, 1.2191 gcm™3 [223]); the results are consistent with the data for
mixtures of other ILs with water and ethanol of Cabeza et al. [224]. A fit to the resulting

data was performed via the following equation:

T

k+x

Nsol = Mo + (Moo — Np) (5.1)

where z is the mole fraction of EAN in the bulk solution, and ng, n. and k are fitting

parameters. The best fit values for these parameters are tabulated in Table 5.1.
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Figure 5.1: The refractive index of bulk solutions of EAN and water, as a function of
the mole fraction of EAN. The fit to the data is described in the text.

Table 5.1: Values of the fitting parameters in Equation 5.1 for the data presented in
Figure 5.1.

Parameter  Value  Standard error

no 1.33204 857 x 1074
Moo 1.47903 0.00111
k 0.20288 0.00597

The viscosity of EAN solutions increases with mole fraction of EAN [225], and it was found
experimentally that concentrations greater than 50% by volume EAN (corresponding to a
mole fraction of 0.17) were too viscous to be nebulized with the handheld nebulizer. As a

result, all of the following experiments utilize 50% EAN as the most concentrated solution.

Once a solution was nebulized, droplets could readily be trapped using optical tweezers.
The axial trapping efficiency, Qaxial, Was determined for a series of different EAN concen-
trations by trapping the droplet and then slowly reducing the trapping power (utilizing the
half-waveplate/PBS) until the droplet just falls out of the trap. The power was measured
on the beam dump arm of the PBS; the difference between the power measurement when
the droplet falls out of the trap, and the maximum power, corresponds to the minimum
trapping power propagating through the optical train of the trapping arm. To facilitate
this measurement, a neutral density filter (with OD = 1, Thorlabs NE10A) was positioned
within the trapping arm of the PBS output. This allows a greater discrimination between

the small minimum trapping powers. By accounting for the optical losses across the optical
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Figure 5.2: Experimentally measured Qaxia values for different concentrations of EAN
solution. A value for @Q.xija1 Was determined for ten droplets at each concentration, and the
average value quoted. The error bars are the standard error in the mean.

train (including the loss due to the ND filter, and the objective), the minimum trapping
power (Ppin) was determined. This value was utilized in Equations 2.9 and 2.10 to deter-
mine Qayxial for that droplet. The droplet’s diameter was measured using calibrated video
microscopy, and its density was estimated by assuming it to be equal to the bulk solution
comprising the droplet. For each concentration, ten droplets were trapped, and their Qayial
values determined. The resulting average values are plotted in Figure 5.2, where the error
bars are the standard error in the mean. Surprisingly, there appears to be little difference
between the measured values of (Qayia, and previous measurements of salt water droplets
[95], despite the increase in refractive index (a dependence of trapping efficiency upon re-
fractive index would be expected as the optical forces, calculated within the ray optics limit,
depend upon the Fresnel coefficients of reflection and transmission, which in turn depend
upon the refractive index contrast). To confirm these measurements, theoretical plots of
Finin vs droplet diameter were determined, utilizing the model of Burnham and McGloin
[167] (which calculates the efficiency of momentum transfer from the laser to the particle;
the resulting minimum trapping force calculated via Equation 2.9), accounting for both the
increase in refractive index and density for the EAN solutions. T'wo such plots are shown
in Figure 5.3, alongside the experimentally measured data. A good agreement between the
theoretical plot and the experimental data is observed; furthermore the invariance of the

axial trapping efficiency with droplet composition is confirmed by the theoretical plots.
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Figure 5.3: The minimum trapping power versus droplet diameter for two different
concentrations of EAN. The circles are experimentally measured values, while the solid
line is calculated using the model of Burnham and McGloin [167].

5.3 Spectroscopy of EAN droplets

Having established that droplets of EAN solution can be stably trapped, the focus is now
shifted towards characterising these droplets spectroscopically. Cavity enhanced Raman
spectroscopy on droplets of pure EAN of the sizes readily trapped by optical tweezers (d =
5um to 10 pm) would be limited by the fact that, unlike in water molecules, the Raman
bands of EAN are relatively narrow. Therefore, a minimal number of WGMs would be
observed in its spectrum. Furthermore, the band with the highest gain is the C-H stretch,
which overlaps with the spontaneous Raman emission from the immersion oil utilized for the
microscope objective. To overcome this, it was decided to utilize broadband Mie (BB-Mie)
scattering to characterise the droplets. Ward et al. have previously used this technique
in studies of optically trapped salt water droplets [226], illuminating the droplet with the
emission from a broadband LED and analysing the backscattered light from the droplet.
The morphology dependent resonances (MDRs) from the droplet were clearly visible, and
assigned using a similar strategy to that outlined in Chapter 3. The spectrometer con-
figuration utilized for these experiments was described in Section 2.7, and is as shown in
Figure 2.12. Two examples of BB-Mie spectra, obtained from solutions of EAN utilizing
the tweezers/spectroscopy arrangement, are presented in Figure 5.4. Theoretical scattering

efficiencies are also presented for comparison; note that the difference between the baseline
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Figure 5.4: Two examples of broadband Mie scattering spectra from aqueous EAN
droplets. Panel (a) corresponds to a droplet of 5.88 pm in diameter, with sharp first order
resonances. Panel (b) shows a droplet of 8.53um diameter; here the sharp resonances
are second order, with no visible first order modes. Panels (c) and (d) show theoretical
extinction efficiencies, generated using the assignment parameters.

between theory and experiment is a consequence of the LED’s spectral profile, and the

reflectance of the red reflector utilized in the spectrometer arm of the cage system.

5.3.1 Spectroscopy of EAN droplets under conditions of varying relative

humidity

Initial experiments were performed under conditions of varying relative humidity, to inves-

tigate the response of the droplet to different environments. This characterisation is an

important step towards measuring the uptake of water and other impurities by IL droplets.
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5.3.1.1 General comments on the MDR assignment

Before proceeding to discuss the BB-Mie spectroscopy of EAN droplets, it is prudent to
take a moment to discuss how the assignment procedure for these droplets is different to the
Raman studies of Chapter 4. The first, most obvious difference is the much wider spectral
window; for BB-Mie the entirety of the spectrometer CCD (which spans 60 nm with the
specific grating utilized) is illuminated by scattered light from the droplet, therefore there
are more MDRs present to facilitate analysis. In contrast, there is only an approximately
30nm envelope within the Raman band of water in which to observe WGMs. This is not to
say that BB-Mie spectroscopy is inherently superior to CERS; one advantage that CERS
has over BB-Mie is that the intensity of the SRS resonances is a function of the Raman
gain profile and degree of overlap between input and output fields, as was demonstrated
by the increase in SRS intensity during Gaussian locking periods in Chapter 4. No such
information is available from BB-Mie resonances, as their intensity will show no variation

owing to the technique relying on light scattered by the droplet.

Due to the strong dependence of the refractive index on droplet composition, the position of
the MDRs (in size parameter space) will show a considerable variation as the droplet changes
size. In order to facilitate a full MDR assignment, a two stage process was adopted. Initially,
the resonances for a coarse range of refractive indices (1.34-1.45, in 0.01 increments), which
were precalculated and called into the assignment script, were utilized to gain a rough
estimate of the droplet diameter and refractive index. A refined value of the diameter and
the refractive index (to an accuracy of 10~*) are obtained in the second stage of the analysis
procedure. The refined refractive index will lie within +0.01 of the coarse value, but rather
than precalculating the necessary resonances, a function that describes the location of a
resonance of a given mode number and polarisation as a function of the refractive index
was determined by fitting second order polynomials to the coarse dataset. Therefore, the
variation of the resonance size parameters with refractive index can easily be determined

without requiring copious amounts of computational time.

As a final note specific to the analysis of IL droplets, there are no reported measurements
of the refractive index dispersion of EAN solutions. Therefore, the correction procedure
outlined in Section 3.3.2 cannot be utilized. Dispersion effects on the fitting residual A will
be more pronounced due the broadband nature of the LED, although the greater number
of resonances does provide a more rigorous test of the best-fit diameters. As a consequence,
all analysis in the following section has been performed without considering dispersion.
Simulations for a salt water droplet, such as Figure 3.6, suggest that the assigned diameters

will be around 100 nm larger than their true size.
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5.3.1.2 Trapping under low relative humidity

Low relative humidity conditions were achieved by adhering some silica gel particles to
the upper surface of the aerosol trapping cell. The initial aim for this conditioning was to
drive off as much water from the EAN solution as possible. The degree of dehumidification
was determined by utilizing diode laser absorption spectroscopy (Section 4.7). Without

0'7 molecules cm 3,

the cell in place, the water vapour concentration was 4.32 +0.03 x 1
corresponding to an RH of 60.3 &+ 0.4%. When the cell containing silica gel was posi-
tioned within the diode laser beam path, the measured water vapour concentration fell to
3.67 £ 0.03 x 10'" moleculescm ™2, i.e. an RH of 51.5 4+ 0.4%. As noted in the previous
chapter, this measurement was performed over the entire path length that the diode laser
traverses (~ 7cm) with an unsealed cell, hence it is likely that the RH within the cell

(~ 4 cm) will be even lower.

