OPTICAL MICROMANIPULATION OF AEROSOLS

Michael David Summers

A Thesis Submitted for the Degree of PhD
at the
University of St. Andrews

2009

Full metadata for this item is available in the St Andrews
Digital Research Repository
at:
https://research-repository.st-andrews.ac.uk/

Please use this identifier to cite or link to this item:
http://hdl.handle.net/10023/779

This item is protected by original copyright


http://hdl.handle.net/10023/779

OPTICAL MICROMANIPULATION
OF AEROSOLS

by
Michael David Summers
2009

A thesis submitted to the School of Physics andokstimy, at the University of St

Andrews, for the degree of Doctor of Philosophy






Preface

Optical Micromanipulation of Aerosols

Michael David Summers

Abstract

This thesis describes my work on the developmentopfical trapping
techniques for manipulating airborne particles.th8ligh many of the basic
principles are similar to those used in more cotiveal colloidal experiments,
there are many differences which have been destcrémel investigated in
detail in this work.

Basic characterisation measurements are madeasumkial Q and sample size
selectivity, for a number of sample liquids in asicaoptical tweezers setup.
Performance at 532nm and 1064nm were compared lamansto be very
similar, despite increased absorption in the iefdar A successful method was
developed for the optical trapping of solid aergsaiticles, allowing a direct
comparison between similar particles suspendedoth kthe gas and liquid
phase.

A single beam levitation trap was developed fongporting liquid aerosols to
allow multiple chemical measurements to be madeaosingle droplet.
Performance between Gaussian and Bessel beamsowgmred for various
liquids, with guiding distances of several millimext being achieved with the
Bessel beam geometry.

An experiment to demonstrate lasing within an @dyctweezed droplet was
also performed and spectra were taken. Althougbngtresonance modes
were evident, the data was not conclusive. Howawer likely that a redesign

of the experiment would be successful.
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These techniques have extended research capabilitiehe areas of both
optical trapping and atmospheric chemistry, allagvihe detailed study of

single aerosol particles in the 1-16 range.
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Chapter 1

Introduction

1.1 Background and Motivation

Lasers are undoubtedly one of the most widespreachnological
developments of the twentieth century. Since irs& tlemonstration of an
“optical maser” in 1960 by Maiman [1, 2], the eviddtn of laser physics was
impressively rapid. Less than 50 years later,raaee present in a staggering
range of everyday appliances. Of the many prdctpalications of lasers
developed since these pioneering experiments, thbtyato physically
manipulate matter at a microscopic level is paldidy exciting.

From initial experiments in pushing microscopictdes about using radiation
pressure from a laser [3], the field of opticalppang developed. The
realisation that a 3-dimensional gradient forcelddae generated by tightly
focussing the beam [4] led to the first optical éezers”, capable of capturing
and manipulating individual particles in 3 dimemso An interesting means to
probe the properties of small particles and moviem about had now become
a truly useful tool. Over the following 20 yeatis non-invasive method for
capturing and manipulating microscopic particles heeen refined and a
fascinating range of applications have been fou@fl course, with continuing
research into the applications and miniaturisatioh optical trapping
experiments, the optical lab-on-a-chip may one lbegome as ubiquitous as
the common household CD player.

Although optical trapping has matured, there and stany interesting
unexplored areas in the field. There has bede d&velopment in the trapping
of airborne particles since some initial experimezdnducted by Ashkin [3, 5].
Although the study of aerosols is a major focusatthospheric chemistry,

typical experiments use techniques which analyse lhlk properties of
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atmospheric species, such as LIDAR [6] or photodkeyn[7]. The effects
governing the initial formation, or aggregationatospheric particles are less
well known. Optical trapping techniques allow abserve droplet growth or
evaporation [8], particle-particle interactions,[8pre-shell particles [10] and
to perform spectroscopic analysis on individualptiets [11]. Although the
field of atmospheric chemistry includes vitally iorpant areas of study such as
cloud formation, pollution monitoring and climatbange, it is not the only
subject to benefit from aerosol research. Fieldsd&erse as respiratory
medicine and the automotive industry depend on rateudata of aerosol
characteristics for their own studies and designsebulisers and combustion
engines. This thesis will describe my recent wiarkhe optical manipulation

of such aerosols in detail.

1.2 Thesis Structure

The body of this thesis will begin with a chaptetadling the state of the art
and the physical theory behind optical trappindpiswill include an overview

of the development of the field, a description ofypical optical tweezers
system, much of the theoretical groundwork in tharacterisation of optical
traps, as well as an overview of more recent dgweémts in technique and
application.

Chapter 3 will build on the previous chapter bycdssing the features
particular to the trapping of aerosols. Previowskawwill be examined as well
as the application of optical droplet studies, ipatarly in spectroscopy. Many
of the experimental techniques developed duringthese of my work to deal
with aerosols are covered in this chapter, paditylwith respect to sample
generation, conditioning and dealing with evaporagffects.

In Chapter 4, many of the basic measurements atdl iexperiments will be

described. These were designed to provide expmeErienthe optical trapping
of aerosols and to characterise some of the twgediaracteristics of droplets.

The diameter of captured droplets, the effect ohguglifferent liquids and
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practical measurements of evaporation are explorédlinear relationship
between the diameter of tweezed droplets and thieabpower in the trap is
found for various liquid samples with an observedréase in gradient with
refractive index. 1064 nm sources are shown tadbeffective at typical
tweezing powers as more expensive 532 nm lasersadoosol tweezing,
despite increased absorption by most liquids initfir@red, with Qs values
as high as 0.42 obtained with dodecane droplets.

This work will be extended into Chapter 5 whichlvdescribe a method for
generating and tweezing solid aerosol particlesie @bility to tweeze silica
spheres in air allows the direct comparison of daenping forces between
trapping identical samples in different media. sTisiachieved using the power
spectra of silica spheres trapped in air and wayethe same tweezers. Trap
stiffnress was found to be approximately three tingesater for aerosols
compared with identical colloidal spheres.

Chapter 6 will move away from optical tweezers ardmine my work on the
optical guiding of aerosols. The principle wadddsusing a loosely focussed
Gaussian beam to replicate the early experimemsiuzded by Ashkin on
single beam levitation of particles. These restitisid then be compared to an
improved design incorporating an axicon to genemt®essel beam and
allowing droplet samples to be guided over distangganning millimetres.
There is an improvement of more than five times nvbempared to the best
achieved with a Gaussian beam.

The application of the work detailed in Chapter 8l iorm the basis of
Chapter 7, which aims to demonstrate the directlicgipn of optical
manipulation in atmospheric chemistry. This ‘labai-box’ experiment
combines optical guiding techniques coupled witb thifferent droplet sizing
techniques. Comparing the droplet diameters obthimom scattering and
from spectroscopy using the same sample is a usefuilt, as well as an
interesting demonstration of a lab-in-a-box usinBessel beam as an optical
conveyor belt. As a further demonstration of aggilons of physics in the
realm of chemistry, Chapter 7 also describes mykwmoicreating a “laser in a

raindrop”. Although droplets have been made te limsthe work of others,

16



Chapter 1 — Introduction

notably Chang [12], using optical tweezers to hible droplet was a way to
gain experience with spectroscopy and making pralctmeasurements on
captured droplets.

The body of the thesis will conclude with the firchlapter, which summarises
my work and findings, as well as highlighting pdsi future avenues of

research in the optical trapping of airborne phasic
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Chapter 2

Optical Trapping

2.1 Introduction to Optical Trapping

Arthur Ashkin and colleagues pioneered the fiel@ptical trapping, starting in
1970 at Bell Labs and continuing until his retirehom research there in the
early 1990s [1]. The early work of this “father optical trapping” will
hopefully put my own work in the field into the per context. This
remainder of the chapter will focus on the physesyerimental design and
engineering issues involved in the constructionopfical traps. This will
include a description of how to build a basic ogitivsveezers system. Many of
the elements described are common to all the sgstesad in my work, so |
felt that a detailed description at this point wbuwalvoid later repetition and

tedium.

2.2 Development of Optical Trapping

2.2.1 The birth of optical trapping

The first optical trap was built by Ashkin [2] amdiccessfully trapped latex
spheres of the order of 1um diameter suspendeaterwUsing an argon laser
beam focussed into a cell containing a colloiddltsan of latex spheres, he
showed patrticles being drawn into the centre obisem and accelerated in the
propagation direction until stopped by the celllwdHle reasoned that a force

was exerted due to the refraction of rays at tHeespliquid interface. The
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Chapter 2 — Optical Trapping

resulting change in the radial component of the r@gulted in a net change in
force acting towards the region of highest intgnsit

He likened his spheres to converging lenses uding geometric optics
approach and predicted air bubbles would act asrging lenses due to the
negative refractive index contrast between the lasbland the medium.
Indeed, bubbles were shown to always be pushedfaé laser beam.

Ashkin then proceeded to generate a stable “oppictntial well” using two
counter-propagating Gaussian beams focussed igkasa cell to hold spheres
at an equilibrium point. He went on to discussirignlasers to atomic
transitions in order to provide relatively largevdrg forces in atoms. These
forces were experimentally proven by him and puigi later that year [3].
This work formed the basis of the field of atomppeng, for which his
colleague, Steven Chu, won the Nobel Prize in 1997.

He also mentioned thermal effects in his paper ansured they were as
limited as possible. By choosing particles and edioom that was highly
transparent at the laser wavelength, thermal gnéslieaused by the radiation
(photophoresis) were small enough so as not tounbgbe optical effects he
was attempting to observe. He found that everelatively high intensities,
thermal effects were negligible. More detaileccaddtions of photophoresis in
optical traps were published later [4], showing theating of a typical silica or
polymer sphere by a trapping laser only becomesssue at low pressures
approaching 25 mbar and demonstrated trapping irhigh vacuum
environment.

The trap was also tested on 5 um diameter watgletsoin air, which was the
first mention of the optical trapping of aerosolor clarity, studies conducted
by Ashkin specifically on aerosols (of which thevere disappointingly few)

will be described in detail in Chapter 3.

2.2.2 Development of Optical Trapping (1970-1986)

In this early trapping work, a ray optics approaehs used to describe the

forces acting on a trapped droplet. The radiapessure is what pushes the
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Chapter 2 — Optical Trapping

latex spheres in the direction of beam propagasiod is a consequence of
reflection at the particle/medium interface. Thagmitude of this scattering
force acting on the particle of propagation carchleulated using the Fresnel
equations i.e. it is governed by the differenceafiactive index between the
particle and the medium. When a photon is absodoedflected at a surface,
the momentum is transferred to that parfi6le For light entering the interface

between two media at an angle, the more generah&requations,

_[n,cos6,)-n, cos@,)]’
R {nl cos@)+n, cos@t)} [2.1]
and
_| n,cos@,)—n,cos@) ’
R {nlcos@) +n, cos@i)} [22]

must be used [6], which take account of polarisatas well as angle.
Circularly or unpolarised light is treated simply an equal mix of s and p-

polarised light.

R, R,
F1 F2 F2
/ \\____/
/ \ \
e
/S
REFL 1 REFL 2 REFL 1 REFL 2

RAY 1 RAY 2 RAY 1 RAY 2

Figure 2.1: Ray optics diagram for a sphericakiplerin a Gaussian beam. The

particle on the left is off-centre £#F;), and so experiences a force acting towards the

region of highest intensity. On the right handesithe particle is centred and so the

forces are balanced.
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Chapter 2 — Optical Trapping

The other force acting on the spheres in Ashkialtyerapping experiments is
the gradient force (see figure 2.1). For a dielegbarticle with a higher
refractive index than the surrounding medium, aightlis refracted at the
interface according to Snell’'s Law. Light carrraementum in the direction of
propagation, proportional to its energy. The chaimgthe direction of light at
the particle interface results in a change of tlementum of the light. In an
interesting example of the conservation of momentima particle will move
in such a way as to oppose any net momentum chatighe beam is more
intense on one side of the particle than the othernet change in momentum
causes the particle to move towards the regiongbfdst intensity in the beam.
Likewise, for a particle with a refractive indexwler than the medium, the
particle is repelled from regions of high intensity

The forces in the ray optics regime can be caledlaising a ray-tracing
approach [7, 8]. The force contribution of each imthen summed over the

range of angles light is incident on the particlde force due to a single ray is

P
Fray = an , [2.3]

where n is the refractive index of the medium, P is th@dent power and c is
the speed of light. For a TEGaussian mode, the scattering force (along the
z-axis) summed across the entire sphere is given by

n,P T?[cos@d - 2r) + Rcos@d)]
Foa =——| 1+ Rcosé) -
seat = 7 ( @0) L+ R% + 2Reosr . [2.4]

where R and T are the Fresnel coefficients of céfh@ and transmission aréd
and r are the angles of incidence and refractibhe formula sums over all
scattered rays and is therefore exact. Simil#inky transverse gradient force is

given by

= —nl—:(Rsin(ZH) - [2.5]

grad —

T2[sin@E-2r) + Rsin(ZH)]]
1+ R? + 2Rcos2r '
A number of additional particle manipulation expeents were conducted by
Ashkin in subsequent years. In 1974, he experietewith Laguerre-Gaussian
beam profiles (TEML) and demonstrated stable optical levitation ofidvel

glass spheres measuring tens of um diameter [9hmvere repelled from
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regions of high intensity and were therefore trapjpe the region of zero
intensity in the centre of the Laguerre-Gauss nmgelgerated by the trapping
laser.

Although much of the work conducted by Ashkin waxussed on the
engineering of an optical toolkit to manipulateaage of different particles, he
had some specific applications in mind [10]. Irdi#dn to the trapping of
atoms using accurate frequency tuning, Ashkin wasiqularly interested in
the nature of light scattering and using opticatgpped spheres to measure
forces. Force measurements were conducted usaatpéck stabilization [11]
using a 2-element photodiode to detect verticalenment in the particles. The
resulting error signal was then used to adjustléiser current to move the
levitated particle back to the equilibrium positioHe envisaged this technique
being used for measuring electric forces and clsa(gech as an analogue to
Millikan’s Oil Drop Experiment) [12] and for measng thermal effects in
vacuum.

Experimentally, it was used to accurately meashieestattering forces acting
on optically levitated spheres [11]. During thienk;, it was also found that the
equilibrium position of a levitated particle shdtewith the angle of the
incoming light. When the beam waist decreasedaeifitly (corresponding to
an increased angle), the particle could be lewtatably below the focus. In
this case, the beam diameter was smaller tharptiere and so the axial forces
were weaker than at points where the entire parti@s illuminated; the focus
was essentially a local minima in force with maxiateve and below [9].
Meanwhile, work continued in parallel on the optitapping of atoms using
the resonance technique mentioned previously [B3].1986, highly focussed
beams were being used to confine both atoms [14] langer dielectric
particles of the sort normally levitated [15]. Thetsaps used a single beam,
focussed using a microscope objective lens tolyigtanfine particles in the
focal region. These new class of single-beam grdadforce optical trap

became known as “optical tweezers”.
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2.3.1 Optical Tweezers

The development of the optical tweezers opened uplethora of new

applications and studies on the microscopic scéteaddition to the existing

techniques developed by Ashkin, a vast range okemx@nts were to be
performed by a global community of scientists iagted in this new field of
optical trapping.

In this new optical tweezers setup, the opticatignat force was stronger than
the scattering force from the radiation pressure thu the high degree of
focussing provided by the objective lens (see &gr2). A particle could

therefore be trapped in 3-dimensions instead ofelmeguided and pushed
along the beam path. This allowed microscopicabjeo be manipulated with

precision.

Refl 1 Refl 2

Figure 2.2: Z-trapping effect acting on a sphériparticle trapped in a tightly
focussed Gaussian beam. Incident rays are mankgietén, generating corresponding
gradient force in the z directiongfz Reflections R1 and R2 in red, contribute to

scattering force, &ax-

Again, the ray-optics model described for the ko or dual beam traps can
be used to describe optical tweezers [8] actinganticles significantly larger
than the trapping wavelength (Mie particles). Wlemicroscope objective

with a high numerical aperture (NA) is used, rapsee the trapped particle
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from a wide angle. When these rays refract, tieegesignificant change in the
z component of the momentum (Figure 2.2 above).emthe force due to this
z-trapping effect is stronger than the scatterimmgd acting in the propagation
direction, the particle is drawn towards the foc@ose to the focus the optical
gradient decreases and so a tweezed particle bypreaches an equilibrium
position above the focus, where the scatteringzaodmponent of the gradient
forces are balanced [16]. If the particle is dagpld from this point a restoring
force draws it back, in much the same way as a Eaoknechanical spring,
exhibiting a degree of damping according to thestasce provided by the
local environment (see Section 2.2.3).

The z-trapping effect greatly increased the flditipiof the optical trap.
Particles no longer required a wall, gravity, otaunter-propagating beam to
hold them stationary. By moving the focus of thepping laser (or the cell
relative to the trapped particle), a sample coudd rhoved easily in 3
dimensions through a cell. The simplest way tongjifiathe trapping of a
particle is to measure the “trapping efficiency’o{& [17]. This quantity
gives a measure of how well momentum is transfelwegitrapped particle and
is of the form
Fc
NP’

where n is the refractive index of the particleisRhe trapping force, c is the

anial = [2 . 6]

speed of light and P is the power incident on theigle. Measuring the
minimum axial trapping force required to levitake tparticle is due to gravity

gives

- p.)V.gc
anial = (Ios pm) Sg y
n.,P

[2.7]

where Vs is the volume of the patrticle, g is theederation due to gravity,mn

is the refractive index of the medium apd and p,, are the density of the
particle and the medium respectively.  The Q eslof colloidal traps are
typically less than 0.1 [18]. One of the featunégserosol traps is that the axial
trapping efficiency is often higher, due to thegkarrefractive index difference

between the particle and the trapping medium.
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In the transverse directions, the trapping fof€§ can be calculated
experimentally by a “drag and drop” method [19 other words, if the mass
of the trapped particle is known, the force canfduend by experimentally
calculating the acceleration of the sample requimetie transverse direction to
break the trapping effect. However, this measurgngedifficult to make in
air, where the viscosity of the trapping mediursadow. The low velocity of
particles in a typical optical trapping experimatibws us to work in the low
Reynold’s number regime, so we can ignore the &ffe€ turbulence. The

reduced viscosity reduces the linear dragaEting on the particle where
Fd =~V [2.8]

Yo being the Stoke’s constant,
¥, = 6772 [2.9]

where a is the Stoke’s radius, ani the viscosity of the medium; 1.86 x ™10
Pa.sin the case of air anfl.94 x 10* Pa.s for water (both at 25 degrees
Celcius) [20]. By equating the drag force and dbeeleration of the tweezed
particle, the gradient force can be calculated.