Upon capture of the droplet by the tweezers beam, rapid evaporation was observed as
red shifting of the resonant modes in the scattered spectrum. The initial evaporation
rate was more rapid than the temporal resolution of the spectrometer, and hence initial
spectral characterisation of the trapped droplet was not possible. To facilitate analysis, it
was therefore assumed that the initial composition of the droplet is identical to the bulk
solution in the nebuliser. The evaporation rate slows down as the concentration of EAN
in the droplet becomes greater, at which point the spectra could be accurately recorded
and assigned. To gain an initial appreciation of the dynamics of the droplet, consider
the wavelength of a single resonance. Recall that the definition of the size parameter
implies that AA/A = Aa/a. Thus, the behaviour of a resonance will indicate changes in
droplet size (it should be noted, however, that if the change in wavelength is large then this
relationship will be approximate, owing to the change in refractive index associated with

change in aerosol size).

Figure 5.5 shows example data for a droplet initially comprised of a 25% EAN solution. In
5.5a, the time dependent position of a MDR resonance is plotted (determined by subtracting
the background signal, then fitting a Gaussian lineshape to the MDR). At early times,
the steep gradient indicates rapid evaporation, at an average rate of —1.8 x 10~% pms~—!.
However, the mode then begins to slightly redshift, suggesting that the droplet is then
growing. This must be due to the uptake of water vapour, owing to the negligible vapour
pressure of ILs [203]. Assignment of the spectrum confirms this growth, and the diameter
is plotted in Figure 5.5b, with an average growth rate of 1.4 x 10™° pyms~'. The assigned
refractive index of the droplet is plotted in Figure 5.5¢, and shows an increase at early times
that is correlated with droplet evaporation, as should be expected due to the increasing

mole fraction of EAN. It is interesting to note that, even at the earliest analysable times,

the assigned refractive index (n ~ 1.42) is considerably higher than the bulk solution that
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Figure 5.5: Spectral data for a droplet, initially comprised of a 25% by volume EAN
solution, in a low RH environment.

was nebulized (n ~ 1.37). This large discrepancy suggests that, in addition to the rapid
initial evaporation upon capture of the droplet, the individual droplets within the nebulizer

stream are rapidly losing water as they try to equilibrate with the surroundings.

The response of a more concentrated droplet (50% by volume EAN) to the low RH envi-
ronment is presented in Figure 5.6. This droplet was larger than the 25% droplet, hence
showed second order MDRs within its scattered spectrum (a typical example of which is
shown in Figure 5.4b). The temporal variation of the resonance wavelengths is similar
to the 25% case, i.e. a rapid blueshift, followed by a slow redshift as the droplet reab-
sorbs water vapour. The shifting of the resonance wavelengths once again correlates with
the assigned diameters. The assigned refractive index is also high, starting at 1.422 for
initial times, increasing to 1.431 by the end of the acquisition time. The final composi-
tion is therefore concluded to be similar to that for the 25% droplet after its equilibration

with the surroundings, with a higher value of the refractive index due to the higher initial
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Figure 5.6: Spectral data for a droplet, initially comprised of 50% by volume EAN
solution, in a low RH environment.
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Figure 5.7: Data for an additional 50% by volume EAN droplet in a low RH environment.
Note that the early portion of this spectrum was not available, owing to the droplet’s initial
capture taking place at the end of a spectrometer kinetic acquisition series.

concentration of EAN within the droplet.

Figure 5.7 shows the time dependence of the TE%; resonance associated an additional 50%
droplet, of diameter ~ 8.6 pm. In this case, the droplet constantly evaporates (indicated
by the resonance wavelengths blueshifting). The assigned refractive index did not show
much variation around 1.4. It is likely that the silica gel was starting to saturate at this
point, reducing its effectiveness in providing a low RH environment. Furthermore, the
fact that the droplet itself is considerably larger means that comparitively more water
molecules must be lost to achieve the compositions observed within the earlier droplets. A

continuation of the spectral data for this droplet is provided in Figure 5.8, clearly showing
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that the modes continue to blueshift, and the droplet continues to reduce in size at a rate
of —2.8 x 1079 pums™!. Note the unusual response of the resonance wavelengths at 1500s,
likely a fluctuation in the laboratory relative humidity. This again highlights the exquisite

sensitivity of MDRs to changes in their environment.

636.6' 1 1 1 1 8.6I....I....I....I....I....
a 1 8.599 -
£ 63654 - 1
© 1 8.598 -
c 1 4
< 1
c 636.4 -~ 8597
o 1 €
3 1 3 1 °
= 1 = 8.596
U 636.3 L2 |
= ] £ 8.595
[S) L © ]
o 1 [a]
S, 6362 L 8.594 - o o -
c 4
= 1
° 1 8.593 - o |
3 636.1 L | N
= 1 8.592 -
636 +————————————————————————— 8.591 —— . . T T
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time (s) Time (s)
(a) (b)

Figure 5.8: Continuation of the droplet from Figure 5.7, showing that the reso-
nance modes continue to blueshift, and the droplet continues to evaporate at a rate of
—2.8x 10 %pms!.

5.3.1.3 Trapping at ambient relative humidity

For these experiments, no additional agents were added to the trapping cell; thus the air
droplet is effectively open to the laboratory. The RH in the laboratory air is approximately
10% larger than in the low RH environment provided by the silica gel, as confirmed by
diode laser absorption spectroscopy, hence it is expected that the EAN solutions will again
evaporate, but at a slower rate than in the low RH environment. Owing to the similar
behaviour between 25 and 50% solutions, only the higher concentration was utilized from
here onwards. An example of the observed data is shown in Figure 5.9, and it is immediately
clear that the spectral response in this instance is much less extreme than in the low RH
environment. While droplets did evaporate, they did so at a much slower rate, such that
they could be characterised upon initial trapping (once the fog of aerosol within the chamber
settled down, such that additional coagulation with the trapped droplet did not occur). In
this instance, the droplet grew slightly before continuing to evaporate (although the gradual
shift would suggest that coagulation is not the responsible factor), most clearly shown by
Figure 5.9b, which plots a numerical derivative of the MDR position with respect to time, as
this will be proportional to the evaporation rate. The fitting of the refractive index of this
droplet was curious; the RI was tending towards 1.422 during the first 200s of the dataset

(consistent with the asymptotic values presented in the previous section), at which point
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the analysis routine started returning an RI which tended towards 1.39. This is puzzling,
as the values of the diameter fit with the trend provided by the resonance wavelength.
It is likely that the particular combination of resonance wavelengths from the droplet lies
within a local minimum of the fit to the theoretical size parameters, hence returning a
false refractive index, as it would not be possible for the refractive index of the droplet to
decrease as it loses water molecules by evaporation. This is quite likely, owing the known
problems with the assignment procedure (namely the lack of dispersion data, resulting in a
misassignment of the best fit diameter, and hence best fit refractive index). An alternative
explanation could be that phase separation, or a concentration gradient, exists within this
droplet, with more water molecules existing at the surface and hence lowering the measured

refractive index.
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Figure 5.9: Data for a droplet that is initially comprised of 50% by volume EAN, in a
cell that is open to the ambient laboratory conditions.
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A study of an additional droplet is provided in Figure 5.10. A similar trend in the wave-
length is observed, i.e. a slight growth followed by evaporation. This droplet is much
smaller than the previous one (6.255um initially, vs 9.25um), and equilibrates to a refrac-
tive index of 1.4255. The acquisition is continued in Figure 5.11, which shows that the
droplet’s resonance modes continue to blueshift as the droplet is slowly evaporating. The
final refractive index of this droplet is 1.4279. This high value of the refractive index is
consistent with the work performed in the low RH environment, and further confirms that

smaller droplets will equilibrate towards more concentrated EAN solutions in a shorter

timeframe.
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Figure 5.10: An additional 50% by volume EAN droplet in a cell open to the ambient

laboratory conditions.
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5.3.1.4 Trapping at high ambient relative humidity

As a final test case, a high relative humidity environment was obtained in a similar fashion
to Chapter 4, namely that a piece of moist tissue paper was inserted into the trapping cell.
This will provide the droplet with an environment with an RH that is greater than 80%.
As 50% EAN solution is utilized, it is expected that the droplet will absorb water from the
surroundings in an effort to dilute the EAN further.
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Figure 5.12: Spectral data for a droplet, initially composed of 50% EAN by volume, in
an environment of high RH.

The first set of experimental data from these conditions is presented in Figure 5.12. The
droplet’s initial diameter is 5.63 pm, and it can be clearly seen from the time dependence of
the central wavelength that the droplet grows, at a near constant rate of 1.3 x 1072 pms™!.
Barely discernible on the wavelength variation are slight jumps in the position of the wave-
length. These are more clearly observable in Figure 5.12b, where the time derivative of
the resonance wavelength is plotted. The feature at 512s is likely due to a variation in the
laboratory environment. Of more interest are the quasi-periodic ripples, which resemble
the derivative of a Lorentzian profile. It is hypothesised that these spectral features are a
consequence of the droplet passing through resonances at the trapping laser wavelength,
with the solute effect dominating droplet growth and pushing the droplet through the reso-
nance. As the concentration of EAN at this time is still relatively high, resonant heating will
be insufficient to increase the vapour pressure of the droplet, hence the continual growth.
(Recall that, for a salt water droplet approaching resonance, the droplet remained approx-
imately size-stable as its diameter tuned closer to the diameter concomitant with a WGM
at the trapping laser wavelength, as resonant heating was responsible for an increase in the

droplet vapour pressure.)
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As the droplet further increases in size, resonant heating effects start to become more
apparent, as is clear from Figure 5.13. In 5.13a, periods of wavelength stability are observed
in between periods of constant growth. These growing periods become progressively shorter,
until the droplet jumps between resonant spectra, similar to the Gaussian locking periods
of Section 4.5.3. This trend is continued in Figure 5.13b, albeit referring to a different mode
(TEzl,)g) owing to the previous resonance shifting to outside of the spectrometer’s range. At
this stage, it is concluded that the droplet is acting almost entirely like a conventional salt
water solution. Evidence for this comes from the value of A\ for the successive periods of
constant wavelength; these oscillate between ~ 7.1 nm and ~ 5.6 nm, which is consistent
with the Gaussian growth data of Chapter 4 and reflects the polarisation of the locking

mode.