However, in the case of particles which are smalian the wavelength of the
trapping light, the ray optics approach is no langalid. In this Rayleigh
scattering regime, particles can be treated aslefipm an electromagnetic
field. [21] The scattering force is still presentsuch a Rayleigh case and so
the particles are still drawn to the region of laghintensity while being
pushed away from the focus by the scattering. fbnees acting on such
nanoparticles are due to absorption and reradiadiotight. Treating the
particles as dipoles, the scattering force in thgl&gh regime is expressed as

Focar = 1oy . [2.10]

C

where } is the intensity of the incident light,,ns the refractive index of the
medium and the scattering cross-section,

o= 1287a° ( p? —1]2

3t | p*+2

[2.11]
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where p is the refractive index ratioy/fm,), A is the wavelength and a is the
particle radius. As with the larger particles, tradient force is due to the
intensity gradient expressed as

_ 2

grad — 2
cn,

F al, , [2.12]

where the polarizability of the particle,

21
a=n’a’ m2 [2.13]
m® +2

Unfortunately, much of the work conducted with optitweezers is on objects
close to the wavelength of the light used and duasfit clearly into the
geometric Mie or Rayleigh models. In this regiméiere the particles are
approximately equal in size to the wavelength & light used, the optical
forces are difficult to calculate. Most attempts rhore accurately model
effects on this scale use a Generalised Lorenzthiery (GLMT) [22, 23] or
otherwise generalised treatments of the scattevinglectromagnetic fields
[24].

2.2.3 Particle Dynamics in Optical Tweezers

One of the most exciting basic applications is tise of optically trapped

particles as microscopic probes. By measurinddiees acting on a bead with
known physical properties, interactions can be tjfiath and potentials can be
mapped. This can be achieved through particleitnigcwith CCD capture

[25] for slow, or significant, particle motion oika high resolution position
detector for smaller displacements [26]. Some ewpntal designs have
incorporated a faster and simpler Quadrant Phaidedi(QPD) for position

detector [27]. This allows rapid changes in theian of a particle to be

detected on a millisecond time-scale. Althoughtiplar tracking on short

timescales is possible using a CCD, this was ocityeared recently using a fast
camera [28].

The QPD is a 4-element photodiode, each quadrawctupmg an independent
voltage signal dependent on the incident lightnety. Signal processing,
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usually in the form of an electronic circuit is dse® create voltages equal to
the difference in each axis. This signal is thelayed to a recording device,
typically a Digital Acquisition card (DAQ) in a cqmter. A typical system
consists of a quadrant photodiode illuminated bwéwd scattered light from a
particle, usually using a condenser objective tgmfg the light source. Light
is projected onto the centre of the QPD from aimtaty particle or a bead
trapped at a very high power [29] in order to prmalua null point for
calibration. When the trap is less stiff, the rontiof the particle is then

tracked depending on the voltages output from tR® Qystem.

The dynamics of a trapped particle are usually @reg in the form of a
power spectrum. This is a plot of the frequencstrdiution of the particle’s
Brownian motion. Given that a tweezed particlbatanced above the focus of
the trap due to the opposing scattering and z-tngpjprces, the system is very
much analogous to a mechanical spring. Opticgbstraan therefore be
described in terms such as “stiffness” (where aense trap suppresses the
Brownian motion) and “damping” (where the enviromhaurrounding the
particle acts as a viscous dampener of the osoilsX A spring with a
stiffnessk, prevents the mass escaping due to the thernwbétions and acts
to pull it back to the equilibrium position. Thdaeaf oscillation is modified by

the degree of damping in the system.

The position of such a damped harmonic oscillatr be described by the
Langevin equation, which describes stochastic msE®in constant potentials,
in our case the Brownian motion of a particle inica tweezers. The equation

is of the form

mX(t) + y,X(t) + &x(t) = ¢(t) [2.14]

where m = massy, = 6777a (Stokes’ law)k = trap stiffnessg = stochastic

force, a = particle radius amd= dynamic viscosity of the medium. Re-
arranging we have

(1) + ToX(t) + Qox(t) = (1) [2.15]

where
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_¢(®)
O [2.16]

Fourier transforming this and multiplying both sddy their complex

conjugate we obtain the power spectrum of posfiiactuations;

kT Qlr
Si(@) = ;;( 2 2020 2,2
(w2 - Q2) +riw [2.17]
where
Q2=X
°om [2.18]
and
r,=2%
m, [2.19]

Rearranging again we can obtain a power spectrum,;

_kT 1 292

T K? 20
Yo —2km

SX (a))

[2.20]

with the corner frequency given by,

o= | K
© Vo -2km [2.21]
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Figure 2.3. Theoretical power spectra plotting po®gw) against angular frequency
(w) for a sphere tweezes in a liquid medium. Theafbf increasing trap stiffness,

is illustrated from 0.2 pNufmw?* (red) to 1 pNumimw™ (blue) to 5 pNummw?*
(green).

The corner frequency term, which is equivalent d® 3oll-off in electronics,
allows us to measure the trap stiffneagsexperimentally. This is a useful
quantity with which to characterise the trap quwalisee figure 2.3). The
gradient of high frequency tail of the power spewtris an indicator of the
damping in the system [30]. In the case of an toataped system, typical of
aerosols, this gradient varies wiiff*. Colloidal particles are overdamped and
the corresponding power spectra fall off witif. The size of the trapped
particle may also play a part, modifying the irartiorce and therefore the
dynamic viscosity of the system.

2.2.4 Building Optical Tweezers

As the majority of experiments described in thedahapters of this thesis use
optical tweezers as their basis, this section amtselp the reader to visualise
these experimental designs more easily (see figideand give an insight into

why certain features are used.
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The first consideration in optical trap is obvigughe laser itself. Ideally, the
laser used has a stable output power, a good mateawow M, and good
spatial (Poynting) stability. If the aim is to nealprecise measurements of
particle dynamics, then constant power and direetity are essential.
Heating and vibration are another important isse fibre delivery of the
output is common, with the laser itself removedrfrthe optical table. For
delicate measurements and stability, the tablesndblves tend to be

vibrationally isolated, “floating” on legs filled ith pressurised nitrogen gas.

—I
I
I
I
-

| 1

i | 100x

4f Lens System : I Objective
M2 N T 'ﬂ'""" :
1064 Collimating E J U / IMS (Dichroic)

nm  pBs Optics P13 L4 P
I o A N ! .
v V) M1 i Tube Lens : |
W2 L1 L2 5/1 .................... |\/L1

Power Meter
Figure 2.4: A typical optical tweezers arrangemeith lenses to adjust the beam
diameter for over-filling (L1 and L2) and for cooliing the focal height or the

tweezers and ensuring M1 is in a conjugate plaBea(id L4).

The other main consideration is the microscope abivje lens. For tweezers
work, a 100x oil-immersion objective with a numatiaperture (NA) greater
than 1.2 is typical. These are ideal for work wathlloidal samples with a
simple glass-water interface. Their behaviouresslwell known for glass-air
interfaces, such as those found in our aerosolesuut they are still the best
that are commercially available.

A pair of steering mirrors are used together tegiontrol over both the angle
and the displacement of the beam relative to sulesgcoptics. Ideally, the
beam should pass straight through the centre ofofitees to reduce any

aberrations in the beam. The microscope imagiageptan be made conjugate
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to a steering mirror by using lenses in a 4f tedpscarrangement with the
microscope back aperture at one end and the natrtve other. This means
that a generated trap can be moved directly altvegsample plane with
minimal distortion using the mirror mount.

The other parameter to consider is the diametethef beam entering the
objective lens. As mentioned previously, the ripmussed from the edge of
the objective provide more gradient force becaheg &re entering the focus at
a steeper angle. For a Gaussian beam, the intéakst off rapidly towards the
edge. Common practice is therefore to slightlyrblv¢he back aperture of the
objective [16] so there is proportionally more ligloming in from the edge of
the objective [31]. The beam collimation and ditenat the back aperture can
be controlled using a pair of lenses on a rail nmoWhen the beam is properly
aligned and collimated, a small diffraction-limitsgot forms in the focal plane
of the microscope objective.

Throughout the experiments described in this théiseslaser sources used for
trapping have an output power of at least 1 W intiooous wave operation.
In general, this is far in excess of the power nmeglito tweeze or levitate small
aerosol particles. Therefore optical losses are ana@ritical concern, but
measuring them allows the power to be calculatestasibus points in the
beam. Three main sources of power loss are presantoptical tweezers set-
up.

Firstly, the reflection losses in the collimationdasteering optics must be
measured. This is straightforward and just invelreasuring the power at the
source and just before the microscope objectivdies& can be reduced by
ensuring optics are coated with anti-reflectionlediic coatings at the
appropriate wavelengths.

Secondly, the degree of overfilling at the objeetiback aperture must be taken
into account. Assuming a Gaussian beam profiis,dan be done simply by
measuring the diameter of the back aperture artldeoilluminating beam. As
was mentioned previously, overfilling of the bacgedure is common in
tweezing in order to increase the average momewtisnge (angle of attack)

of the tweezing photons, increasing the resultiraglignt force.
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The third and most difficult to measure source adsl is the microscope
objective including the coverslip and immersion oil Microscope objectives
are designed to provide clear imaging of white tligihd are usually not
specifically designed or tested at infrared wavglles. Good and consistent
results were achieved using Nikon E-Plan (NA=1@3gctives at both visible
and near-infrared wavelengths up to 1064 nm. Aaticomparison of the
input and output power levels through an objectvigh a high numerical
aperture tends not to yield an accurate measurenidrg divergence makes it
difficult to get a detector close enough to the ezslip to capture all the
transmitted light. Instead, the most common apgro&avolves using two
identical objectives facing one another [32]. Auble-sided sample slide is
prepared, containing twice the number of opticdkriaces present in the
experiment being conducted and placed between tlaé abjectives. Both
objectives have to be accurately positioned in ehdgémensions to ensure
perfect alignment, so they typically are mountedkgn translation stages with
micrometer screws. A laser at the appropriate Veaggh is used and the
output collimated with a diameter to exactly fitlet back aperture of the first
objective. Both objectives are adjusted to gereaatollimated output from
the back aperture of the second objective and tiweep measured. The total
loss for the dual objective system is equal toldlss for a single objective and
coverslip squared, therefore the square root ofdta power loss is taken.

An alternative way to calculate the optical logsiira microscope objective is
the micro-bolometer method [33]. This involves titeg a known mass of
mercury in a water sample in the focus of the tweez As the mercury
reaches the boiling point of water, it can be obseérto jump. However, this
method assumes a liquid trapping medium and isetbex unsuitable for
aerosol tweezers. By having an accurate measuteoifiethese losses, the
power at the trap site can be estimated accurdtelypg experiments.

To control the output power of the laser, it isalsio use a half-wave plate and
polarising beam-splitter in tandem, rotating thevevalate to adjust the power
going into each direction. This avoids making demto the laser itself, such

as driving current, which may cause unwanted flattms in the emission. It
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also allows a single laser to be used in two expenis simultaneously, or for
a power meter to be used in the other arm fromb#aam splitter for real-time
power measurements.

For a comprehensive description of optical tweezenrstruction, | recommend

a recent protocol by Woei Ming Lext al[34].

2.2.5 Counter-propagating beam traps

In one of his earliest optical trapping experimeAghkin trapped a particle
between two counter-propagating beams [1]. As ek spheres would
settle in an equilibrium position between the tweaims and could be moved
along the axis of propagation by blocking the appaie beam. Although this
optical potential approach to trapping particleseigtively simple, similar dual
beam traps have been used in a number of optaapitrg experiments [35].
Optical fibres are ideal for this technique, agaés not require focussing of the
trapping light and precise alignment can be achieusing standard fibre
alignment tools.

The dual beam fibre trap was first described iraididty Constablest al in
1993 [36]. Infrared diode lasers were coupled ito single-mode optical
fibres and the fibre ends aligned to within a fiactof the beam waist in a cell
consisting of glass capillaries and microscope =iyps. The experiment was
also repeated using a He-Ne and an Ar laser aggtitesources. The gradient
force in this counter-propagating arrangement aldwhe manipulation of
polystyrene spheres in the 0.1 to 10 um range. €fteet of fibre separation
from 20-280 um was examined and a power range IdfiBBmW was used for
trapping. This dual fibre technique is key to maxperiments, where the
precise placement of a fibre pair either side ofthannel allows samples
flowing through the channel to be captured easilfiese will be described in
more detail in Section 2.5.

The phenomenon of optical binding is another arfemterest making use of

counter-propagating optical traps [37,38,39]. (gitibinding involves the
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interaction between particles when exposed to attreimagnetic field.
Particles are observed to distribute themselves caunter-propagating
evanescent or free-space fields according to ttnacéive or repulsive forces
generated. The ability to make crystal analoguethis way is of particular
interest soft condensed matter research.

2.3 Tailored Optical Potentials

2.3.1 Tweezers and Momentum

Although Gaussian beams are common in optical ingp@ number of more
complex trapping geometries have been demonstraiahy of these exhibit
interesting and useful properties that togethemfarvaried “toolkit” available
to the scientist. As well as providing linear nootivia scattering and gradient
forces, tweezers can also be designed to provitiional and even orbital
angular momentum. Birefringent particles, suctralsite, can be rotated in
optical tweezers by rotating a linearly polarizedirse with a half-wave plate,
or by ensuring the light is circularly polarised]3

This was first demonstrated in a tweezers analopl® of an
experiment conducted by R. A. Beth in the 1930s].[41The original
experiment involved measuring the torque applied tarefringent half-wave
plate by incident circularly polarized light, thdemonstrating the conservation
of angular momentum. The modern equivalent usstdradard tweezers setup
with an additional quarter-wave plate to rotateiagiy trapped particles of
calcite. As would be expected, changing the awoflthe wave-plate by 90
degrees reversed the direction of rotation.
As first demonstrated by Ashkin [1], perhaps onetleé most obvious
modifications that can be made is to generate aidmg-Gaussian mode with
an orbital angular momentum component [42]. This be achieved using a
hologram [43] rather than modifying the laser otitpu Laguerre-Gaussian

beams such as these have a clear central minimuousded by a ring of high
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intensity. As with Gaussian tweezers, particlesadiigher refractive index
than the trapping medium are attracted to thisoregf high intensity, allowing
multiple particles to be trapped simultaneouslyhi@ ring. In addition, objects
with a refractive index lower than that of the medican be confined in the
centre of the ring. The spiral “cork-screw” natwkthe phase means that
particles trapped in the ring can be made to ¢adif due to a form of orbital
angular momentum. These phase modifying techniquees be further

extended to create still more tools for the tweszteolkit.

2.3.2 Bessel Beams

One of the most intriguing forms of beam used icerg experiments is the
Bessel beam. Theorised and demonstrated by Dumnik987 [45,46], this
solution of the Helmholz equation consists of acuderly symmetric light
distribution determined by the Bessel function. eTtero-order () Bessel
beam that has a bright spot in the centre, andhitje-order Bessel beam
(HOBB) with a central minimum and which has beeovah to transfer angular

momentum[47].

Normalised intensity

0 50 100 150 200 250 300 350

Distance x (pixels)

Figure 2.5: Example of a zeroth-order Bessel beath cross-sectional intensity

profile (left) and a corresponding line profilegiit).

Durnin showed that there was a propagation-invargution for the free

space wave equation
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»_ 197 _
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The electric field amplitude of the theoretical rdiffracting Bessel beam is

described by

E(r,¢,2) = A explk,2)J, (k. r)expging). [2.23]
Where J is a Bessel function of order n andrand z are the radial, azimuthal
and longitudinal components of the beam.akd k are the wavevectors in the
longitudinal and radial directions respectivelyhefe wavevector components
can be expressed in terms of k where

k=4k?+k? = 2n [2.24]

A

with A as the wavelength of the light forming the Bedssim. A represents

the Gaussian wave of the form

r2

_ W,
E(r,z) = E, w0

9_ex
wW(2)

g ) [2.25]

For a zeroth order (n=0) Bessel beam generateliunyimating the axicon with
a simple Gaussian beam (of radiug) uhe phase factor exp(#p simply

becomes equal to 1 and the intensity can be e)quiess

2P 27
I(r,2) :27krW02—OZ.J02(krr)eXp( —) [2.26]
0 “max max

where B is the power incident on the axicon (z=0}xK{n-1)y wherey is the
opening angle of the axicon with refractive index im the paraxial

approximation and

_ kwg
max kr

[2.27]

Durnin originally created the zero-order Bessel nbeaith the use of an
annulus illuminated by a collimated Gaussian laseam. The resulting
annular profile was then passed through a lensrm its Fourier transform,
the Bessel beam. However, the technique was foairize inefficient as the
majority of the beam is blocked by the obstructidrhe use of a conical lens,
or axicon [48] is now preferred as it allows thejonigy of the incident light to

be transmitted. In order to generate high-ordessBebeams, a hologram is
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usually used to transform the Gaussian beam to gudrae-Gaussian beam
before it passes through the axicon.

The majority of the interest in Bessel beams\wéh their pseudo non-
diffracting nature. It is well known that a Gawssibeam diverges when it is
focused and that this is usually expressed in terntise Rayleigh range. This
is the distance from the beam waist at which therbeross-sectional area has

expanded by a factor of 2, given by

— m’oz
y

where w is the beam diameter at the focus anslthe wavelength of light.

z [2.28]

In an ideal Bessel beam, there would be no suchrgiénce present in the
central region of the beam. Unfortunately, suchiceral beam is physically
unattainable (requiring an infinitely large crogstsonal area), so a pseudo
non-diffracting approximation is all that can bé@wed. However, the central
maximum of Bessel tweezers can propagate withougrging over a distance
100 times that of a Gaussian beam Rayleigh rangeg uthe correct
parameters. This can be expressed as
Wo
(n-1y°

where Zax [49] is the maximum propagation distance of thedgébeam, n is

Zmax = [2.29]

the refractive index of the axicon apds its opening angle. The drawback is
that the lower the divergence of the beam, the tlesgpower contained in the
central maximum and the more distributed throughbetrings. So the design
of such tweezers involves a payoff between rangeeéiiciency.

Another effect that is characteristic of Bessehrhs is referred to as
reconstruction [50]. This is a consequence ofctir@cal wavefronts produced
by the axicon. Any point of light that passes #uge of an obstruction in the
beam can overlap with the rays from the other goambund the obstruction.
In other words, if the central region of the beanblocked, the beam profile is
regenerated a set distance from the obstructidherdirection of propagation.
In this manner, the beam can pass through multgaleh obstructions.

Therefore, Bessel beams not only have a large itrgp@nge but can even
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“stack” multiple particles in one-dimensional asgpl] (see figure 2.5). In
the case of high-order Bessel beams, particles atem be given angular

momentum, allowing them to move in orbits arouralrings.

f“"”””l Reconstmicted
B el ]'“..‘-”-”

Obstrction

Figure 2.5: Schematic of Bessel reconstructiofft)(land creation of vertically

levitated 1-D array of particles in water usingesBel beam (right) [51].

2.3.3 Spatial Light Modulators

A more recent development in optical micromanipatats the widespread use
of spatial light modulators (SLMs) [52]. These weg are capable of
modulating an incident collimated light-source émmis of amplitude or phase.
The surface of an SLM is typically divided into ammay of elements/pixels up
to megapixel resolutions [53]. By manipulating thdividual elements
through modulation in reflectance or transmissamjmage can be created in a
similar manner to other optical computing systemis. essence, the SLM
operates as a dynamic diffractive optical elem®®E) [54], placed in the
Fourier plane of the optical system. The imagadegenerated in the trapping
plane can be updated according to the frame ratthefdevice, allowing
trapped particles to be moved at discrete intervals

A lot of effort has been put into computational huets used to shape the
beam. lIterative computer algorithms are used toutae the appropriate
phase hologram to create the desired beam prafilne focal plane of the
objective lens [55]. Traps can be manipulated 4{diBensions using this

technique by controlling the divergence of the tightering the objective to
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change the height above the lens at which the foaps [56]. Of course,

dynamic holography is not limited to generatingtidist traps, but can be used
to generate a wide range of “optical landscapdsiese have been particularly
useful for optical sorting experiments where pé&tcreact differently to

optical fields depending on their size or composit{57]. Some specific

applications using SLMs are reviewed in Sectionkdabw.

There has also been considerable success in gegeBatssel beams [58] and
arrays of optical traps with SLMs [54,59,60] usingpdified input beam

profiles, such as Laguerre-Gaussian modes. Althadlbgse experiments were
conducted on colloidal samples and there was neique record of the

trapping of aerosols with an array of optical trapsr group successfully
mastered this feat [61]. This SLM-based system usexdd for some of our
basic optical trapping experiments outlined in Geag. This technology can
be used to observe the merging of individual drisplend potentially to

observe chemical reactions between microscopicdigamples. Both of these

areas are of interest to the chemistry community.

2.3.4 Acousto-optic Modulators

Acousto-optic modulators provide an alternative nse&o create multiple
optical traps [62]. These devices use acoustdretdcansducers (often piezo-
electric crystals) to create standing sound wanes transparent material [63].
The standing wave acts as a diffraction gratinglitgrt passing through, with
the diffraction angle determined by the wavelengthithe acoustic standing
wave. Combining two such Bragg deflectors at rigihgles provides a means
of scanning a beam in both transverse directioasiralled via the driving
voltage applied to the piezos.

This system provides continuous movement of indiald particles [64],
without the trap refresh rates associated with SLM$owever, while an SLM
device can generate a hologram consisting of ay arfrtraps simultaneously,
AOMs cannot. Instead, the beam must be sharegsof all of the required

trap sites with the beam scanning between each pbanrate governed by the
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device. This makes it less suitable for generatimgnplex optical landscapes
but very useful for controlled positioning of comi®nal Gaussian traps.
AOM-based traps were not used in the experimeritslde in this thesis, but
are still an important modern development in tragpivhich may play a part in

future work in this area.

2.4 Applications of Optical Trapping

2.4.1 Optical Tweezers in Biology

Shortly after the development of optical tweezd&S][ Ashkin was quick to
implement his new technique in the investigationbadlogical cells [65].
Although the initial tweezers demonstration at Sh4was unsuitable for
manipulating biological samples due to absorptind aubsequent cell death,
1064 nm was highly successful. This opened the feaya wide range of
biological experiments utilising optical tweezers @ non-invasive tool for
manipulation and force measurement in biology, &hilaintaining sterility in
a sample. Due to the use of a microscope objentitiee tweezers design, the
ability to integrate optical traps with existingaroscope systems was also an
advantage.

On the micrometer level, tweezers have been usedetermine forces
governing the motion of cells. The initial biologl studies by Ashkin and
Dziedzic involved investigating the physical meaksars by which bacteria
attach themselves to objects. Bacterial flagdl@avabacteria to move and are
essentially a small molecular motor with a filameufiich is used to tether the
bacterium to objects, such as microscope coverslipge main body of a
bacterium can be manipulated by optical tweezedstla@ effect on the flagella
observed. This allowed the physical propertiesb® studied in detall,
particularly the effect of torque applied by twgjithe bacterium [66]. The
motility of sperm cells [67, 68] is a typical measment to which optical
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tweezers are suited, with considerable interestpplications toin vitro
fertilisation [69].

By combining tweezers with a cutting laser as a chmiscalpel” [70],
chromosomes within a cell can be manipulated. Taahnique typically
employs a pulsed UV cutting laser to cut the organatter. This can be used
to study cell fusion, where two neighbouring cell® cut at their common
interface [71]. The division of cells can be aféatby optical manipulation of
the chromosomes [72].

Optical trapping techniques have been applied ememaller size scales than
the cell or chromosome. This includes the studyroteins such as kinesin
[73], which carries biological material within cell The binding forces in
processes involving these motor proteins are medsusing optical tweezers
and beads coated in the protein of interest. Bsnobally binding DNA to
coated spheres, DNA molecules can be manipulatedatip and even tied in
knots [74]. With precise tuning of the wavelengthtrapping light, such
molecules can be cut optically [70].

An excellent example of a biological applicationdfal beam fibre trapping
(See Section 2.2.5) is the optical stretcher [4&]addition to trapping cells in
a dual fibre trap, cells were also seen to defandue to the surface forces.
The degree of deformation between cells was foondaty between various
cell types, as well as between malignant and nolgrent cells of the same
type. This technique is ideal for detecting canmals in biological samples

flowing past the trap.

2.4.2 Optical Trapping in Microfluidics

Combining optical traps with a flowing sample ha&axdme an area of recent
interest. Such microfluidic systems are toutedaameans of producing an
optical “lab-on-a-chip”, eventually leading to tinpexpensive, mass-produced
diagnostic tools driven optically. Using a silicbased polymer called
polydimethylsiloxane (PDMS), microfluidic channedan be made easily via

lithographic techniques [76]. These channels daentbe bonded to a
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microscope coverslip and used in conventional apti@ps, with the sample
liquid confined by the PDMS. Syringes can be usedupply a microfluidic
chip with samples and the flow rates can be cadetlalsing syringe pumps.
This technology becomes particularly powerful wheembined with optical
manipulation techniques. Birefringent elements][¢an be rotated by
adjusting the polarisation of light, creating mini@ pumps for small channels.
Trapped particles can be used as force probesapothe fluid dynamic forces
[78]. Biological cells can be pumped through tistem and analysed [79] or
sorted optically [80] using appropriate opticaldanapes.

The field of optical sorting was pioneered by Gsgroup at the University of
Chicago (now at New York University)Their first study involved rotating a
flow of colloidal particles relative to an SLM-geaged array of traps [81,82].
They observed a “kinetic locking” effect wherebyrtpaes were directed by
the trap array depending on the direction of fl@hative to the 2-dimensional
crystal analogue. This effect was dependent ompdntcle size and this led to
optical fractionation in which the trap array wadetl an angle which deflected
particles of one size while permitting smaller @des to pass through.
However, care had to be taken to run the experimaeatlow enough power in
order to avoid trapping the particles instead ofatyedeflecting them.

This technique has been further refined by Gri&i,[8s well as other research
groups. McDonalekt al [84] demonstrated efficient optical sorting usen@-
dimensional optical lattice. The traps were medifio allow greater flow rates
at a range of different deflection angles, resglima throughput of around 35
particles per second. This system has obviousicgpioin in biological
samples where different species must be sepasaied,as red and white blood
cells [80].

The creation of such biophotonic devices is an afegreat interest in the
optical trapping community. With an aim of cregtimicroscope-based “lab-
on-a-chip” systems, this is a high-profile areathe field. However, less
interest has been shown in the application of tipeseiples in chemistry and
in studying atmospheric particles. Many of thehteques developed for the

manipulation of colloidal particles can be appltedthe relatively unexplored
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realm of aerosols. Therefore, | shall review poesi work conducted in the

optical study of aerosols in the next chapter.
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Chapter 3

Aerosols and Optics

3.1 Introduction

The aim of this section is to describe the discegeand methods related to the
optical trapping of aerosols, developed since drg/avork by Ashkin and his
contemporaries. Much of the modern work in ike&finvolves spectroscopy
and other chemical techniques, as opposed to tletlyrwological flavour of
optical trapping in colloids outlined in the preuschapter. To that end, some
of the key techniques and developments relevathtisdhesis will be described
in some detail.

Modifications to basic colloidal trapping systenas fvork with aerosols will
be covered here, as will specific techniques andhoas developed for
optically trapping airborne particles. In additi@nportion of this chapter will
be dedicated to the engineering and design issoxsrmgng the generation of
aerosol samples themselves. | feel that the yaoktnodels used, tested and
modified during the course of my work is worthyroéntion. For many of the
experiments, the balance of flow rate, droplet semed environmental

conditions were crucial to success and consistency.

3.2 Development of the Optical Manipulation of Asots

3.2.1 Liquid Aerosol Trapping

As with other areas of study with optical trappimgshkin was the one to
pioneer aerosol manipulation with lasers. In hist bptical trapping paper [1],
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Ashkin observed atomised droplets of water in &leirbOmW beam. He
recorded the droplets being pushed by the beanvelbaity of approximately
0.25cm/sec. Although it was not specifically men&d in his first paper, this
approach would also have been capable of levitgiamgicles. By balancing
the radiation pressure against the gravitationatefacting on the particle, a

particle can be held at a desired point [2].

Transparent particles were also levitated in a beatim the purpose of acting

as a sensitive force probe in a technique dubbadéfspectroscopy” [3]. By

using a tuneable dye laser, Ashkin and Dziedzigdead silicone oil droplets

and some other more volatile oils in air. It wa®wn that the droplets would
form highly regular spheres and with the specifils gelected, a range of
refractive indices from 1.4 to 1.53 and radii frdnto 3Qum was possible. The
aim of the experiment was to examine the radigti@ssure force as a function
of a size factor x, where

_2m
-2m [3.1]

a is the particle radius adis the wavelength of the incident light.

It was shown that Ashkin’s levitation trap could bsed as a sensitive force
probe to investigate the effects of light scattgrimeories in detail. By

devising an electronic feedback system, a levitdteglet could be locked at a
constant height, and the required laser power mmedsuvAssuming any change
in the laser power was made to counteract a netgehan force acting on the
particle, the radiation pressure force (dependenthe voltage applied to the
laser) could be monitored as the size function watsred. Although the

specifics of the experimental setup were not dbedriit is assumed that the
radiation pressure from the levitating laser was@ed by the weight of the
droplet. As the Debye-Mie theory being investigatiescribed plane-waves,
the droplets were balanced at a point away fronfdbes of a loosely focussed
Gaussian beam. The size factor was altered botgrégually changing the

wavelength of the levitating beam (changé.)rand by taking the evaporation
of the particle into account (change in a).
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As the droplet size factor was varied sharp diphérequired levitating power
were observed at specific values of size factor,The theory predicted that
these force resonances were a surface-wave effigggesting that the droplet
was acting as an optical cavity. To prove this tescase, Ashkin moved the
droplets towards the focus of the trapping beana fmoint where the beam
radius was smaller than that of the particle. Wtieste was no light passing
through the edge of the particle, the resonances we longer evident. This
supported the idea of the light being coupled iatoavity. To quantify the
coupling of light into such micro-resonator, thenteQeaviry Is used. Analogous
to a finesse value for a conventional optical gavitis a measure of the energy
stored in the droplet where

2n x Energystored
Energylost per cycle

Qcavity = [3 ' 2]

Such droplet-based “Whispering Gallery Mode” (WGMhavities have
demonstrated Quiy values in excess of P

The ability of liquid droplets to form very high-Qavities is of particular
interest to researchers in physical chemistry. umber of spectroscopic
technigues can be modified to make use of couphbhg a resonating mode,
leading to improvements in the resolution of theasugements. This method,
known as Cavity Enhanced Droplet Spectroscopy (OEBShe current focus
of Jonathan Reid at the University of Bristol [5]My own work in the
manipulation of aerosols is to aid the work towartie final goal of
constructing a working system that can trap andspart droplets through a
number of probes. In other words, the ultimatel gothe creation of a “lab-in-
a-box” for aerosols, in collaboration with JonathReid’s group.

The group at Bristol has been building on the wafrikkshkin and many others
in quantifying the WGMs in droplets and other paes and examining their
potential in the field of spectroscopy. The prdjgsr of the elastic light
scattering investigated by Ashkin and Dzeidzic [@ld already provided a
method for determining the size, shape and refragtidex of particles from
observed resonances. The particle characterisiiese a direct effect on the

observed properties of the constituent moleculéBhe high-Q resonance
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possible in a droplet equates to a path lengthernotder of metres or a photon
lifetime of many nanoseconds. The low loss haswatl non-linear optical
processes to be observed using relatively low sities. Although the most
useful of these for the purposes of the proje&timulated Raman Scattering
(SRS), processes such as lasing [7] and sum-freguganeration [8] have also
been demonstrated in levitated spheres.

A more recent set of experiments at Kyoto Univgr@] has achieved an axial
trapping efficiency (Qa) Of 0.46 using 5mW at 1064nm to trap a s/
radius droplet of water. This was in part achietledugh the use of a 100x
objective lens with a convergence angle of 120 elegat the focus to produce
optical tweezers, as opposed to Ashkin’s early s@ravork with levitation
traps. However, an interesting feature of the erpent was the means of the
droplet generation. The droplets were formed igealed cell containing
ammonium chloride particles and supersaturated wéter vapour. The sub-
micron sized particles of ammonium chloride acted raicleation sites,
encouraging the growth of water droplets from thea@inding vapour. These
could then be trapped by the vertical beam andrebdeas they continued to
grow. Once the droplets grew to a critical sizep@hdent on the laser power),
they would fall out of the trap.

This is an interesting approach and allowed thet&ygpoup to analyse a wide
range of particle sizes easily. They could rapidetermine the maximum
droplet size supported by a trap of a given powdre high numerical aperture
of the objective lens allowed them to achieve fighbr trapping efficiencies
than previous experiments. This experimental aesigy also have a use in
the process of deliquescence [10]. This is thegs® of a solid dissolving into
a solution and is of interest to chemists. Undadably, it is a difficult
process to monitor from start to finish. Growingraplet around a solute and
gradually diluting it could provide a useful appechan this area of chemistry.
The high trapping efficiencies achieved by the grat Kyoto University
suggest that the droplets as large as 1mm in radgysbe trapped in the future
using laser powers no greater than 1 W, albeithm dbsence of a strong
gravitational force. This may seem a little extegnmbut more recent
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experiments by the same group [11] have taken pladeoard a jet aircraft on
trajectories designed to alter the gravitationaicés acting on an optical
levitation trap. This work could eventually leta Ashkin’s original optical

tweezers design making it onto the InternationacgpStation. It may be safe
to say that Ashkin’s tweezers design has probabbnlktaken further than he

originally envisaged!

3.2.2 Solid Aerosol Trapping

Although the majority of aerosol trapping work Hasussed on liquid droplets,
solid aerosols are of course also of interest. o&pheric solid aerosols tend to
be comprised of dust (if continental) or salt (iamme) [12]. They can also
comprise of solid cores, surrounded by a liquidishee either to nucleation or
freezing. Atmospheric chemists typically use LIDABchniques to detect
species in the atmosphere in bulk [13]. The abibt study such atmospheric
particles and their interactions in small humbesssomething that optical
trapping can potentially deliver.

As with the majority of optical trapping, Ashkin s/ahe first to optically trap
solid aerosol particles[14]. He then examined stable optical levitation of
glass beads measuring 30-60 um across in ap] EMde [15]. Solid particles
were launched into the beams through the use afcaustically agitated glass
plate. These techniques were later extended tosthdy of a range of
nonspherical particles in optical levitation trgfi§]. This work was further
explored by Thurret aland combined with Raman spectroscopy [17].
However, the optical tweezing of solid aerosols waisautomatically achieved
until 1997 [18], 11 years after the first tweezpaper. The method employed
by Omoriet alwas similar to Ashkin’s approach, using a piezcieie element
to vibrate a microscope slide covered with silipheses. Particle oscillation
forced the particles into a trap, using a non-iteetioptical tweezers, focused

just above the sample plane.
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3.2.3 Alternative Aerosol Trapping Techniques

It must be noted that optical trapping is not thé/dechnique available for the
capture, confinement and analysis of aerosol pestic In fact, many
interesting aerosol droplet experiments have beenducted simply by
optically probing a steady stream of falling draplgl9,20,21] This work was
important in the characterisation of droplets andigpering Gallery Modes
cavity enhancements in particular. Such fallingpbsels were made to lase by
doping them with laser dyes such a Rhodamine 6G [&imulated Raman
scattering experiments were successfully conductedwater and ethanol
droplets [23].

For charged aerosol particles, confinement canchéaed by using electric
fields. Quadrupole ion traps have been used ferghrpose [24], especially
for solid aerosols. [25]. Combined with light #eaing measurements, this
technique is useful for measuring particle size tratefore also evaporation
and condensation rates as well as crystallisattnpmena [26] these studies
focussed on aerosol particles measuring as smalams, but have the obvious
limitation of requiring the aerosols to be chargpefore entering the trap.
Ultrasonic levitation is another competitor to eptitrapping for the study of
aerosols [27]. Ultrasonic transducers can be tsqmoduce standing waves
which effectively trap aerosol particles in the asd In this manner, regularly
spaced 1-D arrays of droplets have been shown. eMenythe size range of
droplets which can be trapped by this method igelathan that achieved by
optical trapping (typically around 1mm) [28].

Another interesting approach to aerosol confinemewnblves trapping and
guiding particles within a hollow-core optical fé&r29]. This method is
largely undeveloped and the measurement and olgervd such a particle is
difficult. However, it provides a potential meatstransport aerosol particles
and perhaps a way to load other optical trapsdordrolled manner.

However, the advantages afforded by optical tweeaez numerous. Firstly,
the particles can be viewed through the same ndopss objective used for

tweezing. By adding a position detector (QPD @GD), the forces acting on
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the particle can be accurately measured. In axhditthe particles can be
confined to a much higher degree than the alteresiti Using multiple
trapping techniques, small numbers of aerosolsbeacontrolled and particle-

particle interactions studied in detail.