To characterise the changes in size and refractive index, let us assume that the composition
of the droplet upon capture by the trapping laser is identical to the bulk solution. Using
this value of the refractive index to assign the initial spectrum yields a diameter of 5.29 pm,
meaning that the droplet contains 4.37 x 10~ mol of EAN and 2.16 x 10~'2mol of water
(zpan = 0.17). Assigning the modes at the end of Figure 5.13b yields a diameter of 6.91 pm
and a refractive index of 1.3579. The difference in volume corresponds to an absorption
of 5.29 x 1072 mol of water. This increase in water means the diluted mole fraction of
EAN is now 0.056, which when substituted into Equation 5.1 yields a refractive index of
1.3636. The assigned refractive index is smaller than this (1.3579), a likely reason for this
discrepancy is the assumption that the initial composition of the droplet is equal to that
of the bulk.
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Figure 5.13: Continual growth of an EAN droplet in a high RH environment. The
droplet is now displaying evidence of resonant heating, judging from the periods of size
stability that are inferred from the time-constant resonant wavelengths.
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Figure 5.14: “Unlocking” of an EAN droplet in a high RH environment, induced by
changing the power of the trapping laser.

5.3.2 Spectroscopy of EAN droplets under conditions of varying trapping

power

Experiments were also conducted to investigate the response of the trapped EAN droplet
to changes in the trapping power, which alters the degree of non resonant heating of the
droplet. This was performed with droplets under the three different RH environments
considered above. For the low and ambient RH conditions, no changes in the droplet
spectra were observed. This is unsurprising given the composition of the droplet; the high
concentrations of IL will mean that the reduction of vapour pressure via the solute effect
will be the dominant process, compared to the effect of temperature changes due to non

resonant heating.

A much more dynamic response was observed under high RH conditions. The experiment
was performed once the droplet had achieved a composition at which it was displaying
locking behaviour. The droplet had gone through several locked diameters, which were
stable for a few minutes. The effect of changing the power while a droplet is locked is
shown in Figure 5.14. Initially the resonance wavelengths were size stable, with a trapping
power of 12.2mW. At (a), the power incident upon the droplet was increased to 27.2mW.
The droplet instantly unlocked, with the modes blueshifting due to water being driven off
from the droplet. However, the droplet then grew again (as demonstrated by the redshifting

modes), returning to its initial size. A further power increase at (b) again unlocked the
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droplet, with 31.3 mW incident upon the droplet, and this time some additional evaporation
was observed before the droplet started to grow. At (c), the power was decreased to
27.2mW, and the droplet relocked to its initial size. At (d), the power was further decreased
back to 12.2mW, taking the droplet to an additional locking diameter, larger than its initial

state.

5.3.3 Broadband Mie scattering, vs Raman spectroscopy

As a comparison between the use of Raman spectroscopy to study droplets, as in Chapter 4,
versus the broadband Mie scattering that has been utilized in this chapter, consider the
spectra shown in Figure 5.15. These spectra were captured from a droplet whose initial
composition was 50% EAN, and had been trapped in a low RH environment. Both spectra
have been normalized to 1 (although the most intense part of the Mie spectrum lies off the
x axis, which has been focused on the Raman bands of the droplet) so that comparisons
between the two can be drawn. Firstly, note that the highly intense SRS modes in the
Raman spectrum suggest that the droplet’s diameter is resonant with a WGM at 532 nm.
The most intense SRS modes would correspond to first order resonances, whose widths
are limited by the spectrometer resolution. The presence of C-H stretches of EAN in the
Raman spectrum is obvious, owing to the fact that SRS modes are observed within the
range 630 nm to 640 nm, although these do occur at the same frequency as C-H stretches of
the immersion oil. Interestingly, although WGMs are observed in the water region (640 nm
to 660nm), the spontancous Raman signal is barely discernable, and reflects the higher
Raman gain coefficient for the IL in comparison to water. The assigned refractive index is

less than that of pure EAN, so water must still be present within the droplet.

The first order resonances do not appear in the BB-Mie spectrum, which consists wholly of
second order resonances. It is clear that these second order MDRs in the BB-Mie spectrum
occur at the same wavelength as the second order resonances in the Raman spectrum. As an
example, the widths of the TE%O and the TMig resonances within the Raman spectrum are
0.127nm and 0.304 nm respectively, while within the BB-Mie spectrum they are 0.112nm
and 0.164 nm. The values for the TE resonance are near the spectrometer resolution, while
for the TM resonance, the higher width for the Raman spectrum would imply a lower @
for that resonance (consistent with the theory presented in Chapter 3). The implication of
this lies within the fundamental differences between SRS spectroscopy, and Mie scattering;
clearly the TM resonance for Raman gain is lossier. From an analytical viewpoint, the much
greater number of resonances in the Mie spectrum (the spectral range of the spectrometer
CCD is ~ 60nm) as well as the lack of congestion within the spectrum (first order MDRs are

not detectable if their linewidth is narrower than the spectrometer’s resolution) highlight
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Figure 5.15: Comparison of the Raman spectrum from an aqueous EAN droplet, and
the broadband Mie scattering spectrum. Note the intense SRS peaks, which suggest the
droplet’s diameter is resonant with a WGM at the trapping laser wavelength.

that BB-Mie is a more suitable technique for analysing these droplets of high refractive

index.

5.4 Conclusions and future work

This chapter has introduced the optical trapping of ionic liquid droplets, and begun to
characterise them via analysis of morphology dependent resonances present in backscat-
tered light from an LED which illuminated the droplets. Droplets comprised of the ionic
liquid ethylammonium nitrate in aqueous solution have been demonstrated to be optically
trappable, and axial trapping efficiencies have been obtained as a function of concentra-
tion. The composition of these droplets has been assessed utilizing the MDRs present
within a broadband Mie scattering spectrum, with a specific emphasis on exploring how
the droplets respond to environments of differing relative humidity. A comparison be-
tween the complimentary techniques of BB-Mie scattering, and cavity-enhanced Raman

spectroscopy (CERS) has been presented.

The next step for this project would be to nebulize and trap droplets of pure ionic liquid.
The technical difficulties involved with this arise from the high viscosity of the ILs, mean-
ing that vibrating orifice, ultrasonic, and handheld nebulizers will not be able to generate

aerosol from the liquid. It is, however, possible to generate droplets of IL using a pneumatic
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nebulizer. The primary disadvantage of this technique is that the droplets generated by
this method are small, and have a high velocity. Both of these factors make it difficult
to trap the droplets using optical tweezers. Solutions to these problems include a suitable
design for a nozzle, which would allow the droplets to coagulate within the flow. Alter-
native methods of generating aerosols could also be explored, for example via electrospray
[227], a technique that is commonly used to vapourise liquid biological samples for mass

spectrometry characterisation [228].

The trapping and characterisation of pure ionic liquids would be very interesting; for in-
stance, introducing controlled amounts of impurities into the system should be easily de-
tectable via the slight changes in the refractive index that these impurities will induce
(which will be manifested in the position of WGMs). A most interesting experiment will
be the trapping of a droplet, composed of an IL which is known to sequester CO, (such
as [EMIM][Tf,N]). The uptake of CO, could be monitored by Raman spectroscopy (by
observing the Fermi resonance [229]) or by observing changes in the refractive index via
BB-Mie spectroscopy. This could then be compared to the uptake of CO, by the bulk so-
lution, to investigate if the increased surface area of the droplet offers advantages for CO,
capture, which would have important consequences for the carbon economy. The uptake
of other greenhouse gases as a function of IL composition (particularly water content) may

also be of particular practical importance.



Chapter 6

Microscopy studies of
thermophoretically assembled 2D

colloidal crystals

This chapter marks a change of gear for the thesis, in so far as optical tweezers are no longer
used. Here, a different method of particle manipulation is exploited, which transports mat-
ter along thermal gradients and is known as thermophoresis. The thermal gradients are
generated by focusing the laser onto a gold coated microscope slide, using the SLM to posi-
tion heating spots at precisely defined locations. The combination of thermophoresis, and
convection currents within the cell, results in 3.5 pm silica particles forming two-dimensional
colloidal crystals. The two crystals grow into each other, and video microscopy used to ob-
serve the mechanism of crystal growth. It is found that the two crystals merge to form a
crystal with a single orientation, via grain rotation induced grain coalescence (GRIGC). The
observed annealing lifetimes are found to be in excellent agreement with theoretical models
for the growth of nanocrystals. The work in this chapter forms the basis of a publication

in Nano Letters [230].