3.3 Chemical Techniques with Aerosols

3.3.1 Introduction

In Raman scattering [30], some of the light fromiacident monochromatic
light source is absorbed by the medium. Some @flight is simply scattered
by the material and reradiated at the same wavitlehy the process of
Rayleigh scattering [31]. Usually, there is a weaknponent of the light that
undergoes inelastic scattering. This light gesodired, and due to interactions
with the molecules in the medium, gets reradiate@ avavelengths shifted
from that of the original radiation. If energylast, the new spectral lines are
known as Stokes lines (shifted to longer waveles)gthAnti-stokes lines are
created by transitions with a higher energy, batumually a much weaker non-
linear effect [32]. The theory behind the procelescribes the transition
energies being shifted due to phonon interactionrdtional transitions).
These are characteristic of a particular substasmen energy pulse above a
specific threshold can result in a molecular “fiqgent” which can be detected
in the spectrum of the scattered light.

With regards to this project, the interest in SRS lwith its ability to give
particle size measurements to nanometre accuBgyuning over a 6xI6nm
bandwidth around the resonance point of a WGM,diusachange of 0.1nm
has been observed in @ particles [33]. With this level of accuracy, the
effects of evaporation and even refractive indespelision are factors in the
measurement. Thermal gradients in the particle lmannferred from the
quality of the spectra obtained from a sample. $deaments of both the size

and composition of sample mixtures have been nattgugh the accuracy of
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the radius calculation was somewhat reduced fromsetrachieved with pure
droplets [34]. Although SRS is useful for deterimgn droplet sizes, the
threshold power density required for detecting draconcentrations of
impurities is greater than is practical in many esas However, the
enhancement provided by the cavity nature of trepldts still provides an
improvement over the strength of the Raman Scagesignal expected from

such a small sample [19].

3.3.2 Droplets as Microcavities

Extending the description of the resonances demaiest by Ashkin [35], one
can view the resonant radiation field within themlet as any other cavity
mode. Light rays travelling inside a sphericaltiglg undergo total internal
reflection at the interface between the outer cifi@rence and the surrounding
medium. Resonance occurs when a standing wavésexith an integer
number of wavelengths of the illuminating light ded around the
circumference.

The mode number, g, can be expressed as

_2ma
A

where n is the refractive index of the particles dhe particle radius and is

[3.3]

the wavelength of the light. A WGM also consistsaaadial mode order, |,
which defines the mode intensity from the outsifiehe droplet towards the
centre (see figure 3.1). There is a fall-off irtemsity of the WGM with
distance from the edge and an evanescent comparech extends beyond

the outer surface [36].
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Figure 3.1: Model of WGM (mode number 60, modeeor?) propagating in a droplet
produced by the Reid group at the University oBgii

Each mode number consists of both a TE and a TMem@sulting in a total
mode degeneracy of 2n+l. This has a polarisatiepeddent effect on the
scattered radiation. Both modes are evident inftmeard and backward
directions, but not at 90 degrees. The TM modscattered in the plane
parallel to the plane of the incident polarisatamd the TE mode is scattered in
a perpendicular plane [37].

Understanding the nature of WGMs has been usefdetermining the most
effective way to couple light into a droplet. Tlikumination geometry
determines both the intensity and shape of thetigeftngerprint obtained
from a spherical cavity. The intensity is affecteg the quantity of light
coupled into the droplet. Altering both the pamitiand the strength of the
focus can modify these coupling characteristiche ®ther somewhat obvious
factor in droplet illumination is whether the wasefjth is on resonance with a
WGM. Of course, for illumination sources with aad fluorescence spectrum
(such as dyes) many resonance wavelengths can ditedesimultaneously.
However, there is also some interest in off-resosaedge illumination of
microcavities and the phenomenon of photonic nasajemicrocavities [38].
For a non-resonant, loosely focussed illuminatiegrh, SRS enhancements of
300 times have been demonstrated in areas of pveeaveen the WGM and
the pump intensity. The efficiency of the prochas been found to increase
with droplet size. In the case of an illuminatiptane wave that is on
resonance, the relative linewidths of the laser thiedWGM have an effect on
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the coupling efficiency. One useful measurementcharacterising energy

coupling into a droplet is the cavity build-up faict

2 2
— 3n/1WGM/] WGMQcavity
Arra’ ’

where Nyewm is the refractive index at the WGM wavelengitiom.

fo [3.4]

A number of experiments have been conducted witbepulluminating lasers
and the decay in intensity observed [39,40], allmnihese factors to be more
accurately determined. Finally, it has been fothad if the illuminating beam
is tightly focussed, care must be taken to matehatvevectors of the incident

beam and the coupled mode [41,42].

3.3.3 Cavity Enhanced Droplet Spectroscopy (CEDS)

The use of cavity feedback to enhance signal stineisga common technique
in spectroscopy [43]. Similarly, the spectra getest from droplets differ
from those obtained in bulk samples. The WGM rasogs result in distinct
features not present in many other resonance eefialechniques [40] and
more akin to the modes produced in single modes fidgd]. The separation
between modes is evenly spaced [45]. Assuming réfiactive index is

invariant with wavelength, the mode separation) &ga be expressed as

Atan™/(p® -1

S(a) =
278,/(p® -1

[3.5]

where p=(iiny), A is the wavelength and a is the radius of the sphas
defined previously. This allows the measurementiroplet radius from the
wavelengths of WGMs [46]. It is also clear thag timode spacing increases
with decreasing radius, which provides a usefulmeaf measuring a change
in the diameter of liquid droplets due to evapamaf47].

However, the accuracy in any measurement of a gatheparticle by
spectroscopy is also dependent on refractive inlipersion [48]. In the case

of trapping liquid droplets, cooling due to evapimma and heating due to
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absorption of laser radiation and thermal gradiantsimportant considerations
[49,50]. With an appropriate experimental desigrptet size can be measured
to sub-nanometer accuracy. [51]

Cavity enhancement has consequences in both fekemesand Raman
spectroscopy. Fluorescence spectroscopy, withecedp CEDS, deals with
dye droplets and dye doped spheres, usually exocigd plane wave
continuous-wave sources [52,53]. In the fluoresseectra of droplets, cavity
resonances are obvious and used to determine lpastie and evaporation
rates [54]. If round trip gain exceeds loss, tleming takes place, resulting in
stimulated emission at WGM wavelengths [55,56].

Raman spectroscopy studies on droplets typicayplug falling droplets or
levitated spheres [44]. With a low pump intenglg resulting spontaneous
Raman signal is typically used for sizing and aerdynamics measurements
[19]. The majority of work in Raman CEDS takescglaat higher intensities,
above the stimulated Raman signal threshold. ignrégime the signal strength
increases exponentially with pump intensity. Aligb spontaneous Raman
can be used to detect concentrations of one taatlof stimulated Raman [57]
due to the threshold requirement of SRS [58], SR#va combined size and
composition measurements [59,60,61]. It has bé&envis that the detection
limit of SRS measurements can be lowered by usingead pump for

producing i order SRS signals [62].

3.4 Features of Aerosol Tweezers

3.4.1 Changes to Tweezers Design and Operation

Although the basic aerosol optical tweezers desgmo different to that used
in colloidal trapping experiments, there are feasuparticular to aerosol
tweezers. The most obvious difference is the eftéchaving a glass:air
interface above the objective instead of glass:mwaléhe increased refractive

index difference between the coverslip and thepirap medium; 1 to 1.53 in
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the case of silica glass, reduces the critical @mglthe interface. Any rays
approaching the interface at an angle greater then critical angle are

reflected, removing them from the tweezers. Indhse of an objective with
an NA of 1.25, using air as a trapping medium fissul an effective NA of

close to 1. Eliminating rays with a large horizininomentum component
reduces the gradient force provided by the trap.

When working with liquid aerosols, another problénhaving the sample
deposited on the coverslip. Any particles presanthe coverslip distort the
light passing through. The effect is particulaplonounced for liquids like

water with a high surface tension which producedtesl with a pronounced
curvature. In the case of experiments involviragex droplets, the coverslips
are pre-treated with the surfactant Sodium Dod&typhate (SDS). This
reduces the surface tension of water on the surtaeating large flat puddles
or uniform layers of water, minimising the distortito the light for trapping

and imaging.

3.4.2 Tweezers Characteristics for Aerosols

Perhaps the most obvious difference between trgpparticles in air and
trapping in a liquid is the increase in refractimdex contrast. This increases
both the gradient and scattering forces acting hen garticle, reducing the
minimum power required for trapping. The other iobg effect is the
difference in the mechanical properties of the eeipe trapping media. As
mentioned in section 2.2.2, the drag force actin@g@article is dependent on
the viscosity {) of the surrounding fluid, where the valuesicare 1.86 x 1T
Pa.sn the case of air ar@194 x 10* Pa.dor water at 25C.

The effect of this is that trapped particles iinveill generally oscillate more
than equivalent particles in a liquid medium. Ttiéference between a
tweezed droplet and a sphere in a liquid suspensis described in work
conducted with the University of Glasgow [63], exihg the underdamped
oscillations of tweezed droplets. The damping @ffedescribed refer to the

interaction between a particle and the opticatfigfl the tweezers, and aren’t to
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be confused with the effect of convection and @wflin sample cells.
Although airflow and convection ain the medium aimportant and
problematic at best, they are an issue of fluidagiyits and engineering rather

than something specific to optical tweezers.

3.5 Generation of Aerosol Samples for Trapping

3.5.1 Nebuliser Designs

The most crucial component in the generation ofbs@r samples is the
nebuliser. The devices turn a liquid sample intboaid of droplets, usually by
forcing the liquid through a small hole or mesiSeveral different nebuliser

types were used in these experiments, dependitigeorequirements.

Figure 3.2: Omron U-22 Nebuliser used for genegataerosol samples in the

majority of the experiments described.

For general aerosol trapping applications, a corom@emedical handheld
nebuliser was used (see figure 3.2). The Omron Wk&oair nebuliser
consists of a mesh with 3 um holes which is viltatising an ultrasonic
transducer. It produces a consistent, constamt @b droplets, with a mass
median aerodynamic diameter (MMAD) of between 3.4amd 6 pm. It can
be used to nebulise water, dilute glycerol soligiand ethanol. However it is
unsuitable for nebulising solvents, such as dodecamthey soften some of the
plastics used in the mesh cap. Generally, noatesised with this nebuliser
to channel the flow into a cell.
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The most basic nebuliser design used consistssofial glass nozzle located
above a sample chamber. The liquid sample is ditrough the nozzle using
compressed air at pressure between 2 and 4.5 &aending on the aerosol
characteristics required. Higher pressures usypatiguce clouds consisting of
smaller droplets. The pressurised gas is provimeeither a canister with a
flow controller or a compressor unit. The diren@bairflow resulting from the
pressurised air in this style of system makes dfulsfor optical levitation
experiments with a weak trap. This allows more @ote be used to confine a
droplet in the transverse (x and y) directions,lgvmaintaining balance in the
direction of beam propagation (z).

The other nebuliser design used (Omron Aerosom@ngrates ultrasonic waves
to drive liquid samples from a deliberately shamaanple cup, through a
nozzle. This system generates dense clouds ofedsopith a mmad of 3.5 pm
at a constant rate. This is ideal for studieseybsols in bulk, or for creating
larger droplets by appropriate conditioning of fleav to increase the rate of

collisions between droplets.

3.5.2 Flow conditioning and cell design

Depending on the experiment and trap design, te lzerosol flow required
conditioning to control flow rate, velocity and giet size to improve the
chance of successful trapping events. The simptedhod involves using
additional nozzles to direct and to constrict (spap) or expand (slow down)

the flow (see figure 3.3).

Nozzle 47mm

12mm
1.75mm

20mm

Figure 3.3: Typical glass nozzle used with the @mld-22 nebuliser..
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The aerosol sample then flows into a sample celtazning and surrounding
the trapping volume. These sample cells also regigsigning, specific to the
demands of a particular experiment. The cells usedirapping aerosols
usually use cuvettes, microscope slides or traespaubstrates as their basis
(see figure 3.4). This provides optical windowiher for side-imaging with a
microscope objective with a long working distangeto allow probe or pump
light to reach an aerosol sample from outside. J&mple cell is normally
placed on top of a coverslip, usually placed abare oil-immersion

microscope objective.

76mm

ki
1rr|1|m
|
|

Figure 3.4: Some sample cell designs (high evdiporaate cell (left), modified Petri
dish cell (right)).

Given the nature of optical trapping in air, oumgdes are particularly

sensitive to air flow within the cell. To that enuhffles or small enclosures
(typically a washer) are placed within the celldoeld the trapping region

from stray airflows or disturbances caused by toe Df aerosol into the cell.

If a nozzle is being used, then the flow is ofteected slightly away from the

trap to adjust the volume and velocity of the inaograerosol, further reducing
the disturbance. In addition, convection curréetsl to be greater in cells of a
greater volume, so smaller sample cell designs tende more successful,
especially with basic tweezers experiments.

For greater consistency, funnels can be used t lagjer volumes of aerosol
cloud, with any airflows generated from the nelmrlisolated from the sample
cell below. This has the additional effect of mmsing droplet size by

increasing the period droplets have to coagulateréesntering the trapping
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region. Apertures or inverted nozzles can be usetteate a steadily falling

stream of droplets of a desired density.

3.5.3 Management of Droplet Evaporation

Given that the droplet samples used in our experimm@re small, with
diameters of less than 10 um, evaporation is amiagbor. Evaporation takes
place when molecules near the surface of the drdyalee sufficient kinetic
energy to leave the droplet [64]. These molecditesn a vapour in the
environment surrounding the liquid. Likewise, nmles from the

surrounding vapour can enter the droplet. The tamua

(ij = 1—8/]—Lln(1+ B)t, [3.6]

d, pliquidcpdg

as derived by Renz [65] is used in this thesis tangfy the effect of

evaporation wherg, is the thermal conductivity of the liquid, s the specific

heat of the sampleyds the initial droplet diameter, t is time andBa “mass

transfer number”

The mass transfer number is the rate at which matdedrom the vapour return
to the liquid and depends on the pressure and tgeokithe vapour in the
medium. If the rate of evaporation is equal to the of molecules entering
the droplet, the atmosphere is said to be satunattdthe vapour and the
droplet remains at a constant diameter. In the chsvater, this can also be
expressed as a humidity of 100 %. There will mecsie detailed examination
of droplet evaporation in Section 4.3.

However, the sample cells used in our experimergsnat perfectly sealed
environments. There is usually some loss of vadoam the cell either

through the aerosol inlet, or from any gaps betwiensample cell and the
coverslip. These leaks reduce the vapour pressside the cell, bringing the
atmosphere below the saturation point and disrggdtie equilibrium with the

liquid droplet. This makes it important to redube leakage of vapour from

the sample cell by keeping the inlet hole small anguring the bottom of the
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cell forms a seal with the coverslip. This can dmhieved with sealant
materials, or in many cases simply a layer of grage liquid itself.

Another relatively simple method for maintaining@nstant droplet diameter
within the sample cell is to add reservoirs of slaenple liquid within the cell.
These can either take the form of paper soakeladiquid, or a vessel filled
with the sample when appropriate. This providesadditional source of
vapour to replenish any lost from the sample chamb®aintaining the
equilibrium between droplet and atmosphere for éong

In addition to maintaining a saturated environmetgps can also be taken to
reduce the required vapour pressure. This is aetiby adding an impurity to
the liquid. In the case of water, adding sodiunoitie has the effect of
reducing the vapour pressure. If the vapour camagon in the cell drops
below saturation, the droplet shrinks. As the wwduof the droplet decreases,
there is a corresponding increase in the salt edratéon, further reducing the
required vapour pressure. Using this techniqualtawater droplet can remain
trapped indefinitely, provided the atmosphere Bigantly humid to prevent
the salt crystallising out of solution. This isngeally not a problem with the
prevailing weather conditions in St Andrews.

3.6 Cameras, Objectives and Particle Sizing

Although Cavity Enhanced Droplet Spectroscopy (CE[S can give very
accurate droplet sizing, this technique requiresubke of a spectrometer. A
more straightforward but less accurate method ireslmeasuring droplet
diameters from images captured from a CCD. A cailibn slide is used in the
focal plane of the microscope objective to get timerect scaling factor
between camera pixels and the corresponding distainthe focal plane of the
objective.

For video and frame capture, three different camm@dels were used
depending on the specifics of the experiment. Aa&/aolour camera (WAT-

250D) was used with visible samples where coloewing was useful, such as
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the trapping and excitation of dyes. A Watec (W@0J2H) is sensitive to
infrared wavelengths and so was used for work &41tm. A camera based
on a CMOS chip (Basler A601Firewire) was used &pid measurements due
to its high frame rate and adjustable region cénest, as well as being used in
the spatial light modulator (SLM) tweezers.

After camera selection, the next considerationpf@mducing a good image for
droplet sizing is generating a good level of casttraThis is achieved in our
experiments by using a variable fibre-delivered tesHight source (Thorlabs
OSL1) in conjunction with Kohler illumination opid66]. This system allows
for good adjustment of the brightness and illumoratto give the required
image contrast. The resulting sharp images redieeuncertainty in the
position of edges in the features in the imagiranel

To ensure particles are in the focal plane andgodinminated correctly, a
standard sample side is used. The sample can bedmosing an xyz
translation mount in the same way as during tweparperiments. The
illumination source can be seen in the centre efghrticle being imaged on
the camera as a bright spot in the centre. Bys#dgithe sample height above
the objective, the bright spot can be brought fottus on the camera. When
the particle is in focus, the diameter of the ptatis measured as the diameter
of the outermost dark ring in the image [67,68,69].

This same method is used to ensure that the trgggame for the tweezers is
the same as that being imaged. By adjusting thieneation lenses in the
tweezers, the light entering the back aperturehefdbjective can be slightly
focussed or de-focussed to adjust the positiomeftitap above the coverslip.
When a trapped patrticle is in focus, with the brighot from the illumination
in the centre, the trap site is known to be in focny deviation of a trapped
particle out of the focal plane of the objectivads to blurring in the image
and usually an overestimation in the particle siassuming the stage
micrometer was precisely in focus when calibratmok place.

Clearly, optical tweezers are a very useful additio aerosol analysis with a
great deal of potential for novel and detailed ®sid With the particulars of

aerosol generation and measurement worked outhir@cterisation of optical
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tweezers for aerosols could take place. Theseg éardys into the optical

tweezing of liquid droplets are the subject of tlest chapter.
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Chapter 4

Tweezing of Liquid Aerosols

4.1 Introduction

Optical trapping [1] has found use in a wide range research including
manipulation of biological samples [2] and partidgnamics [3]. Although the
majority of these involve the trapping of colloidgmples, there has been a recent
interest in the ability to optically trap aerosdarficles. The analysis of individual
droplets in air is of specific interest to atmosphehemistry, respiratory medicine
and analytical chemistry in general. Although tharacteristics of clouds have been
analysed in bulk [4], there has been difficultyoitaining samples of individual or
small ensembles of atmospheric particles. Optigakzers are ideally suited to this
task, and with the use of dynamic tweezers creafiéid Spatial Light Modulators
(SLMs) [5] or Acousto-Optic Modulators (AOMs) [6the physical interactions
between particles can be observed in detail.