6.1 Particle manipulation via thermal gradients

A particle subject to a thermal gradient moves along this gradient, and this is known
as thermophoresis [231]. Particles subjected to a temperature gradient of V71" will move
with a velocity v = —DrVT, where Dr is the thermophoretic mobility of the particle
(sometimes referred to as the thermal diffusion constant), given by Dy = SpD (where
St is the Soret coefficient of the particle, and D the diffusion coefficient). The sign of

the Soret coefficient dictates the direction of the thermophoretic force; a particle with a
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Soret coefficient that is greater than zero will migrate towards the colder region. This
thermal transport property has found numerous uses. For example, in 2002 Braun and
Libchaber demonstrated that thermophoresis can be used to deplete DNA from a hotspot
which, in combination with induced convection currents, lead to accumulation of DNA at
the bottom of their cell chamber [232]. This is believed to be an important mechanism at
hydrothermal vents. The combination of thermophoresis and convection can also be used to
form two dimensional colloidal crystals, as demonstrated by Duhr and Braun in 2005 [233].
In this case, an aqueous suspension of 2 pm polystyrene spheres (which have a positive Soret
coefficient) formed crystals at the bottom of a cell consisting of a upper layer of glass and
a lower layer of sapphire, separated by a 500 pm thick silicone spacer, which was heated
using an infrared laser. Crystallization was attributed to convection currents transporting
the particles beneath the heated spot, and a strong downwards thermophoretic force (due
to the high thermal gradient from the cooling sapphire window) causing the particles to
aggregate. Later work [234] demonstrated that, for high thermal gradients, a slip flow was

induced and this was responsible for crystallization.

More recently, Di Leonardo et al. [235] demonstrated the formation of colloidal crystals
confined to a wall by heating an absorbing surface. They placed a sample of 2pum silica
spheres (in a glycerol/water mixture) into a cell consisting of a lower layer of transparent
coverglass and an upper layer of a yellow colour glass filter. Holographic Optical Tweezers
[105] were used to generate a pattern of laser spots on the upper filter (in order to generate
the thermal gradients) and additionally to measure the forces between individual colloidal
particles. Particle accumulation was attributed to a hydrodynamic attraction (such an
attraction was predicted by Squires in 2001 [236]) driven by long range Marangoni-like

forces.

6.2 Mechanisms of crystal growth

Nanocrystalline materials have attracted much interest due to their size and shape depen-
dent properties, and have found uses in many applications including optics, electronics and
materials [237]. The mechanism by which a nanocrystal grows is an important factor in
determining its morphology and mechanical properties. There are two main mechanisms
for nanocrystal growth. The first is known as Ostwald Ripening [238], and is the classical
mechanism for growth, in which larger crystals grow at the expense of smaller ones. The
driving force for this growth is that larger crystals are more favored energetically, due to the
reduction of the surface to volume ratio. However nanocrystals display many peculiarities

that cannot be explained by the Ostwald Ripening mechanism, such as unusual structures
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Ostwald ripening
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(Grain Rotation Induced Grain Coalescence)

Figure 6.1: Crystal growth mechanisms.

or anisotropic morphologies within the crystal [239]. An alternative mechanism is required

to explain these observations.

The so called oriented attachment mechanism was first reported in 1998 [240, 241]. In
oriented attachment, adjacent grains rearrange themselves so that they share a common
crystal orientation, followed by coalescence of the grains. If the individual grains do not
share a common crystallographic orientation prior to coalescence, they can still form a
crystal with a single orientation through a process termed grain rotation induced grain
coalescence (GRIGC) [242]. In this mechanism, the driving force is the elimination of
the grain boundary between the domains, lowering the free energy of the crystal. Although
high-resolution electron microscopy studies have provided much of the present experimental
evidence for the occurrence of GRIGC [243, 244], the dynamics at the single atom level
in nanocrystals is difficult to observe. It is often the case that intermediate steps in the
mechanism are simply not captured by these imaging techniques due to the rapid self-
recrystallization of two grains that are just touching [245]. As a consequence, quantitative
and microscopic details of GRIGC, such as the lifetime of the grains, the effect of the grain
size and the particle rearrangement processes at the surfaces of the grains, are cumbersome

to establish.

In this chapter, colloidal silica microspheres, grown into crystals by the combination of
thermophoresis and convection described above, are used as an analogue of a nanocrystal
system to directly observe the GRIGC mechanism at the simplest level of two grains. As

their characteristic time and length scales are on the order of seconds and micrometers
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respectively, the interaction between the crystalline grains in real space and time can be
directly observed wvia optical microscopy. The size of the grains is controlled by tuning
the position of the nucleation sites using the SLM. This allows a direct and quantitative
investigation of how the grain size affects the lifetime of the grains, which is of central
importance for the growth of nanocrystalline systems via GRIGC [242]. As will be shown,
excellent agreement with theoretical predictions for nanocrystal growth from the work of
Moldovan et al. [242] is found. Additionally, it is observed that both grains rotate before
coalescence. Rather surprisingly, only minimal particle rearrangements at the surface of
the small crystallites are observed during GRIGC, while surface melting seems to become

more important for larger grains.

6.3 Materials and methods

6.3.1 Optical components and sample preparation

The experimental setup used in this chapter is the DHOTSs setup referred to in Figure 2.11.
The sample in this instance is placed upon the surface of a gold coated microscope slide.
This is used to generate the thermal gradients, as the modulated 532nm laser beam is
focused onto the gold surface, where it is absorbed. Use of the SLM allows fine control
over the position of multiple heating spots in the sample plane, in both lateral and axial
directions. The microscope slides were prepared by thoroughly cleaning using Decon 90,
followed by coating with a 2 nm thick chromium layer (to aid adhesion of the gold) and a
25 nm thick gold layer using an Edwards Auto 306 Cryo Evaporator. The absorption of the
gold layer is 0.7 at 532 nm. Colloidal samples were prepared by diluting a stock suspension
of 3.5 um silica spheres (Bangs Laboratories, SSO5N) with Milli-Q water (Millipore) in a
1:50 ratio. No salt was added to the suspension as it is known that this diminishes the
thermophoretic force [232, 246]. 20 nL of this suspension was sandwiched between a glass
coverslip and the gold coated slide, separated using a vinyl spacer, with the gold layer

forming the bottom surface of the cell.

When operating the laser, it was found that laser powers greater than ~2.5mW incident
upon the sample caused local boiling of the water. Power control was achieved by combining
the waveplate/PBS attenuator, described in Section 2.3.1, and a neutral density filter with
an optical density of 1 (Thorlabs, NE10A-A). An iris was positioned at the focus of lens
L3 in such a way as to block out the zeroth order diffraction (and the higher order “ghost”
diffractions, which caused unwanted nucleation sites) from the SLM while allowing the first
order diffraction to pass unobstructed. The SLM was imaged onto the back aperture of the

microscope objective (Nikon M Plan 40/0.4 SLWD) via a 4 f lens relay system. The chosen
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objective gave a wide field of view and, due to the low numerical aperture, minimized any

optical trapping gradient forces.

The sample was illuminated from above using Kohler illumination, as it is important for
particle tracking purposes that the illumination is uniform and of high contrast. The
system was imaged using the same objective used for focusing the laser. This white light
was then imaged onto a Firewire camera (PixeLINK PL-A774), with images and videos
captured using software written in LabVIEW (National Instruments). Kinoforms were
generated and displayed on the SLM using a custom LabVIEW program [188] using an
additive adaptive algorithm. Appropriate virtual lens elements were added to the kinoform
to axially displace the focus of the laser, such that the laser was optimally focused on the
surface of the slide while the particles themselves are in the image plane of the objective.
The kinoform generation program was calibrated by imaging a stage micrometer and using

this to equate the camera pixels to a real distance.

6.3.2 Video analysis

Videos were recorded at a resolution of 1600x 1200, with a frame rate of 6 fps. Video frames
were extracted and analyzed using MATLAB particle tracking routines,! based upon the
algorithms originally developed by Crocker and Grier [247]. The particle tracking routine
takes an image as an input, and then applies a filter algorithm to reduce any noise and
distortions. Particles are detected by seeking pixels with a certain threshold intensity;
spurious results are avoided by defining the maximum size of particle in terms of pixels.
The routine then calculates the centroids of the detected particles to subpixel accuracy,
outputting the z and y coordinates of the centroids of the particles. This output can then
be processed in MATLAB to give a wide variety of parameters of interest for the image. In
the case of crystals, Delaunay triangulations and Voronoi diagrams that are colour coded to
depict the coordination of particles within the crystal [248] can be obtained. The particle
tracking output was further processed to give information on the local orientation bond

order parameter, g, defined as [249]:

1 N
Yo = ;exp[ﬁw(r})] (6.1)

where the sum is taken over all N nearest neighbors of the particle in question. The angle
6(r;) is defined as the angle between the vector connecting the particle to its neighbor j
and an arbitrary axis, in this instance it is defined as the angle relative to the vertical axis

of the images. This is shown schematically in Figure 6.2. In the remainder of this chapter,

"http://physics.georgetown.edu/matlab/
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16 represents the absolute value of 1g averaged over all particles, (|¢g|), which equals unity
for a perfect hexagonal crystal. In the context of these experiments, the orientation of a
particle is taken to be the value of 6(r) that lies between -30° and +30°. The Voronoi
diagrams are then replotted, colour coding the polygons that correspond to 6 fold centers
according to their orientation (herein referred to as an orientation Voronoi diagram). The
individual orientations are also binned into 1° intervals, and plotted as a histogram, to

easily observe the spread of orientations present in a given image of a crystal.

Ha)

Figure 6.2: Definition of the vectors and angles used to calculate vg.

6.4 Results and discussion

In order to study the mechanism of GRIGC, it is important that the crystals generated
by the thermal gradients are of a single-crystalline nature, and that their size remains
constant during the rotation and coalescence process. To verify this, initial experiments
were performed using a single spot focused onto the gold surface of the microscope slide.
When the heating laser is switched on, particles immediately drift towards the focus of
the beam and organize themselves into a hexagonal close packed (HCP) lattice. Figure
6.3 shows two examples of the crystals formed after 30 minutes of heating the gold surface
with different incident laser powers, along with orientation Voronoi plots and histograms.
When the laser is switched off, the crystal immediately begins to melt, with the particles
composing the crystal undergoing free Brownian motion. The crystals, on the whole, grow
with a single orientation, as is indeed confirmed by the orientation Voronoi diagrams and
histograms presented in Figure 6.3, a crucially important observation for the study of
GRIGC. Deviations occurred when defects were introduced to the crystal, for example, a
deformed particle may be present within the lattice. It is also noted that, at higher laser
powers, stacking of the particles around the focus of the laser beam occurred during the

initial crystal growth period, attributed to the increased strength of convection at these
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higher incident laser powers. This effect is responsible for the defect region at the center
of the crystal in Figure 6.3d. Therefore, the laser power was carefully controlled to ensure
that this deleterious stacking did not occur, and that all studies of grain coalescence were

conducted with the same incident laser power.

The growing technique affords a method of controlling the size of the individual grains.
The number of particles in the crystal is defined as the total number of particles within a
crystal that have a coordination number of 4 or higher, and have a local 14 greater than
0.7. It was found the number of particles within the crystal at a given time increases with
the laser power at a constant particle number density in the sample. The 14 values of the
crystal also increases as the power incident on the gold slide increases; after 30 minutes of
heating for 6 different incident laser powers, g increases from 0.74 to 0.87. This increase
is attributed to two factors: the stronger thermal gradients causing stronger forces in the
system, and the associated increased size of the crystal. The values of 1g and the grain size

after 30 minutes of heating with a range of laser powers are documented in Table 6.1.

The rotational motion of the single grains after growth is characterized by computing

the mean square angular displacement, (A§2), which for a particle undergoing rotational

(a) 0.57 mW

(d) 1.7 mW

Figure 6.3: Examples of crystals formed after 30 minutes of heating the gold surface with
a single laser spot. The power quoted corresponds to the power incident upon the gold
surface. The defect region at the center of 6.3d is due to particle “stacking” during initial
crystal growth, attributed to increased strength of convection currents at higher incident
laser powers. Orientation Voronoi diagrams and histograms are presented, revealing that
the crystals grow with a single orientation (limited by defects within the system).
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Table 6.1: Values of 1g and number of particles in the crystal after 30 mins of heating
the gold surface with the quoted laser power.

’ P/ mW ‘ Vg ‘ Number of particles

0.32 0.742 67
0.57 0.773 88
1.2 0.757 123
1.7 0.823 183
2.2 0.819 197
2.3 0.866 280

diffusion in a single plane is given by: [250]
(AG?) = 2D, t (6.2)

Here, the rotational diffusion constant D, is given by the Debye-Stokes-Einstein relation

[250]:
kgT

= Srnad (6.3)
where T is the temperature, n is the dynamic viscosity of the solvent and a is the radius
of the particle undergoing diffusion. The rotational mean square displacement of a grain
was determined by taking the maximum value in the orientation histogram at time ¢ as
the average orientation for the crystal. Note that for this measurement, the crystal did
not grow significantly while the video was being recorded i.e. this a quasi-equilibrium
measurement. The resulting data is plotted in Figure 6.4. Fitting a straight line to the
data gave a value for the rotational diffusion constant of 0.108 deg? s~!, from which a crystal
radius of approximately 17 pm can be deduced using Equation 6.3. The fact that this value
is consistent with the measured radius of the crystal (on the order of 16 + 0.7pum, as
measured from calibrated video microscopy), confirms the quasi-equilibrium nature of the
single grains and suggests that the rotation of the grains is well described by the equilibrium

rotational diffusion of a two dimensional circular particle.

Having established the feasibility of this technique to generate colloidal single crystalline
grains with a tunable size, the SLM was utilized to generate multiple spots at a controlled
separation. Thus, grains were grown at precise locations, and their real-time interactions
directly observed via standard optical microscopy. Figure 6.5 shows an example of a typical
annealing process. Two spots were located 7 particle diameters apart, which corresponds to
a distance of 24.5 pm. It is clearly observed that grains first rotate to align their orientations
and then coalesce to form one single crystallite, consistent with the GRIGC mechanism.
To quantitatively analyze this process, the mean orientation of each grain was measured, as
shown in the corresponding orientation Voronoi diagrams in Figure 6.5. It was found that

both grains contribute to the rotational alignment, with the orientation of the resultant
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Figure 6.4: Mean square displacement for a crystal undergoing rotational diffusion. The
red line is a straight line fit to the data, from which a value of the rotational diffusion
constant can be obtained using Equation 6.2.

crystal lying between the values of the individual grains. This is shown more clearly in
Figure 6.6, where the orientations of the individual grains are plotted as a function of time.
Defining the lifetime of a grain ¢, as being the time between when the individual grains first
touch, tg, to the time when they anneal to form a single crystal, the lifetime in this case
was measured as 100s. It is important to emphasise that the data shows that timescale
over which the grains rotate and anneal is significantly shorter than the time taken for the
grains to grow (which is on the order of multiple minutes), suggesting that grain size is

effectively constant during the annealing process.

The lifetime of a grain t7, is an important parameter in grain rotation induced grain growth
and should sensitively depend on the grain size and misorientation between grains [242].
The grain size can be controlled by varying the laser spot separation, which is demonstrated
in Figure 6.7, however the initial orientations of the individual grains are completely ran-
dom. Performing multiple repetitions of the experiment for a fixed spot separation, i.e. a
fixed grain size, gave a wide range of orientation mismatches and corresponding lifetimes.
It was observed that the average lifetime remains essentially constant for any orientation
mismatch at a fixed grain size; this surprising result is believed to be due to the fact that
only two grains are coalescing. Assuming that the frequency of coalescence events is pro-

portional to the average rate of grain rotation, the average lifetime is inversely proportional
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(a) (b) (<)

Figure 6.5: A typical annealing process, corresponding to two laser spots separated
by 24.5um, along with orientation Voronoi plots, showing the two grains with different
orientations merging to form a grain boundary, before rotating to form a crystal with a
single orientation.

to the average angular velocity, i.e. t; ~ (w)~!. The driving force for grain rotation is a
torque 7 with respect to the center of mass. This torque is related to the grain boundary
length, L, energy per unit length, v, and the orientation mismatch, ¢, by the following
expression [242, 251]:

drs
= ; Lj%; (6.4)
The angular velocity of the rotation is then related to the torque via w = M(R)7, where
M (R) is the rotational mobility, which is a function of the grain size. In the case of two
grains, there is only one orientation mismatch and the grain boundary length is a constant.
To a first approximation, the grain boundary energy depends linearly upon the orientation
mismatch [242], and so the derivative in Equation 6.4 will be a constant. Hence, for a fixed
grain size, the angular velocity (and therefore the lifetime of the grain) is not expected to

depend upon the orientation mismatch.

A consequence of this is unprecedented access to study the grain size dependence of the
annealing lifetime. To investigate this, measurements were taken for a range of grain sizes
by varying the spot separations from 17.5-42pm (the actual distances corresponded to
integer and half integer multiples of the mean particle diameter) and the average observed
annealing lifetimes determined. The results are plotted in Figure 6.8. There is a clear non-

linear dependence on the annealing time upon the spot separation, which is itself related
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Figure 6.6: Plot of the variation in the orientation for the annealing process depicted in
Figure 6.5. %y is the time at which the two grains make contact. Figure 6.6a shows the
variation of the orientation of the individual grains, showing that both grains rotate in the
annealing process.
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Figure 6.7: Variation of the average grain size (defined as \/N/2, where N is the size
of the crystal as defined in the text) with laser spot separation. The error bars are the
standard error in the mean.

to the grain size as shown in Figure 6.7. The grain size is defined as /N/2, where N
is the total number of particles (as defined above) in the individual crystals. To explain

the observed dependence of lifetimes upon grain size, consider the work of Moldovan et
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Figure 6.8: Average annealing lifetime as a function of spot separation, R. The line
corresponds to a fit of t; = aR* where a is a constant. The error bars are the standard
error in the mean.

al. on the scaling behavior of grain rotation induced grain growth [242]. The rotational
mobility depends sensitively on the grain size: M(R) = C/RP, where C is a parameter
which depends upon the physical properties of the system. The exponent p depends on the
mechanism for the grain rotation; for accommodation by grain boundary diffusion p = 5
while for accommodation by lattice diffusion, p = 4 [252]. For small grain sizes, there is
minimal particle rearrangement at the grain interface, while for larger grains, local melting
of the crystal along the grain boundary was observed prior to grain rotation. Moldovan et
al. show that the torque is proportional to the grain area (A) by a power law, 7 ~ A+29)/2
where the exponent ¢ links the average grain area to the gradient of the grain boundary
energy [242]. Hence, as the grain size is related to the area by A = R?, the lifetime scales
as:

tr, ~ RP~1724) (6.5)

Simulations by Moldovan et al. showed that ¢ < 1, (and in the steady state regime, the
value of ¢ is zero). The measured data clearly shows diffusion of defects along the grain
boundary, hence the value of p = 5 should be utilized. Thus, for a negligible value of ¢,
Equation 6.5 reduces to a R* dependence; a fit to this dependence is shown in Figure 6.8.
This suggests that these observations do correspond to the GRIGC mechanism, and that

for the simplest level of two grains, both grains rotate during the annealing process.
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Figure 6.9: A large, low defect crystal with a single orientation, grown using a line of
heating spots. The crystal is approximately 200 pm in diameter.