Although the optical tweezing of liquid droplets dhdeen described by our

colleagues in Bristol [7], the emphasis of thesgeeixnents was on spectroscopy [8].
Some of the physical properties of aerosol trapsewgéll undocumented, including

the effect of using infrared light. A comparisoetlween tweezing at 532 nm and
1064 nm was of interest due to the availabilityiregxpensive suitable sources at
infrared wavelengths. There were concerns thaintreased absorption of water at
1064 nm would make it unsuitable for tweezing detgl If successful, 1064 nm

would be available as a cheaper alternative torb82or our aerosol experiments, as
well as reducing the cost of tweezers systemsarititure
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4.2 Considerations for Aerosol Tweezing

Our 1064nm tweezers consisted of a single beanegabsough a 100x Nikon oil
immersion microscope objective in an inverted agunfation. The optical loss
through the objective was found to be 0.27 usimgdbal objective method [9]. In
our tweezers, the objective formed a focus appratehy 30 pum above the coverslip.
A glass sample chamber was placed above the cgvecsiconfine the aerosol
sample which was sprayed in through a small holehm chamber. An xyz
translation stage was used to adjust the positidhneocoverslip and the height of the

trap focus.

To reduce the effects of evaporation of the sarmplihe outside atmosphere, small
pieces of paper were soaked in the sample liqudl @aced in the cell. These
reservoirs maintained the environment around e &t a high humidity, increasing
the droplet lifetime in the cell. The four diffeteliquid samples were used in the
trap characterisations were 2 % salt water solutethanol, dodecane and 20 %
glycerol solution. These gave a good range inao#fre index, density and

evaporation rate, but with similar viscosities whaould be nebulised successfully.

Our aerosol samples were created using a nebulmesisting of an ultrasonic
vibrating membrane, generating droplets in the 2pifl diameter range at the
trapping site, with a mean diameter of approxinyatel um as stated by the
manufacturer [10]. However, the output varies igantly with any particular unit

[11], so our nebuliser had to be tested. A distidn of droplet sizes was estimated
by measuring droplet diameters in the focal plahew setup with the CCD and

white light illumination as described below (segufie 2.4).

Imaging of the aerosol samples were achieved ugiagsame microscope
objective as the trap. A dichroic mirror was ugedeflect the laser light at 45
degrees, but allow the visible light from the baghd to pass to a CCD camera.
When determining the size of a trapped dropletdiaeneter was measured from an
image capture. When the droplets are in focusp#uklight is imaged as a bright
spot in the centre. The droplet diameter is theasured as the diameter of the outer

dark ring [12] of the droplet image (see figure)4.1
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Figure 4.1 Image of a typical trapped droplethie focal plane of the microscope objective,

imaged onto a CCD.

One of the concerns raised in the optical trappihlguid aerosol particles was the
potential effect of heating due to absorption &t titapping wavelength. Absorption
spectra of liquid samples were taken on a PerkimeEl Lambda 35 UV/VIS
spectrometer. For water, an absorbance value {®)Qy was found at 1064 nm.
This wavelength is at a well documented, but néedess fortuitous trough in the

spectrum (see graph 4.2).
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Graph 4.2: Graph of absorbance (A) with waveler{gtimm) for water, clearly showing a

dip in absorbance for wavelengths near 1064 nm.

An excellent current resource discussing the spsctipic absorption of water is
provided by Martin Chaplin at the London South Bankversity [13]. Absorption
at a given wavelength is measured in terms of a@orakion coefficientp(A), in

units cn*, given by
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()
__e'u()’ [4.1]

IO
where } is the incident light intensity, | is the transtad intensity and | is the path
length through the sample in cm. The absorbangeén by

A= —Loglo(ll—) [4.2]

and rearranging gives

) =) 4.3

Suggesting that the absorbance of 0.07 measuretthdowater sample at 1064 nm,
with a path length of 1 cm, is equivalent to ancapson coefficienty, at 1064 nm
of 0.16 cm. This value is in reasonable agreement withiteeakure, which gives a
value of 0.12 cil at 1060 nm [14, 15].

Another experimental concern was the build up efgample liquid on the coverslip.

Any droplets which land on the coverslip near tia@ping region can distort the trap
site formed above. In the case of water, Sodiurdddygl Sulphate (SDS) was used
as a surfactant to reduce the surface tension.s i the effect of causing the
surface water to form a uniform layer below thetreeducing the distortion. This

allowed the coverslip to be used for longer periadthout the need for drying or

replacing. The lack of a surfactant for the otbemple liquids meant that dry spots
had to be found and the coverslip had to be reglawere often. However, the

majority of the time consuming fine tuning of theparatus and experimental
technique was performed using salt water samplethi® reason.

4.3 Evaporation

From our initial droplet trapping studies, it wasdent that evaporation was taking
place with in the cell. Droplets would rapidly aslj to an equilibrium size (see
figures 4.3 and graph 4.4) after their initial eapt indicating that the humidity at
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the trap site was slightly less than 100 % and tihatsalt added to the droplets was

lowering the vapour pressure with increasing cotreéion as expected.

Figure 4.3: The evaporation of a droplet (see lyr&d below). From top left to bottom
right: (a) At initial trapping 0 s, (b) After thieaitial equilibrium point (2 s), (c) After 80 s,
(d) At 120 s.
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Graph 4.4: Evaporation of a 2% salt water solutioa poor sample cell with a reservoir.
The droplet evaporates to equilibrium within thestfi2 seconds and remains at a stable size
until the reservoir runs out and the droplet begwaporating again. The droplet leaves the

trap after 120s.
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The evaporation of the droplets could be estimaiedomparing frames at different
times after the initial capture. This visual methad measuring the changing droplet
diameter could then be compared to the more aec@BRS measurements taking
place in Bristol with the use of a spectrometer [B}istol confirmed that measuring
the droplet circumference using the outermost digads on the image is the correct
visual method assuming the trapped particle is gntgpn focus. Getting a measure
of the evaporation characteristics allowed celligles to be tested, compared and
optimised. Different liquids and initial salt camdrations could similarly be
assessed.

The evaporation of the droplets in our aerosol dass a major factor in many of
the experiments described in this thesis. Thesbafsthe modelling is the work of
Renz, as translated by Fieberg [16]. This stylewaporation model is described as
“film theory” and describes the surface of a dropteterms of an energy and mass
balance [17]. Under steady-state conditions, tienge in droplet diameter can be
described as

(ij = 1—8A—L2In(1+ B)t [4.4]
do

Piiquia CpYo
Where), is the thermal conductivity of the liquid, is the specific heat of the

sample, dis the initial droplet diameter, t is time andsBa “mass transfer number”

given by
B :% [4.5]

whereés is the vapour concentration at the surface ofitioplet anc. is the vapour
concentration “at infinity” (i.e. the environmentnder steady-state conditiors,
is given as

1

1+ Pim 1 Mair
Ps Ms

&= [4.6]

where R is the atmospheric pressure andsRhe partial pressure at the surface. In
the case of water, the variation of the saturategmour pressure with temperature

near room temperature is well known and given leyAhden Buck Equation [18]
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(18.678- (TJT
2345

25714+T

P, = 6.1121ex [4.7]

with T in degrees Celcius and Ps in hPa. Given thatrtkgonment surrounding
the droplet can be considered saturated, this givedue of Ps=23.373 hPa at a
temperature of 20C (our room temperature). The effect of relativenidity is

illustrated in graph 4.5 (below).
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Graph 4.5: Water droplet diameter against timevimious humidities.. From an initial
diameter of 5um, the individual plots show the @rafpion for different relative humidity in

the surrounding environment, from 100% (red) to 948%6wn) in steps of 0.2%.

The other issue of interest is the evaporationfaatdifferent liquids. First of all, the
addition of salt to our water droplets reducesvidygour pressure. We can model this
effect by taking the salt concentration into acdadanthe increased heat capacity
(cp) and the decrease in vapour pressure (modifiedtGiaitch Equation) of our
droplet. The heat capacity for salt is 1.23Kg compared to 4.186 J& for water
and so it cannot be neglected. As the dropletedses in volume due to
evaporation, the concentration of salt preseneimees. This allows the droplet to
reach an equilibrium diameter which depends orhtheidity of the local

environment.
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4.4 Measuring Captured Droplet Diameter with Tragver

4.4.1 Experimental Method

After optimising the cell and trapping beam, thrstfiexperiment conducted with the
aerosol tweezers was designed to gain experienicagping aerosols while making
some useful basic measurements. During initigingsvith the aerosol tweezers,
trapping was found to be more successful withircgjpelaser power ranges. The
aim was therefore to examine the diameter of ditsgdi@pped at specific trapping

powers (after optical losses were taken into canraiibn).

The aerosol sample consisted of salt water at aecration of 20g/litre (2 % mass
per unit volume). It was nebulised with the handh@mron U22 nebuliser and
delivered into the sample cell via a narrow nozzldhe most effective cell for this
experiment was found to be a modified Petri distinai drilled inlet hole. Pieces of
paper soaked in water were used to maintain alughdity within the cell.

A series of droplets were captured for a range ifierént trapping powers. A
droplet was only counted as trapped if it remaittadped in the tweezers for longer
than 10 seconds. The cell was kept in an overa&d condition, and the diameter
of each droplet was measured visually from scresgtures. Because the aerosol
conditioning (flow and nozzle) was kept the same éach measurement, the
likelihood of successful trapping varied for eadhesdue to the distribution of
aerosol diameters. Viable samples were obtaireguéntly in the 5 um range, but
the process could take many minutes for signifigasinaller and larger droplets.
Under optimum trapping conditions, with an abundaref appropriately sized
aerosols, stable trapping usually took place aftew short bursts from the nebuliser
(within 30 s).
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4.4.2 Experimental Results

For the purposes of this comparison of droplet gt trapping power, the initial
droplet diameter was measured. This ignored esaporative processes taking
place within the sample. As was expected, initildrger droplets were more stable
at higher trapping powers and could not be trapgelbw powers. This is just a
function of the intensity required for levitatiohthe droplet. Once trapped, droplets
would then evaporate to an equilibrium diameter,ictvhvaried due to the
concentration of salt in the droplet. A largettiadidroplet contains more saltwater
and therefore has a higher concentration of sathasdroplet diameter decreases

towards the minimum.

0 . , . , . , .
0 1 2 3 4 5

Laser Power (mW)

Droplet Diameter (um)
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1

Graph 4.6. Initial diameter of captured 2 % saitev droplets with optical power at the trap

site.

The increase of mean initial droplet size with fiag power is clear from graph 4.6.
The error bars denote the standard error in thplelraliameters recorded for each
data point. An unexpected result of this expenineas that the minimum size of
trapped droplet also increased with trapping powlerother words, small particles
could be trapped at low powers, but not at higheyso The reason for this was not
immediately obvious, although it may be a consegeeaf the relatively low

effective NA of our traps in air. The difference niefractive index between the
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coverslip (M1L.5) and the trapping medium({t) results in a critical angle at the
interface of approximately 42 degrees, as opposegproximately 62 degrees for a
colloidal sample. Therefore, any photons arrivingm a greater angle than 42
degrees are reflected at the boundary. This m#atsthe effective NA of the

microscope is approximately 1 when tweezing inndiere

NA=nsing, [4.7]

n is the refractive index of the glass optics ie thbjective lens an@, is the
acceptance angle. This is compared to a poteNflabf over 1.3 for liquid based

tweezers with a suitable objective [13].

To get a quantitative measure of this effect, lehphtted the difference between the
gradient force and scattering force below (see lgrdp). This is based on
calculations made by Ashkin in 1992 [19]. Althougtth the scattering and gradient
forces increase with increasing objective NA, th@dgent force increases at a faster
rate up to an NA of about 1.35.

L
=
ot
T

Fgrad minns Fecatt (1)
EoN
=
T

L
=
ot
T
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Graph 4.7 Graph ofjkq— Rcar (the difference between the gradient and scagdorces)
acting on a 5um colloidal polystyrene sphere vettigsnumerical aperture (NA) of the
objective lens for an optical power of 5SmWw.

This reduced effective NA weakens the gradientdostative to the scattering force,
pushing particles away unless they are alreadyedosthe focus. However, this
effect becomes more difficult to quantify with tleldition of a water layer of

variable thickness above the coverslip. Experimleabservation suggests that a
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uniform water layer between the glass:air boundarproves trapping conditions.
Although individual surface droplets distort theabe the addition of surfactant to
the coverslip results in a layer of water of umfiothickness across the surface. This
layer of intermediate refractive index also decesabe height of the focus above the
coverslip and water layer as the experiments pesgrel'he buildup of water limits
the lifetime of experiment and the layer must bmaeed when the layer becomes

prohibitively thick (on the order of 10 um).

4.4.3 Sample size selection

Although this experiment was designed to test wfie trapping conditions and gain
familiarity with the tweezing of liquid aerosolshe results were somewhat
surprising. The clear trend of an increasing munimdroplet size with trapping
power provides a crude method for size selectiomroplets. Although growing
droplets [20] is an elegant way to provide dropt#ta very specific size, the ability
to select droplets within a size range from a ramdample is of particular interest to

atmospheric chemistry and would be a likely featifrany “lab-in-a-box” system.

Another experiment conducted to this end was agidt at optically sorting falling
droplets according to their diameter. Such optsmating techniques have proven
successful in the field of microfluidics [21] wheoetical fields can be used to direct
particles according to size. In our case, a simplemated beam was used to exert a
constant optical force on a falling stream of detpl(see graph 4.8 and figure 4.9).
Assuming a uniform light field, the number of phaéampinging on a droplet scales
with the cross-sectional area, or the radius sglafhe mass of the droplet scales
with the volume, or the radius cubed. Measurirng dnhgle of droplet deflection in
the optical field would therefore give a measuretled size of the droplet, with
smaller droplets being deflected by a greater an@leyond the field, the droplets
would ideally fall vertically, resulting in a gradj of droplet size with horizontal
displacement.

Although this optical fractionation of droplets wibptical intensity appeared simple

in theory, actual implementation was more difficulCreating a uniform flow was
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the first difficulty and even with cloud chambemsdaapertures, the collision of
droplets with cell walls and each other made itidift to ensure droplets remained
at their selected diameter. Similarly, evaporatdfiects would vary depending on
the environment local to a droplet, causing drogiaimeters to vary through the cell.
Convection currents were also visible in the aflecting the droplet flow.

Angle of Deflection (Degrees)
o

0 05 1 15 2 25 3 35 4
Power (W)

Graph 4.8 Deflection angle of water droplet flowwthataser power incident in the horizontal

direction.

Figure 4.9 Falling droplets passing through thanibe Bright lines are droplets lying close
to the focal plane of the imaging optics. Left:0& W, Right: at 3 W of optical power.

Perhaps with extensive engineering, this basic otettould be used to separate
droplets according to diameter. However, care @wddve to be taken to reduce
evaporation, convection currents, maintain a umféow and find a way to prevent
droplets from colliding and coagulating during franation. Slowing the droplet
flow and increasing the interaction time betweea dnoplets and the optical field

would increase any fractionation effects. A maoseful approach may be to generate
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interference fringes in the same manner as midchdlyparticle sorting techniques
[21], but again, a more uniform flow would be reggi as well as a longer
interaction time with the optical field. Again,gmise engineering would be required
to produce a sufficiently slow moving uniform flothrough the cell. Therefore it
did not appear to be an approach worth pursuingdurand optical tweezers remain

our most successful means to select droplets wibtific size ranges.

4.5 Comparing 1064nm and 532nm Tweezers

To answer the question as to whether laser heatasga factor in the effectiveness
of our aerosol traps, a direct comparison of tweeperformance at 532 nm and
1064 nm was made. From the spectrum of water takewiously (Graph 4.3), it
was clear that the absorption at 1064 nm was siginifly higher than at 532 nm. A
direct comparison of the absorption coefficientgegia value of 0.00032 ¢hat 525
nm and 0.12 cfat 1060nm [14,15]. Later work by Querry estalgidta value of
0.000647 crit at 532.8 nm [22, 23].

10 ~

Droplet Diameter (microns)
[6;]

0 0.5 1 15 2 25 3 35 4 45 5
Trapping Power (mW)

Graph 4.10: Comparison of initial droplet diametgth trapping power at 532 nm (green
line) and 1064 nm (red line). The error bars iatkahe range in diameter of droplet trapped

at each trapping power sampled.
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The measurement of the diameter of trapped dropléds trapping power was

performed at 532 nm and compared to the data f64 Hdn (see graph 4.10). In this
case, a spatial light modulator (SLM) was used é¢negate an array of trap sites,
allowing multiple samples to be trapped in paralleHowever, an identical

microscope objective (Nikon E-plan NA=1.3) was used the trapping power was
measured at the trap site, so a direct comparsoalid. In addition, an identical

Petri-dish cell with soaked paper reservoirs wasdutr both. The Q-values

obtained for both traps were very similar with @@2for 532 nm and Q=0.25 for

1064 nm. This may account for the small differeneveen the two wavelengths in
graph 4.10.

The other assumption made in both cases washbdiumidity at the trap site was
the same and slightly less than 100% so that fieetsfof additional heating could be
observed. The rapid evaporation of droplets olexkmithin the first second of
trapping showed that this was the case. Usingabis®rption spectrum for water
(graph 4.3 above), the coefficients of absorptigr{see equation 4.3), are 0.16tm
at 1064 nm and 0.0036 ¢hat 532 nm.

Another possible factor in the difference betweesm 532 nm and 1064 nm case is
the refractive index dispersion in water. Thesdues are 1.336 and 1.325
respectively [24]. Similarly, although the objeets used were identical, they were
designed for visible wavelengths and their perforoeaat 1064 nm is likely to be

different than at 532 nm. When additional souraes available, preferably one
tunable over a large range, a more detailed inyatstin of these affects can take
place. However, this experiment accomplished i@inmgoal of studying the

properties of aerosol tweezers at 1064 nm. Progidne sample cell is at a high
humidity, the increase in vapour pressure assatiaith the additional laser heating

of the sample in the near infrared is not prohieiti
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4.6 Trapping and ldentification of Different Sangple

4.6.1 Trapping Different Liquids

The aim of this experiment was to successfully ttdferent liquids and investigate

the possibility of using aerosol tweezers as a meadifferentiating between liquids

according to refractive index. The method used idastical to that described in

Section 4.4.1 for the optical tweezing of wateroget, only the reservoirs contained
the sample liquid instead of water. As with thetawvaexperiment, the absorption
spectra for ethanol, dodecane and a 20 % glycelotisn were obtained to assess if
heating due to the laser was likely to be a problem
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Graph 4.11: Absorbance with wavelength for dodecaith 1064 nm marked with a

vertical line.
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Graph 4.12: Absorbance with wavelength for ethamith 1064 nm marked by a vertical

line.
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Graph 4.13: Absorbance with wavelength for 20 %cetgl, with 1064 nm marked by a

vertical line.