This technique may be utilized to grow large crystals with a single orientation, for example
by using the SLM to place an array of nucleation sites across the gold surface. An example
is shown in Figure 6.9, where a crystal is grown by placing 8 laser spots on the surface,
each spot separated by 10.5um. Further experiments could involve growing crystals with
nucleation sites positioned along more than one axis, to generate multiple grain boundaries
and further investigate annealing dynamics. This could then be extended to randomly
generated nucleation points, as a model system for nanocrystal growth. Experimentally,
this will be quite challenging due to the difficulties of generating multiple arrays which have

a low number of defects, which would negatively impact upon annealing lifetimes.

6.5 Conclusions

A colloidal system has been utilized as an analogue of nanocrystals to investigate the anneal-

ing dynamics of grain boundaries. A spatial light modulator was used to generate precisely
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controlled nucleation spots for the individual grains, which were formed by the absorption
of visible laser radiation on a gold coated surface through a combination of thermophoresis
and convection currents. The variation of annealing lifetime with the separation of nucle-
ation sites was investigated for the simplest case of two grains. Grain rotation induced grain
coalescence was observed, with the average lifetimes of the annealing process found to be
in good agreement with theoretical predictions for nanocrystal growth. Both grains were
observed to rotate during the annealing process, with the final orientation of the crystal
lying between the initial values of the grain orientations. Minimal particle rearrangement
at the grain boundary was observed for small grains, while for the larger grains local surface

melting was more prominent.



Chapter 7

Evanescent wave broadband cavity

enhanced absorption spectroscopy

This chapter moves right away from the use of lasers as tools to manipulate condensed
phase systems, and instead focuses upon spectroscopic analysis of interfacial systems, a
topic related to the studies of WGMs of Chapters 4 and 5. Those previous chapters per-
formed spectroscopy utilizing a microcavity, formed by a droplet whose dimensions were on
the order of microns. In this chapter, a bulk fused silica/water interface is probed using an
evanescent wave generated upon total internal reflection of light at the interface. Specif-
ically, a supercontinuum light source is utilized for illumination, owing to its attractive
properties which blend the spatial coherence and high intensities of a narrowband laser,
with the wide spectral range offered by a broadband source. This chapter shall examine
the adsorption of cytochrome c, a well characterised molecule, to the prism surface utilizing

the SC for detection.

7.1 Introduction

Absorption spectroscopy (Section 4.7) is a widely used technique in analytical chemistry,
owing to its specifity and absolute nature. For liquid phase samples, the Beer Lambert law

is usually expressed as:
I
A = loglo 70 = €CL (71)

where I and Ij refer to the intensities of the radiation in the presence and absence of absorb-
ing species respectively, € is the decadic molar absorption coefficient, C' is the concentration

of absorbing species and L is the pathlength through which the radiation travels. A serious

140
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limitiation of conventional absorption spectroscopy is a lack of sensitivity, due to the diffi-
culty in detecting small changes upon a large background signal. One method of increasing
the sensitivity is to increase the pathlength, for instance utilizing a multipass cell. Another
method for achieving enhanced pathlengths is to construct an optical cavity around the
sample cell, such that the light undergoes multiple reflections before leaking out of the
cavity and onto a detector. There are two primary methods by which this can be achieved.
The first is known as cavity ring down spectroscopy (CRDS) [253]. In CRDS, a laser is
coupled into a high finesse optical cavity, and when the laser radiation is on resonance with
a cavity mode, a build up of intensity occurs within the cavity due to constructive inter-
ference. The source is then switched off, and the time dependence of the intensity decay is
recorded. The ring down time (RDT) is defined as the time taken for the intensity to fall to
1/e of its initial value and is related to the loss mechanisms within the cavity (for example,
scattering and absorption). Thus, it is possible to obtain the absolute absorption coefficient
of a species simply by comparing the RDT in the presence and absence of absorbing species.
The second related technique is known as cavity enhanced absorption spectroscopy (CEAS),
where the time integrated transmitted intensity is measured [254]. Unlike CRDS, CEAS
is not absolute and it is not possible to directly correlate the measured signal with the
concentration of absorbing species without knowledge of the mirror reflectivity and other
cavity losses. However, the technique does not require a fast optical switch and, from a
technical viewpoint, is significantly less challenging than CRDS. When an optical cavity,
consisting of two mirrors with reflectivity R, is constructed around the absorbing sample,
the Beer-Lambert law is modified to read [255]:

Iy eC?lIn10
T ' R (72)

where the notation given is for condensed phase samples. Cavity enhancement techniques
are widely used for gas phase detection and typically employ mirrors of R > 0.999, thereby

giving enhanced pathlengths on the order of a few km within a cell of length ~ 1 m.

However, there are several challenges that present themselves when cavity enhancement
techniques are applied to studies of the condensed phase, all of which lead to reduced path-
length enhancements. For example, cavity enhanced absorption studies of liquids could
be conducted by completely filling the optical cavity with liquid [256], however problems
can arise due to molecules adsorbing to the surfaces within the cavity; in addition there
is potential for mirror reflectivity degradation. Such liquid phase measurements will also
demonstrate increased losses due to Rayleigh scattering from solvent molecules. Alterna-
tively, a cuvette can be introduced into the cavity, either at Brewster’s angle [257], or at
normal incidence [258]; this will again lead to increased losses due to scattering from the

cuvette surface. A rapidly developing technique for condensed phase studies utilises a total
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Figure 7.1: Absorption spectrum of a 10 pM solution of cyt ¢ in KPB buffer.

internal reflection (TIR) event within the optical cavity to generate an evanescent wave (in
a similar fashion to attenuated total reflection spectroscopy [259]), which is used to probe
the sample [260]. These techniques are known as evanescent wave cavity ringdown spec-
troscopy (EW-CRDS) [261] and evanescent wave cavity enhanced absorption spectroscopy
(EW-CEAS) [262].

One obvious disadvantage of using cavity enhancement techniques for surface/condensed
phase measurements with narrowband lasers is the reduced specifity encountered because
of the broad spectral features associated with surface and liquid phase species. A broad-
band source (for example, a light emitting diode [263] or a supercontinuum source [264])
coupled with highly reflective broadband cavity mirrors, overcomes this limitation when
combined with a spectrograph to obtain a wavelength-resolved spectrum. Supercontinuum
(SC) sources are particularly attractive for such studies due to their high spectral brilliance
[265], as well as maintaining the spatial coherence of a laser beam. In this chapter, evanes-
cent wave broadband cavity enhanced absorption spectroscopy (EW-BBCEAS) is used to
study the adsorption of cytochrome ¢ (cyt c) to the surface of a fused silica prism. Cyt
c is a small, globular protein with a net positive charge at pH 7.4 and is widely used as
a benchmark molecule [266-268]. The charge distribution in cyt ¢ is highly asymmetric
(measured dipole of > 300 D) [269], and thus will be attracted to the negatively charged
prism surface. The visible absorption spectrum shows two main bands: a strong absorp-
tion known as the Soret band (Apax = 409 nm) and the weaker Q band (Apax = 529 nm),
shown in Figure 7.1 for a 10 uM solution. This experiment utilizes an SC source operating

between 450 nm to 700 nm, allowing the entirety of the Q band to be observed. The source
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Figure 7.2: Schematic of the experimental setup, showing the sample carrying prism
bound by two cavity mirrors. The filters remove the unwanted near-IR radiation from the
SC source.

is selectively polarized, which can be used to give information about the orientation of the

molecule.

7.2 Materials and Methods

A supercontinuum source (Fianium SC-450-4) is used as the broad band illumination for
the experiment and has a maximum output power of 4 W over the 450-2000 nm range. The
output of the source is directed through a series of filters (consisting of a pair of cold mirrors
(Thorlabs FMO03) and a 667 nm shortpass filter) to attenuate the unwanted near-infrared
radiation. The resulting visible radiation (ranging from 450-700 nm) is then directed into a
custom made Heraeus Suprasil 311 prism (Tower Optical) at normal incidence, undergoing
total internal reflection at the prism/water interface with an angle of incidence of 70°
(which greater than the critical angle for a fused silica/water interface of ~ 67° at visible
wavelengths). A broadband antireflection coating is present on the entrance and exit faces
of the prism, in order to minimize reflection losses. An optical cavity is constructed around
this prism using a pair of concave high reflectivity broadband cavity mirrors (0.9985-0.9998
from 400-700nm) with a radius of curvature of 500 mm (Layertec). Light leaking out of
the cavity is focused with a +50 mm lens into a fiber coupled spectrometer (Ocean Optics
USB 2000). The SC output is randomly polarized, hence the output is selectively polarized
using a Glan Laser Polarizer (Laser Lab Components) housed in a precision rotation mount
(Newport); experiments have been conducted with this polarizer both pre-cavity and post-

cavity. A schematic of the experimental setup is detailed in Figure 7.2.

Optical losses within the cavity will be dominated by those from the prism, hence Equa-
tion 7.2 should be modified to take into account these losses. This is quantified by defining a
cavity enhancement factor (CEF), which is related to the enhancement due to the reflectiv-

ity of the mirrors composing the cavity and the losses as a result of the prism. Equation 7.2
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is thus modified to:
I
70 —1=€Cd.In10 x CEF (7.3)

where d, is the effective penetration depth of the evanescent wave, which is defined for a
given polarization by Equations 7.4 and 7.5. The CEF is an experimentally determined
factor, and must be determined on a daily basis. This is performed by measuring absorption
spectra of known concentrations of aqueous dye solutions, and performing a linear regression
on the measured value of Iy/I — 1 vs concentration. The dye solution used for calibration
of the absorption spectrum is a mixture of Sunset Yellow FCF (Sigma) and Acid Red 27
(Sigma) dissolved in Milli-Q water (Millipore), each of concentration 1 mM. Calibration
samples were prepared by accurately placing 40 pL of Milli-Q over the TIR footprint of the
source on the prism surface. A spectrum for each polarization is recorded, corresponding
to Ip. 10uL aliquots of the calibration dye are then added to this droplet, the resulting
solution is well mixed by multiple aspirations of the pipette. Again, a spectrum is recorded
for each polarization and concentration of dye, giving the value of I. In between calibrations,
the prism surface is thoroughly cleaned using high grade methanol and 50% sulfuric acid
solution. As both dyes are negatively charged, it is assumed that adsorption of the dyes to
the prism surface is negligible. To confirm that the cavity alignment is not altered between
calibrations, care is taken to ensure that the signal observed on the spectrometer returns

to its initial value after cleaning.

Cyt ¢ from equine heart (Sigma, C7752) is dissolved in a 10 mM KPB buffer solution (pH
7.4) to give a stock solution with a concentration of 1 mM. This is then further diluted
using KPB buffer to give stock solutions with concentrations ranging from 1M to 100 uM.
Spectra of cyt ¢ are recorded in a similar fashion to that of the calibration dye. In this
instance, the value of Ij is obtained by measuring the spectrum of a 40 pLL droplet of KPB
buffer solution on the prism surface. After a 10 uL aliquot of cyt ¢ stock is added to the
droplet, the system is left for 5 minutes to allow time for the cyt ¢ adsorption to reach
equilibrium before recording a spectrum for each polarization. Between measurements,
50% sulfuric acid solution is added to the TIR surface and left for 30 minutes; the prism is
then cleaned using high grade and methanol and lens tissue. Again, confirmation that the
alignment had not changed is obtained by noting that the spectrometer signal returns to
its initial value; furthermore this suggests that all adsorbed cyt ¢ has been removed from
the prism surface. The prism surface is regularly purged of any residual organic matter by
adding a 3:1 mixture of concentrated sulphuric acid:hydrogen peroxide solution (30%) to
the TIR surface, followed by thorough rinsing with Milli-Q water and cleaning with high

grade methanol/lens tissue.
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7.3 Results and discussion

An example of the CEAS signals observed for the calibration dye with S and P polarized
radiation is shown in Figure 7.3. The spectra show clear oscillations on top of the broad
absorption band and are due to wavelength dependent variations in the CEF values. This
highlights the need to correct the data for such variations in (principally) mirror reflectivity
across the spectral range. Note that the spectra are considerably noisier at wavelengths
< 450 nm, owing to the very low levels of supercontinuum light. The effective penetration
depth in Equation 7.3 is given by the equations formulated by Harrick, and is the equivalent
pathlength that would give the same signal in a absorption measured by conventional

transmission techniques. For S polarized radiation, this depth is given by [270]:

noa1 )\0 cosf
de s = 7.4
T (1 = ngy)(sin? 0 — n3; )/ (74
while for P polarized radiation, the effective penetration depth is given by [270]:
depy = n21\o cos 0(2sin? § — n3)) (75)

nim(1 —n3)[(1 +n3;)sin? 6 — n3,](sin?  — n,)1/2

where ny and nj refer to the refractive indices of the aqueous phase and the prism respec-
tively, and ns; is the ratio of the two. The value of the molar absorptivity of the calibration
dye was determined by taking a single pass measurement of a 10 pM mixture of the dyes in
a UV-Vis spectrophotometer (Cary 100, Varian). The CEAS signal is then plotted against
concentration of the dye mixture in the droplet, and a linear regression is performed to ob-
tain the CEF, as described by Equation 7.3. The resulting CEF values are shown in Figure
7.4, varying between 200-400. This is consistent with expectations for a cavity consisting
of mirrors of R ~ 0.999 (giving a CEF of 1000) and additional intracavity losses due to
the prism. P polarized light shows a lower CEF due to the increase in reflection losses.
The CEF structure mirrors the dips in the CEAS signals in Figure 7.3, corresponding to
the fluctuations in the mirror reflectivity. The general trend is an increase in the CEF to-
wards the red end of the spectrum, due to the wavelength dependence of scattering losses.

Variations in the exact structure are due to slightly different cavity alignments.

The CEAS signal of the cyt ¢ solutions are converted to the equivalent value of the single

pass absorbance of cyt ¢, via:
Iy/I -1
~ In10 x CEF (7.6)
The resulting spectra at a series of bulk cyt ¢ concentrations are shown in Figure 7.5 for
each polarization. The whole of the Q band is clearly visible between 500 and 590 nm. The
absorption seen in Figure 7.5 at approximately 450 nm to 490 nm is due to the Soret band;

this is a much stronger transition than the Q band, with a maximum absorbance at 409 nm
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Figure 7.3: CEAS spectra of the dyes used to calibrate the CEF. For each wavelength, the
measured signal is plotted against concentration. The CEF is then extracted by performing
a linear regression, thus negating any changes in the mirror reflectivity across the spectrum.
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Figure 7.4: Examples of measured cavity enhancement factors obtained from performing
a linear regression on the spectra in Figure 7.3. The solid lines correspond to the polarizer
being placed after the cavity, while the dotted lines correspond to the polarizer being placed
prior to the cavity.

(lying outside the range of the SC). Equation 7.2 can be used to estimate what the expected

value of a CEAS signal would be for a bulk cyt ¢ solution. The decadic molar absorption

coefficient € was found by taking a single pass absorption spectrum of a 10 uM solution of
cyt ¢ in KPB buffer, and was found to be 1.01x10° M~! m~! at 532nm. Using the CEF
for S polarized light shown in Figure 7.4, a bulk CEAS signal of 0.0075 is predicted for a
10pM solution. The measured CEAS signal is on the order of 0.65, so we conclude the

signal detected is due to absorption of radiation from molecules situated at the interface.
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The effective single pass absorbance values shown in Figure 7.5 are therefore due to surface

adsorbed species only.

The absorption spectrum is integrated between 500 and 590nm for each concentration
in Figure 7.5; three repeat measurements are performed and the integrated absorbance
averaged. This integrated absorbance is then plotted against concentration, shown in Figure

7.6 and the data is fitted to a Langmuir isotherm of the form:

| ApaKC

“11KC (7.7)

where Ap.x corresponds to the maximum absorbance and K is the equilibrium constant
for adsorption of the protein. The parameters obtained from the plot are presented in
Table 7.1. It is of interest to note that the equilibrium constants returned from the fit are
an order of magnitude larger than those previously reported for the adsorption of cyt ¢
under similar conditions [271], however equilibrium constants of the order of 105 M~! have
been reported for adsorption of cyt ¢ to Coring 0211 glass surfaces [272]. This may be due
to the cleaning method employed; the mixture of sulphuric acid and hydrogen peroxide is
known to hydroxylate silica surfaces, and so providing more adsorption sites for the cty c

molecules.

The assumptions made in the derivation of the Langmuir isotherm are that only one type
of adsorption site is present, and that monolayer coverage is achieved. The first assumption
is certainly invalid in the case of adsorption to hydrophilic silica as it is known that two
silanol sites exist [273]. A fit to a multi-adsorption site isotherm was attempted but this

did not yield sensible values for the maximum absorbance and the equilibrium constants.
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Figure 7.5: Absorption spectra of cyt ¢, determined by dividing the CEAS signal by the
measured CEF. The Q band is clearly visible, while the peak of the Soret band lies outside
of the SC spectral range.
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Figure 7.6: Integrated absorbance vs bulk concentration of cyt c¢. The black line corre-
sponds to a fit of to the Langmuir isotherm in Equation 7.7.

Table 7.1: Parameters determined from the fitting of the Langmuir isotherm in Equa-
tion 7.7 to the data in Figure 7.6. R? is the squared regression coefficient and reflects the
goodness of the fit to the data.