The absorption at 1064 nm for dodecane (graph 4fd)ethanol (graph 4.12) was
found to be approximately the same (A=0.03), cquesing to an absorption
coefficient, u(1064 nm), of 0.07 cth The subsequent measurement of a 20 %
glycerol solution (see graph 4.13) yielded a simdasorbance spectrum to pure
water, with additional absorption in the UV, whialas irrelevant to the experiment.
Given the success of the previous water dropl@ptrey experiments in the infrared
and the lower absorption in ethanol and dodecaser lheating could be ruled out as

a problem for these liquids.

The first set of experiments was conducted to coephe relationship between
trapping power and initial droplet size for eachuld. The second series of
experiments used a simple axial Q measurementtéondime whether differences in

refractive indices could be detected with aerosekizers.

Simultaneous measurements were made on the tetjmkifs for each sample liquid.
All the liquids tested were stable in the optica@pt so evaporation was the main
factor on droplet lifetime. Salt water dropletaultbremain in the trap for several
hours using our sample cell and samples have vapped overnight at Bristol in
their sealed chamber. Pure water droplets evapata rate dependent on the initial
droplet size, how sealed the sample cell is andgiteeof the sample reservoir. If the
trapping power is decreased as the droplet evamrifietimes of approximately 20

minutes are attainable. Dodecane droplets camapeédd for up to 40 minutes and
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ethanol for up to a minute if the aerosol cloudiense, or up to 10 seconds for a
typical short burst. Ethanol droplets can be tempfor longer periods by having a
continuous aerosol flow, such as that provided bgnaumatic nebuliser, or by

adding a salt which is soluble in ethanol. Thesehniques have the effect of
reducing the rate of evaporation either by maimgira supersaturated environment
or by reducing the vapour pressure. Both of theshniques are used in other

experiments covered later in this thesis.

4.6.2 Droplet Sizing with Trapping Power for Diféert Liquids

As with the optical trapping of water droplets, thmgtial droplet diameter was
measured for each sample to reduce the effect paation. Each point on the
graph (see graphs 4.14 to 4.17) corresponds toam waue measured for at least
five separate trapped droplets. Droplet sampla® were common in the 446m
range, due to the size distribution of aerosol ftbmnebuliser. The error bars in the
y-axis correspond to the standard error in the medmne obtained for each point.
The error bars in the x-axis are from the readimgran the half wave-plate mount

used to adjust the output power of the laser.

Droplet Diameter (microns)
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Graph 4.14: Initial diameter of captured water detgpwith optical power at the trap site.
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Graph 4.15: Initial diameter of captured dropletethanol with optical power at the trap

site.
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Graph 4.16: Initial diameter of captured droplets20 % glycerol solution with optical
power at the trap site.
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Graph 4.17: Initial diameter of captured dropleftsl@decane with optical power at the trap

site.

The data series obtained for the dodecane samgiealier than for the other liquids.
This is due to the samples damaging a soft plasiioponent in the nebuliser,

rendering it inoperable. Again, there was a linedaitionship between the trapping
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power required and the mean diameter of trappeplei This makes sense given
that the mass (contributing to downforce) increasits & and the cross-sectional
area of the droplet (contributing to upforce) with As before, initially larger

droplets were more stable at higher trapping powacscould not be trapped at low
powers for all the liquids tested. This is in agrent with work conducted by our

colleagues at Bristol [7].

To remove the effect of the density of each ligumdhe gradient, the graphs were
plotted in terms of droplet mass against trappiog/gr. The mass was obtained

simply by multiplying the density of each sampletbg volume of each droplet.
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Graph 4.18: Initial mass versus trapping powesagitured droplets for all samples.

Chemical Name Refractive Index Density (kg/m”"3)| ddsity (cP)
20% Glycerol 1.38 1050.8 1.12
Water 1.324 998.2 1.02
Ethanol 1.36 789.2 1.26
Dodecane 1.42 754.6 1.38

Table 4.19: Relevant properties of the liquidsdusethe droplet manipulation studies
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Sample Details Refractive Index Gradient of massugepower line
Water (1064 nm) 1.324 5.92x10
Ethanol 1.36 4.00x18
20% Glycerol Solution 1.38 1.87x10
Dodecane 1.42 1.50x1b

Table 4.20 Gradients of mass versus power witlactfre index for the different sample

liquids

There is a trend of a decreasing gradient witheiasing refractive index (see graph
4.18), as was found in the comparison of 532 nml&&d nm tweezers (Section
4.5). This suggests that with an increased ref@mdex (see tables 4.19 and
4.20), smaller droplets can be trapped even aehifyapping intensities. Using the
same model as detailed earlier (see equationsnd.2.8), the effect of refractive
index on the gradient and scattering forces cdolned. Assuming a droplet of 5
um in diameter, the difference between gradiertgf@nd scattering force is as
follows (graphs 4.21 and 4.22).
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Graph 4.21 Plot of gradient force for 5 um dropleta 5 mW beam with the refractive
index of water (solid red line) and dodecane (dbkieie line). There is a marked increase in

gradient force with refractive index using this rabd
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Graph 4.22 Plot of gradient force minus scatteforge with angle of incidence for 5 pm
droplets in a 5 mW beam with the refractive indéxvater (solid red line) and dodecane
(dotted blue line). The gradient force only becersonger than the scattering force when

light is focussed at an angle of more thah i@ the objective lens.

Therefore, increasing the refractive index of theptet increases the scattering force
more than the gradient force. While this explauny the droplets of higher
refractive index require more optical power, itl stoesn’t explain the difference in
gradients. In other words, why can’t we trap serallroplets of water at higher
trapping intensities? The increased gradient farag allow smaller droplets to be
tweezed at higher powers, although one would expectorresponding increase in

scattering force to make this more difficult.

Although the data set is limited, there is a trdm&te which is worth further
investigation. Other potential samples with diéigr refractive indices included
chloronaphthalene (n=1.6), di-chloro methylbenzémel.54) and pure glycerine
(n=1.473). However, these liquids weren’t comgatiwith our nebulisers, either
due to high viscosity or a highly solvent natuhe.addition, the output volume of the
nebuliser varied slightly between liquids, withecteased flow for ethanol. This, in
addition to evaporation effects in the nebulisezai®, may have effected the size

distribution of droplets in the sample cell.
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Using a nebuliser constructed completely from glassl metal may solve the
problem of generating aerosol samples of the meaetive chemicals and more
viscous liquids with a large range of refractivelioes. A specifically engineered
sample cell with pneumatic inlets may provide mooesistent results, allowing the
characterisation of liquids. However, the need nt@ake a large number of
measurements to obtain the required data meansspiegtrometry remains a far

more useful method of chemical identification.

4.6.3 Measuring Axial Trapping Efficiency, Q

In order to more directly compare the tweezers didferent samples, the axial
trapping efficiency for each liquid was measurethis involved trapping droplet
samples in the tweezers and reducing the trappmgpuntil the droplet fell out of
the trap. Direct imaging with a CCD was used t@suee the diameter of droplets in
the trap. The trapping efficiency,. [25], is a measure of the momentum
transferred from the beam to the trapped partitithé axial direction, as described

in section 2.3.1 (see equation 2.7).

Multiple measurements over a range of droplet siwe® made (see table 4.23) and
the uncertainty in Q is the standard error in edata set. The evaporation rate in
ethanol droplets made it difficult to make a coafid measure of the axial trapping
efficiency. The uncertainty in the dodecane vatudue to a smaller data set due to

nebuliser damage, as described in the previousscimn.
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Chemical Name Refractive Index Q

2% Salt Water 1.324 0.28 + 0.05
Ethanol 1.36 0.22£0.11

20% Glycerol 1.38 0.27 £0.03

Dodecane 1.42 0.42 +0.08

Table 4.23 Table of axial trapping efficiency amdractive index for the different liquids

tweezed.

The axial trapping efficiency for dodecane, wit af 0.42, was significantly higher
than the other liquid samples. This value is @alsagreement by work conducted at
published by Ward, Longhurst and Quirke [26]. Altlgh they used a microscope
objective with an NA of 1.4, trapping in air woubdve limited the effective NA to a
value of approximately 1 as with our system. Hoavethe refractive index contrast
between droplets and the air medium is greater tiietnof typical colloidal particles.
This results in a higher trapping efficiency. Thagpping efficiency for our salt water
solution is significantly lower than that achievieg Magomeet al [20]. However,
their value of Q=0.46 was achieved using a moreptextrapping cell, allowing the
droplet to grow slowly to a maximum volume at thapt site. The 20 % glycerol
solution gave a very similar result to the saltevatroplets, despite having a slightly

higher refractive index.

4.7 Conclusion

This chapter has described many of the initial s@roweezing experiments. These
include the development of many of the experimeriabics used and the
characterisation of aerosol tweezers. Evaporatiairoplet samples was considered
in detail taking into account cell design, the wdesample liquid reservoirs and

aerosol flow conditioning.
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The effect of wavelength on the trapping of 2 % salter droplets was investigated,
measuring the mean diameter of droplets trapped avange of laser powers in
identical sample cells at 532 nm and 1064 nm. férormance was comparable
between both wavelengths, despite stronger absarpti water droplets in the
infrared. This confirmed that a relatively cheagdr source at 1064 nm could be
used for much of the subsequent work. In additiba size of droplets trapped in the
tweezers was found to be dependent on the tragmimeger. This provides some
control over the size of a captured droplet froma@dom environmental sample of
aerosol.

The droplet size versus trapping power measurenveaits repeated for a range of
liquids including ethanol, glycerol solution andda@cane. Other liquids were
successfully trapped optically, but weren’t suigaldbr long-term use or gave
inconsistent aerosol flow when used with our nedam. The axial trapping
efficiency of our basic tweezers setup was measimedach of our sample liquids
and our result for dodecane agrees with that ajrgadblished. This work refined
our methods and techniques, allowing us to proteedore ambitious experiments
and break new ground. One of the major challefmesur work was the successful
trapping of solid aerosol particles, the subjedhefnext chapter.
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Chapter 5

Tweezing of Solid Aerosols

5.1 Introduction

Since their creation in 1986 [1] optical tweezeavéd evolved to become an
important tool in a wide range of different apptioas [2,3]. The ability to
isolate single or multiple [4] aerosols and analyssr size and composition is
of particular interest, especially in the fieldaimospheric chemistry [5]. Until
recently the study of the behaviour of solid ael®$as been neglected but is
of obvious importance for such studies [6,7]. Ogitisveezers provide not only
the means to hold the particle but also the abilityprecisely measure its
displacement fluctuations due to the Brownian sisth force of the
surrounding fluid. Comparing the dynamics of idestt particles trapped in
the two very different media, air and water, allalifferences between the two
trapping regimes to be investigated.

5.2 Experimental Considerations for Solid Aerosols

The use of optical tweezers combined with a seseslight detector as a means
of precise measurement of force and position wiiglig an extension of laser
differential interferometry [8]. Early work by Giain et al [9] utilized a
photodiode to measure amplitude changes in thesrirdted light from the
trapping beam to monitor the motion of a tweezediga, generating a power
spectrum. Further work using this technique shothed sensitivities greater

than 10 times that of a scanning force microscapgdcbe achieved [10]. We
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have chosen this back focal pane interferometrijrigcie [11] to study the

effect of trapping medium on the Brownian motioradfapped silica sphere.

The basis of our position sensitive detector syseemquadrant silicon photo-
diode (Hammamatsu S5980). The signal from eacldrgn&is amplified and
processed electronically on a circuit based onipusvwork by Allersmaet al
[12] and outputted to a digital acquisition boaRIC(-6014E). With proper
calibration to an appropriate zero-point, the reéasignals of the four separate
photodiode elements provide an accurate displaceatenfrequency of up to
25 MHz. The variance in the signal is then analyse terms of angular
frequency and then displayed as a power spectidawever, thought must be

given in order to find a suitable model for the dgmcs of our tweezed sample.

Such a trapped particle can be treated as a dahgrewbnic oscillator whose

position is described by the Langevin equation;
MK(t) + yoX(t) +Ax(t) = (2K Tyo)(t) [5.1]
wherem is particle massy=6/ma is the stokes drags is the optical trap

stiffness, /7 the medium’s viscositya, the particle radius angf (2kgTy, )7 (t),

the Brownian stochastic force at temperature, T.[Mhen trapping in air the
inertial term is significant and must be includedhe inertial effects can be

observed to be

kT o,
(o ~Qif +riwr

i (@) [5.2]

wherewo = (k/mY° andI'v=yo/m. The gradient of the power spectrum tail is
characteristic of the degree of damping in theesystfalling of withw™ for an
underdamped system amg’® for an over damped system [14, 15]. A more
complete description of the methods can be foun&eation 2.2.3 of this

thesis.

To make a direct comparison between the aerosotalhaldal cases, a simple
means of loading the tweezers was required. A8ho®@mori et al [16]

succeeded in tweezing glass spheres; we have bedieuto replicate their
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results. Our attempts have included several vessal a vibrating coverslip
method, similar to that of Omori and even earli@rkvby Ashkin used for
loading levitation traps with solid particles. Thechnique involves using
piezoelectric transducers placed underneath a slgvemnd driven to varying
degrees to force particles into an optical traptha focal plane of a non-
inverted microscope objective above. However givdral failure, the surface
of the slide was imaged from the side using a Mogking-distance objective
(Mitutoyo 50X LWD). This allowed us to gauge th#eetiveness of our
efforts. The most successful samples containearge Irange of diameters,
which may have prevented packing of spheres orstinace. This suggests
that coating the surfaces in such a way as to Mait de Waals forces may be

a necessary

Another approach to this loading problem may bbawee the optical axis and
microscope objective arranged horizontally. Howevkis would result in

gravity acting at right angles to the trap, resgjtin forces which are non-
symmetric around the optical axis. Instead, weend our sample in ethanol
and use a commercial medical nebuliser unit toysgranto a glass chamber
into which a standard inverted single beam gradfente trap is focused.
Although the chamber decreases the evaporatiorofdbte residual ethanol, it

helps to shield the trap from surrounding air coitgeincreasing stability.

5.3 Proof of Concept

Initial development of the sample cell, aerosoiva#l and tweezing methods
was conducted on a 1064 nm tweezers system (see figl), without the

QPD and associated imaging system. The tweezimgipm this case was
provided by a 2 W CW ytterbium fibre laser, usedcombination with a

polarising beamsplitter and half-wave plate to atljbhe power at the objective
as well as neutral density filters to reduce theimam output power to 100
mwW.
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The beam, which had been expanded using a telescogegement to ensure
the back aperture of the microscope objective Witk overfilled [16],

passed through a 100x Nikon E Plan oil-immersiorcrasicope objective
(NA=1.25). The chamber was placed on a thickness aoverslip on top of

the objective, with the focus forming approximatel) microns above.

100x Mitutoyo long ) |

QPD and 4f
imaging system

woilang-distance objective |

: -2 iser l = 'k 4
Omron NE-U22 nebulizer k. =t

100x EPlan

m Nikon objective

Beam steering mirrors
Collimation optics
= ) Folding
: i - x - mirror

Tube lens
J

Firewire camera .

Figure 5.1. Experimental setup for solid partiwleezing. The main feature for this
experiment being the addition of the QPD and lormgkimg distance objective.

Otherwise, the construction is as described in@e&.2.4.

Our method of generating solid aerosol particleansextension to our liquid
aerosol system, utilizing an Omron MicroAir NE-U2Zhis model of

commercial nebuliser uses a vibrating ultrasonishrte generate droplets with
a mass median aerodynamic diameter (MMAD) of 4.9 [ithe spacing of the
mesh is approximately 3 um, so passing solid pestiof a similar and smaller
size range is possible. By suspending silica gsher ethanol at a suitable
concentration, the solid particles can then be idaliin the ethanol medium.

By designing a sample chamber which is relativgdgroto the environment
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(see figure 5.2), the ethanol component of theyspraporates rapidly and is
removed from the silica spheres either by the tihey arrive at the trap, or
within a few seconds, depending on the quantitgtbfinol and design of the

cell.

100x LWD
Objective Lens

High
Evaporation
Sample Cell

Nebuliser with
Nozzle

-
- Solid Spheres
\ in Ethanol

100x EPlan
Microscope
Objective

Figure 5.2. Spraying into the high evaporatioe smple cell using the Omron U-22
nebuliser and a cell designed for high evaporatoes.

As has been mentioned, the design of the samplasctlirly critical to the
successful trapping of spheres. It is generally anpetition between
evaporation rates and isolation from disruptive ainrents in the local
environment. Our most successful cell design coedief a well in the centre
to shield the region nearest the trapping site.ig&rascope slide was placed on
top of the lower section with 5 mm spacers to ptewientral vents and also an
optical window to allow scattered light from thergale to be collected by the

long-working distance condenser objective above.

As with other aerosol trapping experiments [17¢, tbonditioning” of the
aerosol flow is important. We tested a range aizi@attachments to provide
a useful sample flow rate. For our particular rislen, the most effective
nozzle is shown in detail in figure 3. The solahponent of the flow also had
to be considered. By testing the number of sddidigles deposited on a

coverslip over a given time interval, we found tleetger tubes or sharp angles
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in the flow conditioner restricted the number digparticles contained in the
final aerosol. This is a particular issue in pneticadly driven nebulisers,
where the airflow generates a very rapid initialsfl In our preliminary efforts
to extend our size range beyond the 3 um limibgeiur handheld nebulisers,
pneumatic nebuliser designs seemed to be the mmsigng for generating
larger solid aerosol samples. However, this isrggsly an engineering issue

and perhaps more suitable options exist.

Another important issue is keeping the solid plesicseparated in solution.
Before each experimental session, the suspendeplesanvere placed in an
ultrasonic bath for 5 minutes. This helped to préwclogging the ultrasonic
mesh with the larger particles and gave a highepgtion of individual silica

spheres in the resulting aerosol. Although pairgrapped spheres were

trapped for short periods of time, they were nabl&.

Silica spheres of 1.86 um and 3.01 pm diameterge weccessfully tweezed

and held for several minutes in the sample cell abnstant trapping power

several times. The axial trapping efficiency, @swneasured for these sphere

sizes (see table 5.3) by first tweezing the sphedhes reducing the optical
power until the particles fell out. The trappingwers were measured at the
trap site and Q is the axial trapping efficiendyeg by

- p.V.gc
o= ﬁm) g

[5.3]

m

whereps is the density of the sphemy, is the density of the mediumg\é the
sphere volume, g is the acceleration due to graeiig the speed of light and
Nm is the refractive index of the medium. The measwant was also made
once for 2.47 um particles, although it could netrepeated. A 0.97 pm
particle was trapped for approximately 3 seconds@wer of 200 uW, which
was an insufficient time to make a measurement,tibeittrapping power is
included in table 5.3 for completeness. In addititarger silica spheres of
diameter 4.32 um were trapped for several secohds @ower of 3 mW.
However, this size of particle was too large for emall nebuliser, and a

pneumatic nebuliser using compressed air (CompAtrQ¥®8-E) was used.
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Unfortunately, the airflow generated by this neteli model made trapping

unstable and detailed Q measurements impossible.

Diameter (um) Initial trapping power | Minimum Qaxial
(mw) trapping power
(mw)
0.97 0.2 (for 3 seconds) Unstable Unstable
1.86 0.6 0.10 £0.02 0.19+0.04
2.47 0.8 0.25+ 0.06 0.26+ 0.06
3.01 1.2 0.29+ 0.03 0.28+ 0.03
4.32 3 (for 3 seconds) Unstable Unstable

Table 5.3. Qia Mmeasurements for aerosolised silica spheres & 466 Although
0.97 um and 4.32 um spheres were observed inapethre duration was insufficient

to perform the measurement.

With a successful proof of concept, the method wemted on the 532 nm

tweezers with a QPD detector system.

5.4 Direct Comparison of Colloidal Solids and Solid

Aerosols

5.4.1 Experimental Design

The tweezers were generated using 532 nm light feomw. 4 W Laser
Quantum Finesse laser. The samples were imagedifelow using the same
microscope objective and a dichroic mirror whichswaflective at 45 degrees
at 532 nm and highly transmissive for the whitdtidlumination. Video was
captured using a Basler A602f Firewire camera. Auldyo long working
distance 100x objective (NA=0.55) was used to imlagig from the trapping
plane onto the QPD via a 4f imaging system. A highemerical aperture
collecting lens would have been desirable [14] fooin those available this

provided the best compromise between NA and progidenough space
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(working distance = 13 mm) for our cell design. ®meall currents produced
by the QPD were sent, via shielded cables to redungeinterference from
external sources, to amplification electronics aonhg a 50 kHz anti-aliasing
filter. In order to further still reduce the backgnd noise detected by the QPD
the laser was always used at >30% capacity withepa@ntrol achieved by
using a pair of half wave plates with polarizingabecubes. The first split the
beam for two different experiments and the secamrolled power for this

experiment alone.

The ability to trap and perform measurements ord sérosols has, up until
now, been difficult to achieve. Previous methodidrapping solid aerosol

particles [16] used a piezoelectric element to atibra microscope slide
covered with silica spheres. These particles wesewed to bounce and get
trapped using conventional non-inverted opticalemes, focused just above

the sample plane.

With our method for tweezing solid particles, tharticles often enter the

trapping region surrounded by an ethanol shell Wwigaickly evaporates (see
figure 5.4). As with liquid aerosols, successiueézing is dependent on the
laser power in the trap. Even once a sphere vaapéd, only small increases
could be made to the power before it became urestiypically around 50 %.

Once the correct power range was selected, trappinegts occurred on an
average of once every 15 minutes. This time dep@iodh the concentration of
spheres in the sample, the mixing and separatidheo§pheres by ultrasound
and the trajectory and timing of the bursts from tiebuliser to avoid knocking
out a trapped particle through the accumulatiofutther aerosols in the trap.
Also, the coverslip requires frequent replacemardg tb the accumulation of

particles on the surface.
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Figure 5.4. Trapping of a 3.01 um silica spheretimanol at 1064 nm. From top left
to bottom right: (a) 0 s, the particle is trapped athanol can be seen surrounding the
particle and on the surface of the slide below; gfigr 0.3 s, the ethanol shell
surrounding the sphere has started to evaporajeafter 10 s, the liquid has
completely evaporated; (d) the particle is delibeyaknocked out of the trap after a

minute by blocking the beam.

For our comparison study between the trapping bebawf airborne and
colloidal spheres, we chose silica spheres as aid aerosol. Mathematical
modelling suggests that the higher refractive indéxpolystyrene spheres
would make them more difficult to trap in air. Weeng also limited by the
physical design of our nebuliser, so spheres ahdtar 1.86 pm and 3.01 pm
were used. Silica spheres of diameter 0.97 pm a#éd gm were similarly
tested, but we were unable to trap these stabtiigrb32nm trap. The reason
for this is unknown to us at present, but may bssfe with an improved

nebuliser or sample cell design.

For the colloidal measurements, only the samelediffered. Dilute samples
of the spheres in de-ionised water were placedpecers sandwiched by
thickness 1 microscope coverslips. Care was takemsure only one particle

was being tweezed at a time. For all the followiesgults the diode signal was
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sampled at 50 kHz for 4 seconds. When fitting, data was first binned into
units of 50, then, in air we performed the fit beem 10 Hz and 10 kHz. When
fitting for the water medium data we only fit beevel0 Hz and 5 kHz. This is
due to the high frequency “tail” not fitting theetbretical Lorentzian profile.

For the purposes of our measurements the roll-gfjufency was more
important and so the fit was made to provide aebattatch for the lower
frequency region of the power spectrum and the alatae 5 kHz was omitted.
This disagreement between the theoretical and ewpetal power spectra is
due to hydrodynamic friction effects which becomgngicant for small

particles at higher frequencies. This hydrodynagoerection will require

additional modelling for future work in this area.

Clearly the sensitivity of the position detectiogstem will differ when

trapping in an air medium as opposed to a wateriumedrl herefore to make a
comparison between the dynamics of the two systemsnust calibrate the
detector signals. Conventional methods could bg @#ficult to implement in

an air medium. Moving a fixed bead over a knowrtadlise through the laser
beam waist is not a good replica of experimentaddons. Oscillation of the
sample stage to produce a known drag force onrdippéd particle would also
be difficult to implement in an air medium [18], carboth methods need
expensive equipment. There are techniques thaAQdes to produce known
oscillations of the trapping beam to calibrate #ystem for the particle
currently in the trap, which could be implementaduture airborne trapping

systems [19].

In this work we are not concerned with high premisand for simplicity we
calculate the detector sensitivityy, from an uncalibrated voltage power
spectrumS'(f) = w?S(f) by use of the plateau reached for>> @ in the
function »?S'(f). For the underdamped case, where inertia is iedydt is
clear that we must multiply the voltage power speunt by »* to obtain a

similar plateau inv*S'(f). We find the detector sensitivit§iner, to be

_ [pm
ﬂinert - AkBTFO : [54]
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We find fSinerr @and fover for each individual power spectrum allowing us to

calibrate the spectrum into unitsraffHz™.

Wishing to make direct comparison, attempts werdearta trap in water with

the small amount of power needed in air. Althougbkdzing was possible the
corner frequencies were so low they resided inréiggon of mechanical noise
and provided “poor fits”. Instead the particles eéwveezed with 100 times the

power used in air and as shown in table &i8,given in units opNpmMmw=.

Medium Water Air
Viscosity (Pa.s) 1E-3 1.8E-5
Density (kgnt) 1000 1
Refractive Index 1.33 1.00

Table 5.5. Comparison of the relevant propertfab®water and air media, viscosity,

density and refractive index.

5.4.2 Experimental Results

10% g

Power (nm’Hz™")

10 100 1000 10000

107 b

Angular Frequency/2n (Hz)

Graph 5.6: Power spectrum for 1.86 um silica sghar air (red line) and water (blue

line)
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Graph 5.7: Power spectrum for 3.01 um silica sgheén air (circles) and water
(triangles). The red line is a fit to the airbordata using equation X and fitting
between 18 and 10000 Hz. The blue line is a fgigiquation Y and fitting between
18 and 5000 Hz.

Diameter | Trapping | Trap stiffness in | Trapping Trap stiffness in

(um) power in| water power in air | air (pNum*mw?)
water (PNum mw)

1.86 25mwW 0.88 £ 0.04 0.25mwW 2.02 £0.08

3.01 130mwW | 0.49+0.02 1.3mwW 1.50 £ 0.05

Table 5.8: Table of results, displaying trap s@ffs for 1.86um and 3.01pm
diameter spheres in both water and air.

The first thing to note with the graphs 5.6 and &bove, is the difference in
power between the red and blue lines, corresportiragr and water trapping
media respectively. A comparison of this powewirts of nnfHz*, shows
that the magnitude of the lateral movement of afiifctrapped airborne
particles is greater than for identical colloidahgles. This observation makes
sense when you consider the density of the medeéadh case. With only one
tenth of the particle density in any one directiong would expect the mean
free path of the silica bead in air to be signifitya longer than in water.

Likewise, the effect of Brownian motion is stronder the smaller 1.86 um
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bead. Of course, the optical force acting on theasbead is the other major
factor in the generated power spectrum.

Firstly, the corner frequency is far more obvionghe aerosol case (see table
5.8) and Lorentzian fits could be obtained at miaster optical powers than
for the colloidal system. The steeper fall-off beg the corner frequency [14]
seen in previous studies of aerosols is also evideour spectra, especially in
the 3.01 um case. From our comparison, we fouedtthp stiffness to be
around 3 times greater in air than in water. Téiagain thought to be due to

the increased refractive index contrast provideddrpsol trapping.

5.4.4 Conclusion

Silica spheres of diameter 1.86 um and 3.01 um wptieally trapped in an
optical tweezers setup and power spectra takengusinQPD. The
measurements were made using both air and wat@rtrapping medium and
the power spectra compared. This direct compartsemeen aerosol and
colloid samples was made possible by generatirajye consisting of silica

spheres suspended in ethanol.

At frequencies greater than 10 kHz it was at tihégcult to obtain sufficient
signal from the scattered light to bring the speetinove the background level.
In the same frequency region there were also spikéise background signal
due to laser noise. At low frequencies mechaniogencan dominate resulting
in a non-flat plateau despite using a floating @gdtbench and where possible
working solitarily in the laboratory. For these seas we only plot between 10

Hz and 10 kHz in our results.

To trap in air the laser power must be carefullgcted. Unlike colloidal based
tweezers simply increasing the power does not alevosols to be ‘caught’
easily. In this case there exists only a smallaegiver which an aerosol can
be tweezed from the air, hence the seemingly arygigpowers shown in table
5.8. To extend the utility of our aerosol trapg revisited the earlier work of
Ashkin [20], looking at the optical guiding of asoss.
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Chapter 6

Optical Guiding of Aerosols

6.1 Introduction

While Ashkin’s original work studied the accelecati of particles in the
horizontal direction, subsequent work would invotyatical levitation of both
particles and droplets, balancing the gravitatiofmate with the scattering
force [1,2,3]. This work was the forerunner of wiaae now termeacbptical
tweezerswhich rely on the optical dipole force ratherrihadiation pressure
to trap particles. With a weaker focus, a partcde be held in the transverse
plane of the beam and levitated or guided alonglifextion of propagation. It
is the guiding of particles, and specifically liquiroplets, that is the focus of
this chapter. In particular, the aim is to prodacgystem capable of capturing
aerosol samples and transport them using opticataten. Although
Gaussian beams could be used, the low diffractiomigeed by the central spot
of a Bessel beam had greater potential. Therefinese experiments are

described in the form of a comparison between bgeometries.

6.2 Guiding with Gaussian Beams

6.2.1 Gaussian beam guiding experiment

With the aim of investigating particle transportrmnd, the first task was to
design apparatus capable of guiding aerosol pasticlPrevious work by a
summer student, Matt Himsworth, in trapping aer®sath a weakly focussed

beam had found some success. It was shown thptetBacould be trapped
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from a sample cell using a levitating beam focudeedely into the centre of a
tube. The nebuliser used generated an airflow sipgahe direction of beam
propagation. This resulted in a higher than exgmkdtapping power with

droplets trapped with beam powers in the order0O6f hW. There appeared to
be differences in the intensity of the scattergghtlin each case. However,
very little in the way of quantitative data was idafale. In order to take the
investigation further, it was necessary to make ifreadions, leading to the

setup shown in figure 6.1, below.

Test liquid

Nebuliser

—— Airflow

N
LT Camera
Scatterad light

Objective lens

-

25mm lens

M2

W3

Telsscope

1084 nm  ——p
W1

Figure 6.1: Droplet levitation trap. A 2 W lasemweakly focussed into a cell using a
25 mm lens in order to levitate droplets fallingrfr the nebuliser above. Side-

scattered light is focussed onto the camera.

The aim was to build on the aerosol guiding workdwected by Ashkin [4]. In
order to capture and guide droplets, a standaret l@vitation scheme was
used. A 2 W CW ytterbium fibre laser at 1064 nnswesed to provide a
satisfactory range of levitating intensities forrtgde guiding. For the
Gaussian beam experiment the beam is collimatel avit appropriate beam
waist so as to form the desired spot size aftangoacused with a final f=25
mm lens. Although microscope objective lensesumed to generate strong
gradient forces, the aim in this instance was ¢ater a particle guide confining
the droplets in x and y only. Therefore, a 25 nwoaf length lens was

appropriate for these experiments.
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The droplets were generated using a pneumatic isebufilled with a liquid
sample driven by a pressurised nitrogen flow. iagnitude of the flow was
regulated using a combined flow controller and mé@mega FMA 5400
Flow Controller) and could be adjusted from 0-2G@6° per minute of gas
flow. The trapped droplets had diameters of 74/f2. This estimate was
made using a CCD and microscope objective to immgange of droplets
falling on a microscope coverslip above which wigerdocus. The resulting
aerosol was passed into the top of an open-endes gkll, where in then fell
into the guiding laser beam. The upwards force tduie radiation pressure
from the laser would then be stably balanced uaimgmbination of both the
gravitational force acting on the droplets and aireflow passing through the
cell.

Ambient conditions in the laboratory and near tbk were a critical factor in
the success rate of the experiment. Any variatiotme droplet size would be
likely to skew the measurements. The temperata® negulated at 22°C, and
the humidity in the cell was kept as high as pdsshy placing a liquid
reservoir in the cell. Care was also taken to mire air currents around the
cell, and the optical bench was floated to prexaTyt mechanical vibration in
the cell. We successfully levitated droplets at i@ for upwards of 20

minutes with this apparatus.

A Watec 902-DM CCD camera was used to record ttengity profile of the
droplets using different microscopes dependinglendize of the area to be
observed. The imaging lens focussed the scattéighd towards the
microscope objective and had a focal length of exiprately 50.1 mm. The
plane being imaged could be adjusted by moving ithaging lens. The
distance of the imaging plane from the particlelddae calculated using the
lens maker’s equation and a calibration slide mlanethe focal plane to allow
the dimensions of the images to be calculated.

The intensity of the beam and hence the balanckéigrosvhere the particle is
levitated is a function of the cross-sectional ave#éhe beam. Therefore, the
guiding characteristics are dependent on the spet & the focus and the

divergence of the beam. This is given by the @qnat
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w(z) = w, /1+ /122 , [6.1]
T8

where w(z) is the radius of the beam at a distanc&pm the focus, wis the

radius at the beam waist akds the wavelength.

6.2.2 Gaussian beam guiding measurements

To test the guiding properties of both the Gaussiarosol trap, the balance
point of a single droplet against the upward scatje force due to the
levitating beam was found for a range of laser psweln addition to the
gravitational force acting on the droplets, thersvalso a down-force due to
the airflow which was required to drive the nebedigenerating the droplets.
It was found that the precise flow required to gateedroplets depended both
on the viscosity of the liquid as well as the armgfienclination of the nebuliser.
So despite trapping powers of less than 10mW bedegrded in Ashkin’s
previous droplet levitation experiments [5], a mgchater power was required
initially to offset the nitrogen flow and succedbfurap the droplets. The flow
could then be reduced in tandem with the laser pdava minimum value for
each experiment Thus although this experimentaligallows for the short-
range guiding of droplets, it is more complicateddperate than standard

single-beam optical gradient traps which are capabk-trapping [6].

The equilibrium positions were measured for sirdyigplets at a constant flow
rate. This was repeated for samples of threerdiiteliquids (water, ethanol
and dodecane). Direct imaging of trapped droptetsfirms that the droplet
sizes for each of the liquids were roughly the saai#hough there was no
means of accurate particle sizing for each indiaiddroplet in the guiding

case.

The Gaussian beam had a diameter of 12 um at this.fé\fter propagating for
500 mm, the beam diameter expanded to 25 um. stdhe guiding properties

of the beam, droplets were generated at a conBtamtrate for each of the
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three test liquids. Care was taken to ensuredhigtone droplet was trapped
in the beam at any one time. Too great a flow rophbts resulted in up to

three droplets being trapped before merging to fmectarger droplets than

originally intended (see figure 6.2).

Imm

Imm

Figure 6.2: The formation of a stacked array otewalroplets from left to right
trapped in a Gaussian beam. After the third parti@as trapped (top-centre), the top
two particles merged and fell out of the trap as plower was decreased (bottom-
centre and right).

6.2.3 Gaussian beam guiding results

Using the Gaussian beam, both water and etharqpdchin a stable manner
and could be made to move up and down with adjustimethe output power.

Although dodecane droplets were trapped at lowensities than water and
ethanol, they were found to be less stable in #@ah as result of the higher
refractive index and hence scattering of the dodkecBespite the increase in
vibrational motion observed, the maximum guidingtance was found to be
significantly greater for dodecane. The, maximumdmg distances were

found to be 250 um for water (graph 6.3) and 275fpmethanol (graph 6.4).
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Graph 6.3: Water droplet height against laser pqWg for water for a constant flow

rate of 0.58 litres/min levitated in a Gaussiartdseam.
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Graph 6.4: Particle height against laser powerfiwgthanol for a constant flow rate

of 0.5 litres/min levitated in a Gaussian lasembea
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Figure 6.5: Guiding of a dodecane droplet oveistadce of approximately 800 pm

levitated in a Gaussian beam. The increased scdttiee laser on the sample can be

compared to figure 6.4 above.

The maximum guiding distance of 800 um for dodedare figure 6.5) could
not be repeated consistently and was observedimgée experimental run.
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This non-repeatability is due to a combinationratability once trapped and
the increased chance of additional droplets ergdha trap during the course
of each run of the experiment. However, the tgtadling distance can be
found easily by rapidly adjusting the power. Thereased guiding distance
compared with water and ethanol may be due intpaah increased scattering
force.
The scattering force {Jin the axial direction can be calculated usirg ROT
model for spherical particles illuminated by a onm field [7].
E®cosa’®sinéh’,
244,C°
T2(cos( +6-2r) + Rcos( + 9))} [6.2]
1+ R* + 2Rcos2r

= —[2da[*"d
FZ__.[O 0 4

X(cos( -6)+Rcos{+6) -

where R and T are the Fresnel coefficiepgthe permeability of free space,
and i andr are the incident and refracted angles of our (agd are equal to
zero in our case of the scattering force oppogieggravitational force). Using
the ROT model, the refractive index difference ewwater (n=1.33) and
dodecane (n=1.42) only amounts to a differenceairad 1% in the axial
scattering force,

6.3 Guiding with Bessel Beams

6.3.1 Bessel beam guiding theory

For particle guiding applications, Bessel beam®][®ffer advantages over
Gaussian laser modes. This stems from the pseuddiffracting nature of the
central maximum of the profile. The distance ovehich the beam is
considered non-diffracting is termed the propagatidistance in our
experiment. This can be as great as a hundred tihneeRayleigh range of a
Gaussian beam with a beam diameter equivalentet®@éssel beam core size.