’ Parameter ‘ Value (S Polarized) ‘ Value (P Polarized) ‘
Amax 0.05 + 0.0009 0.05 + 0.0009
K (x10° M) 3.30 £ 0.45 4.04 £ 0.49
AG (kJ mol 1) 736.6 = 0.14 371+ 0.12
R? 0.970 0.972

A second assumption is that monolayer coverage is obtained. An estimate of the expected
absorbance due to monolayer coverage can be obtained via the dimensions of cyt ¢ and
the area of the laser spot. The dimensions of a cyt ¢ molecule are (25 x 25 x 37) A and

2. A rough estimate of the amount of

the area of the laser spot is approximately 6 mm
cyt ¢ in a monolayer on the laser spot is approximately 1.26x10~2 mol; using the molar
absorptivity of cyt ¢ determined from a single pass absorption measurements implies that
this monolayer should have an integrated absorbance of 0.016 over the range 500 nm to
590 nm. The measured maximum absorbance is 0.05, so it is concluded that ~3 monolayers
are present on the surface at the highest concentration. This is consistent with previous

measurements using EW-CRDS [271].

The orientation of the cyt ¢ adsorbed to the surface can be probed by measuring the
differences in absorbance with different polarizations. This is quantified by the dichroic
ratio, i.e. the ratio of the absorbances of S and P polarized light and may be evaluated via
[274]:

| Ey|?

As
=3 = 7.8
P= A, ~ TE? + 2| E.|? cot?(a) (7.8)
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where |E;| is the amplitude of the ith component of the electric field of the evanescent
wave, and (a) is the mean angle of the transition dipole moment with respect to the
surface normal. A non-unity value of p suggests some form of orientational order of the
adsorbed cyt c. The dichroic ratio was determined using the pre-cavity polarizer data, and
three repeats were performed for each measurement, to give a wavelength-resolved average
dichroic ratio. This result was then averaged over the entire wavelength range of the Q

band, giving a resulting dichroic ratio was 0.85 £ 0.1.

To extract the tilt angle of the transition dipole moment, the electric field amplitudes are

calculated via [274]

B - 2(sin’ 0; — n3,)"/? cos b; (7.9)
’ (1 —n%l)l/Q[(1+ngl)sin2 0; — njy |12 .
2 cos 0;
(1- "%1)1/2
2sin 0; cos 6;

E, = ' (7.11)
(1 —n3))'2[(1 + n3;)sin® 6; — n3,]'/?

E, = (7.10)

For example, at 525 nm these equations give the electric field amplitudes to be |E,| =
0.4156, |Ey| = 1.6853 and |E.| = 1.7872, which lead to an average angle of the transition
dipole moment 54.8 + 1.7° for the dichroic ratio quoted above. Representative angles
for each measurement (at low and high bulk concentration) are presented in Table 7.2.
Note that previous work by Edmiston et al. for adsorption of cyt ¢ to a hydrophilic
surface reported a tilt angle of 12 + 33° [267]. The broad orientation distribution reported
for a hydrophilic surface (where the quoted uncertainty is the standard deviation in the
orientation distribution) was attributed to competing interactions resulting in a relatively
disordered film on the surface. A more recent study by Cheng et al., probing the Soret
band, measured a tilt angle of 41° (no quoted uncertainty) [268].

The measured value of («) appears to be independent of bulk concentration, and is approx-
imately the same as the magic angle (the angle for which 3cos?6 — 1 = 0), which takes
the value of 54.7° i.e. the sample is isotropically distributed along the interface. There is
likely to be additional uncertainty in these measurements as the polarization scrambling
due to stress-induced birefringence in the cavity mirrors is not fully characterised. Further-
more, the use of tilted mirrors to direct the SC source into the prism is likely to introduce
a degree of elliptical polarisation to the beam, which would result in additional ambigu-
ity when measuring the absorbances for the different polarisations. Future measurements
should fibre couple the filtered output of the SC source, with the output coupler mounted
directly infront of the cavity at the correct orientation. Furthermore, two polarizers of the
same orientation should be utilized pre- and post-cavity, to ensure that the same type of

polarisation used to probe the molecules is detected by the spectrometer.
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Table 7.2: Mean angle between the surface normal and the transition dipole moment
determined from the dichroic ratios measured using a linear polarizer pre-cavity. The
uncertainty quoted arises from taking the deviation of the dichroic ratio over the spectral

range.
0.5uM () 14.4pM ()
1 54.5 +£0.7° 1 55.5 +0.7°
2 56.4 +0.7° 2 56.0 £ 0.7°
3 53.0+£0.7° 3 52.7+0.7°

7.4 Conclusions

This chapter has demonstrated the application of evanescent wave broadband cavity en-
hanced absorption spectroscopy (EW-BBCEAS) to the study of cytochrome ¢ adsorbing to
a prism surface. Cavity enhancement factors on the order of 300 were measured by utilizing
known concentrations of absorbing dye on the prism surface. The broadband nature of the
SC source allowed the whole of the Q band to be observed and its integrated absorbance
was measured as a function of bulk cyt ¢ concentration. The data is well fit by a Langmuir
isotherm, with a large value of the equilibrium constant K indicative of the high degree
of adsorption, although the limiting value of the absorbance suggests that approximately
three monolayers have adsorbed to the surface. A linear polarizer was used to selectively
polarize the SC output, with the aim of obtaining information about the orientation of cyt
¢ to be determined. A mean orientation of the transition dipole moment was found to be

54.8°+1.7, similar to the magic angle.



Chapter 8

General Conclusions

The work presented in this thesis has covered a wide range of topics relating to the dynamics

and spectroscopy of colloidal particles, aerosols and other interfacial systems.

The bulk of the work presented relied upon the construction and characterisation of a
dynamic holographic optical tweezers experiment, allowing precise manipulation of micro-
scopic matter. This tweezers system was coupled with a high resolution spectrograph, to

allow spectroscopic measurements to be carried out in tandem with sample tweezing.

The system was applied to the study of salt water aerosols; the 532 nm radiation utilized in
the tweezers acts as the excitation source for Raman scattering from the water molecules
comprising the aerosols. Whispering Gallery Modes observed within the Raman spectrum
were assigned utilizing a custom written MATLAB script, returning accurate measurements
of the aerosol size and composition. The mechanism of droplet “locking” due to resonant
absorption of the trapping laser when trapped with a Gaussian beam was explored. The
spatial light modulator (SLM) was utilized to investigate how the WGM spectrum of the
droplet is altered by changing from a conventional Gaussian trapping beam to a Laguerre
Gaussian geometry. Higher values of the topological charge of the LG mode were demon-
strated to give much more intense resonant modes within the SRS spectrum, with diameters
concomitant with a WGM at the trapping laser wavelength. In order to appreciate the rel-
ative humidity within the aerosol cell, diode laser absorption spectroscopy was utilized to
measure the concentration of water molecules, demonstrating that high relative humidities

can be achieved even with unsealed cells lacking active RH regulation.

The first known demonstration of the optical tweezing of ionic liquid solutions was per-
formed. Droplets comprising the ionic liquid ethylammonium nitrate and water were gen-
erated and trapped using a conventional optical tweezers. These droplets were spectroscop-

ically interrogated using broadband Mie scattering, with the location of the morphology
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dependent resonances within the scattered spectrum used to assign the droplet size and
refractive index (and hence determine composition). The response of these droplets to low,
ambient and high RH environments was also investigated, with an ultimate aim of trapping

droplets of pure ionic liquid in order to assess their purity, and uptake of gaseous species.

The SLM setup was utilized with a low numerical aperture microscope objective to heat the
surface of a gold-coated microscope slide at precisely defined locations. When a colloidal
sample was placed onto this slide, the combination of thermophoresis and convection cur-
rents induced formation of two dimensional colloidal crystals. The SLM allowed multiple
heating spots to be generated, allowing the interaction of two crystals to be observed. At
the simplest level of two crystals of a different orientation, they merge to form a grain
boundary, then both crystals rotate to anneal this boundary and form a crystal with a
single orientation. The scaling behaviour of this interaction agrees very well with theoreti-
cal predictions from nanocrystal growth, and direct observations utilizing video microscopy

provided information about the real time mechanism of grain rotation.

Finally, an alternative method of probing an interfacial system, using evanescent waves,
was demonstrated. An optical cavity was constructed around a fused silica prism, upon
which a supercontinuum source was incident. This cavity enhancement technique increases
the sensitivity of conventional absorption spectroscopy (or attenuated total reflection spec-
troscopy) by increasing the pathlength through which the radiation travels. The evanescent
wave generated upon total internal reflection was utilized to probe the adsorption of cy-
tochrome ¢ molecules to the prism surface, with selective polarisation utilized to elucidate
the orientation of the adsorbed molecules. A strong degree of adsorption to the prism

surface was measured, inferred to be due to the presence of ~ 3 monolayers of cyt c.

The nebulization of pure ionic liquids offers exciting future development for this work.
Spectroscopic characterisation can be utilized to assess their purity, but a much more
interesting investigation is the potential of droplets to sequester greenhouse gases, and
compare the efficiency of droplets to the bulk phase. The uptake of CO, by the droplet
could be monitored by spectroscopic techniques (such as Raman spectroscopy). If this
process is feasible, then the possibility of in situ reduction of CO, (using the droplet itself
as a microreactor) could be explored. For instance, homogeneous hydrogenation of CO, to
CH3;OH was reported by Ashley et al. [275]; if future reagents were developed that were
compatible with ILs and suitably reactive at ambient temperature and pressure, then the

benefits that would be offered to the carbon economy would be enormous.
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