The ‘advantages’ of the Bessel beam always congepice, however. For a
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given core size the beam propagation distancefimetion of the Gaussian
beam waist used to create the beam. However fong propagation distance
the number of rings in the Bessel beam increasdsaansuch the power is
distributed across the entire beam profile. Theeeto balance must be found
between propagation distance and the fraction efotrerall power present in

the core.

Durnin showed that there was a propagation-invarsnution for the free

space wave equation

Dz—iﬁ E(x,y,zt)=0 [6.3]
CZ atz ) ) ) . -

For a zeroth order (n=0) Bessel beam [10] genetayatiluminating the axicon

with a simple Gaussian beam (of diamete)) Whe phase factor exp(Zp

simply becomes equal to 1 and the intensity caexipeessed as

-227?
1(r,2) = 27krwoﬂ\]02(k,r)exp

2
0 Tmax max

), [6.4]

where B is the power incident on the axicon (z=0}xK{n-1)y wherey is the

opening angle of the axicon with refractive index im the paraxial

approximation and
- kw

max kr

[6.5]

The on-axis (r=0) intensity of the beam with z ¢eneasily plotted from the

experimental parameters (see figure 6.6). In @peemental case, we have an
additional double telescope arrangement which resltice dimensions of the
beam by a factor of 32, so this must be taken agtmunt. n=1.507 (BK7 at

1060 nm) [11], w=0.001,y=1.5 degrees (0.026 radians) ard 064 nm.

127



Chapter 6 — Optical Guiding of Aerosols
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Figure 6.6: Plot of Bessel beam intensity along tkeatre (r=0) with z, with the
intensity normalized to the maximum, which occurg6lmm from the focal point of

the final lens.

If we assume the minimum guiding height occurshat point of maximum

intensity in the beam as with the Gaussian case the advantage of the
Bessel beam becomes obvious. If we assume, tetafiproximation, that the
maximum on-axis intensity is the same in our Gaussase as with the Bessel

beam then we can plot the following (figure 6.7).
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Figure 6.7: Plot of Bessel and Gaussian beamsgities along the centre (r=0) with z,

assuming the same maximum on-axis intensity.

The Gaussian intensity varies according to thealiffion of the beam based on
the beam waist of fim used in the previous experiment and an expargfion

the beam cross-section of the form

A(2) = v(2)° [6.6]
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and

_ g
=" [6.7]

Of course, the radial distribution of the lightlfis must be taken into account.

Most obviously, the light in the Bessel beam istritbhsited across multiple
rings. In our experimental case, a Bessel beamsistomy of 10 rings and a
centre spot was used. Assuming the power is lliged evenly across each of
these regions and the droplet is guided usingitjint from the core only, then
over 90 % of the light in the Bessel beam is wasftEde comparison of Bessel
and Gaussian beams was detailed by Durnin in 193B [This demonstrates
that the Bessel range is approximately N timesGhassian range where N is
the number of rings in the Bessel beam. This waypldear to be confirmed in
this experiment.

We know experimentally that the minimum power regdito levitate a typical
7 um droplet in a Gaussian beam with a diametdr2gim using our setup is
0.18 W. This is 18 % of the 1 W available for tation. This becomes our
threshold point for the Gaussian beam. We carndurtefine the model by
taking into account the axial profile of the levitg light in each case. By
integrating across the beam cross-section anahgedtie limits to the diameter
of a typical droplet (diameter of 7 um), we can getestimate of how much of
the power was incident on the droplet in each caBee Bessel beam is the
easiest to examine, as the core diameter is snibber the droplet diameter.
Therefore light from across the entire core of Bessel beam makes a
contribution to the scattering force acting to tate the particle. In the
Gaussian case the droplet is smaller than the lok@meter, even at the beam
waist. Therefore, only the proportion of light itent on the particle should be

considered (see figure 6.8).
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Figure 6.8: Normalised Gaussian profile with thiepiet diameter shaded indicating

the light in the beam focus with contributes to fimees acting on the particle.

For our Bessel beam, we must take this factoraetmunt. Of the 180 mW in
the Gaussian focus, only 14 % was used to levitegaroplet at the focus and
the remainder was wasted. This gives us a thrdsheiitation power of

approximately 30 mW for our Gaussian levitation exment, or 3 % of the

available laser power. If we assume that thistd¢an power is the same for
the Bessel beam case, then we can redraw our Gauasisus Bessel beam
propagation graph with the new levitation thresheddue of 3 %, as well as
adjusting the relative beam powers to exclude hgtich is not incident on our

droplet (see figure 6.9).
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Figure 6.9: Plot of normalized Bessel and Gausseam intensities along the centre

(r=0) with a threshold levitation power of 3 % dfet maximum (horizontal dotted
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line). The theoretical droplet guiding distances shown in the x-axis by the part of

the curves above and to the right of the dottesklin

This graph demonstrates our experimental guidistadce of around 300 pum
for water in a Gaussian beam in our experiment.sutjgests that we can
achieve guiding distances for water droplets otiado2mm for a Bessel beam
using the same laser source. Of course, thislisamestimate, as there are a
number of other factors involved such as the airffoom the nebuliser, the
uncertainty in the droplet sizes generated anddfractive index of the liquid
sample. These could significantly alter the thoéghntensity required to
levitate droplets at the focus. However, expectamgincrease in guiding

distance of 10 times was not unreasonable.

6.3.2 Bessel beam guiding experiment

A single vertical Bessel beam was used to leviaie guide droplets balanced
against gravity and an opposing air flow. As witle previous Gaussian
guiding experiments, the balance points of dropktsdifferent levitating
powers were found to get a sense of the beam ptaenerlhe airflow against
the beam meant that laser powers in excess of 1evé wequired to initially
capture the samples. Again, the flow rate andrlpseer were decreased in
tandem to the most stable range.

As far as possible, guiding in the Bessel beam soaspared to that achieved
with a Gaussian beam for the same liquids. Howewethis case a CCD
camera with a long working distance 10x microscobgctive lens was used
to image the droplets through a flat window in ttedl. The camera was
mounted to arxyztranslation stage to allow the droplets to be nleskalong

their entire guiding distances. The method of gsiaf the divergence of the
side-scatter used in the previous Gaussian guiekpgriment wasn't going to
provide any increase in sizing accuracy and wounk lthe distance that the
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detector could traverse below the mm distances nteipated could be

achieved with the Bessel beam.

The Bessel beam is made using an axigih an opening angle of 1.5 degrees
in a double telescope arrangement [13] resulting li@am with ten rings and a
core diameter of approximately one-tenth of a Gausdeam. The first
telescope expands the beam to allow adjustmethteoptopagation distance of
the beam, while the second telescope is used tstatlije central core size of
the beam (to match the spot size of the GaussiampeThe experimental

arrangement for the Bessel beam is shown in fi§uk®.

] 3 :. Sample
i cell with
B aerosols

ccb
camera

Telescope

with folding _ Beam
mirror Axicon steering

mirrors

Figure 6.10: Experimental setup for optical levita using a Bessel beam. The
camera is mounted on a translation stage to alldw iravel along the direction of

beam propagation.

The maximum guiding distances achieved were witReasel beam with a
minimum core diameter of 4 um and a core propagatistance (the distance
over which it can be considered non-diffracting)dofnm. A detailed profile
was made of the beam along its direction of propagat 250 nm intervals
(see figure 6.11). The core was found to expar@btpm at the end of the 4
mm propagation distance, at which th® #ing became indistinct and the

central spot became irregular.

132



Chapter 6 — Optical Guiding of Aerosols

Figure 6.11: From left (z=1 mm) to right (z=2 mnPropagation of the Bessel beam
at 500 um intervals, imaged using a 100x microscaigective lens. The centre
image corresponds to the highest on-axis inteffsif§). The central core is saturated

to allow the rings to be counted accurately.

6.3.3 Bessel beam guiding results

As with the Gaussian beam experiments, dodecanéowad to be more easily
trapped than the other sample liquids. In addjtitve problem of trapping
multiple droplets was a greater issue for the Bdssam trap. Isolating single
droplets was patrticularly difficult and the flowteahad to be carefully selected
to avoid trapping multiple droplets. In some caskeplets were trapped over
a significant portion of the beam, forming extendechys of particles. This
was possible due to the relatively large verticapping region presented by
the core over the large propagation distance. Werdactor may have been the
documented self-healing effect of Bessel beamswivie have shown to form

similar arrays in colloidal solutions [14].

For water droplets, the Bessel beam allowed guidingccur over 1.2 mm.
This is approximately five times the distance aechekin the Gaussian beam.
There was less improvement in the ethanol casdy anly an approximate
fourfold increase observed. Similar improvemenéserevident in the case of
dodecane, where we observed maximum guiding distant approximately
2.75 mm; 3 times the distance achieved with thesGan beam trap. In
addition, the guiding was more controllable in tBessel case, due to the
smaller changes in intensity as the particle moiwedhe beam, and the

increased stability allowed more precise measuré&snenbe made. We note
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that the increases in guiding distances are inrdeoce with the relative
refractive indexes of the liquids which is proponial to the scattering force.
We also note that while we have restricted the @mpn in this paper to
powers of 1 W, the maximum guiding distances olestin the Bessel beam
were 2 mm for water, 1 mm for ethanol and 3.5 mndflecane using 2.25 W

of power in the beam.
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Graph. 6.12: Particle height against laser poWérfor (a) water, (b) ethanol and (c)

dodecane at a constant flow rate in a Bessel bedime particle displacement is

relative to the displacement for the minimum trapppower.

The longer propagation distances achieved for tuiechne samples suggest a
lower threshold levitation power. Although the tseang force is a small
factor, the dodecane was more easily trapped ié¢aen at lower powers and
so the nebuliser flow could be decreased more thi#m the other liquids.
From graphs 6.12(a-c) above, a modest reductitmr@shold power provides a
large increase in guiding distance in both the Gamsand Bessel cases.
Indeed, the minimum levitating power achieved foe tiodecane droplet in a
Bessel beam was of the order of 10 mW, or less ther\V in the core (see
graph 6.13).
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Fig. 6.13: Plot of normalized Bessel and Gausbeam intensities along the centre
(r=0) for dodecane, with a threshold levitation powof 1 % of the maximum
(horizontal dotted line). The theoretical drogieiding distances are shown in the x-

axis by the part of the curves above and to tha nfthe dotted lines.

From this, it is clear that the effect of the nefed airflow makes a significant
difference to the guiding distances possible. dofwately, having an
increased threshold trapping power improves thdilgta of the system,
making it less sensitive to changes in the lasdrthe environment. Greater
guiding distances could be achieved for the othgrids if the experimental
design used a laser with excellent power stabdiig was extremely isolated
from the surrounding environment. However, thiamsengineering problem
which would require an alternative means of aergeuoleration and a drastic
redesign of the system in order to remove theaairfl

However, we can use the ROT model again to estimateoretical minimum
threshold levitation power in the absence of awfloBy setting E equal to the
gravitational force acting on our droplet, we cémain a value for & allowing
us to estimate the threshold levitation power ia #tbsence of airflow. The
value of 1.42 nW obtained is significantly lowerath those achieved
experimentally and would provide an additional ease in the theoretical
guiding distance.
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6.3.4 Other measurements of interest

One effect which was observed while attempting dptere droplets at high
power with the Gaussian beam was the accumulafiorutiiple droplets in the
trap. At sufficiently high powers (>300 mW), up & droplets could be
levitated, one above the other. As the power waseahsed, the uppermost
droplets would begin to fall into one another. #dication of the type of
effect that is observed is illustrated in figureThe screenshots shows an array
of three water droplets being trapped. The upperdwoplets merge with each
other and the then the new coagulated drop is vy for the beam to
support and falls out of the beam. The merged dtogbes not fall directly
down to hit the lower droplet, as a result of airrents in the sample chamber.

Although we successfully trapped up to 3 dropletsuttaneously at high
powers in the Gaussian trap, the “self-healing”rabteristics of the Bessel
beam have been shown in previous experiments fi4]low the trapping of
regularly spaced 1-D arrays. While the increasedping volume and array
formation was problematic when conducting singlgipi@ measurements,
large numbers of droplets could be levitated athéiglaser powers and
nebuliser flow rates (see figure 6.14 below). Unfoately, due to the nature
of the experiment in this case, controlled arraymation as in the colloidal
experiments was extremely difficult. In additioa the airflows and the
somewhat random nature of the droplet loading lithed droplets merged in
collisions. When a larger droplet formed in thiaywit fell down through the

other droplets in the chain.

800um

v

Figure 6.14: Screenshot of dodecane droplets Bessel beam forming a linear

vertical array.
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Although we are interested in analysing the progerof Bessel beams, the
possibility of optical binding and the nature oéthcattered light; this was not
an ideal system for the task. With a more advarseaded cell with no airflow

and controlled droplet loading, this may be anregéng future experiment.

6.4 Droplet Guiding Comparisons

The guiding of the droplets is a simple consequariagadiation pressure and
the ability of the Bessel beam to guide furthemttize Gaussian, for a similar
beam core size similar to the Gaussian beam diameta consequence of the
quasi-non-diffracting nature of such beams. Onéhef consequences of the
way in which the Bessel beam is formed is an dffedarger depth of focus
than a Gaussian beam, and hence a less rapidiygohigantensity profile than

a tightly focused Gaussian.

In this comparison we must of course choose somteo$dpasis on which to
compare. The droplets were always at a poingaakbeam intensity, with an
increase in power compensating for the expansidharcross-sectional area of
the beam. It was therefore decided that that thenmam vertical point was
the most sensible place to make a measuremenesé tuiding distances. In
the Gaussian case, the minimum point was takee &t the focus of the beam,
where the droplet would be located at the lowegtdeng power. Similarly,
the Bessel guiding distances were measured frorpdhn where the intensity

of the core was highest.

We note that the increased and controlled guidilstadces achieved by the
Bessel beam are a result of the non-ideal natuceioéxperimental beam. For
the case of an ideal beam we would not be ableutdegby adjusting the
power, as provided we could find a power which ltesuin an equilibrium
position, every point in the beam core would beegnilibrium point. Any
increase in power would result in an increase wegycalong the whole of the

beam, and no point in the beam would now be anlibgum point. We make
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use of the fact that our quasi-Bessel beam hasyangaintensity profile along

the beam propagation distance.

We demonstrated the successful levitation and ggidif aerosol droplets of
water, ethanol and dodecane in vertical opticalataah pressure traps. The
guiding characteristics of both Gaussian and Bebsaln geometries were
compared. For a minimum core diameter of 4 umplets were captured and
guided up to 2.75mm in the Bessel beam using adprdis in the output power
only. For a comparable Gaussian beam we achiewiglihg distances of 800

um (see table 6.15, below).

Liquid Gaussian Beam Guiding DistancBessel Beam Guiding
Distance

Water 250 um 2mm

Ethanol 275 um 1 mm

Dodecane 800 um 3.5 mm

Table 6.15: Table of maximum guiding distancesieaad for each sample in both

Gaussian and Bessel beams

The Bessel beam trap design showed potential fplicapions in “lab-in-a-

box” concepts. The ability to capture aerosol daspnd guide them through
a number of sensors appeared to be particularkilfieausing a Bessel beam
for droplet guiding and was therefore the intenfilgdre direction of this work.

Improving single droplet sampling and detectionhtegues is of particular
importance to applications in atmospheric chemjsind so my colleagues in
Bristol asked for a similar system to be built foeir studies. This would
allow multiple measurements to be made on a sitrglgped particle, guided

through various sensors used there for analysis.
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Chapter 7

Towards a Lab-in-a-box and Optically Trapped

Lasing Droplets

7.1 Introduction

With the necessary tools developed for the captir@)g and manipulation of
aerosol samples developed, the next task was tegrate these with
spectroscopic techniques to make practical measmmsnuseful to physical
chemistry. Such “lab-in-a-box” concepts, combinomgical trapping methods
with chemical detection techniques, are one oftlagn motivations behind the
work in aerosol trapping. To this end, two expenmtal setups were designed.
One experiment was designed to optically trap anmdgpa droplet of laser dye
and view the emission spectrum. The second expetiwas constructed to
capture and guide droplet samples through optieas@s and probe beams,
providing a means to compare the accuracy of differdroplet sizing
technigues on a single aerosol sample and to builthe work detailed in the

previous chapter.
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7.2  Trapping of Laser Droplets

7.2.1 Introduction

Building on work by Ashkin [1] on the optical trapg of liquid droplets,
many recent studies have involved the use of caeifhancement in
Whispering Gallery Modes (WGMs) [2] The high gtylof the microcavites
formed by typical droplets allow accurate sizingdarspectroscopic
measurements to be made [3]. By doping the ligqutt a suitable laser dye,
lasing can even be achieved in these WGMs. A numimethods have been
explored to control the droplet generation andaghgpumping of the laser dye.
These range from exciting falling droplets [4],ulbrasonic levitation [5] and
are detailed in Chapter 3 of this thesis. Workhwdtroplets includes both
fluorescence [6] and Raman [3] spectroscopy. Harlie  experiments
described in this thesis demonstrate that liquapléts in the 2um-10um range
have been trapped using optical tweezers. Thissmaller size regime than
the majority of previous trapped laser droplet expents and the
corresponding free spectral range of these modedgdwae larger than in other
droplet experiments. The lasing of small drapleas achieved by Tona and
Kimura [7,8] using a Paul trap to confine dropletsh a diameter of around
12um. In our experiment, Coumarin 4 was selectetha laser dye due to its
low toxicity. The dye was dissolved in ethanol afborbed pump light from
300-370 nm [9] and emitted at around 430 nm anditalde pump laser at 355

nm was used.
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7.2.2 Experimental Designs

355 nm Sample Cell and Nebuliser

100x Nikon EPlan Objective

(F.L. 50mm)
Collimation and Steering Optics
"’/ \
D ) Bl ) Dichroic
\ 1064nm
1064 nm 4

CCD

Figure 7.1: Apparatus for laser droplet tweezeFhe 355 nm source is split with a
50:50 beamsplitter cube and focussed into the wsilhg u.v. optics. Blue light
(around 430 nm) from the objective is directed vdtllichroic mirror onto the fiber

coupler for the spectrometer.

The optical trapping was conducted using an indedimgle beam gradient
force tweezers arrangement [10] with a 1064 nm (IR& cw) laser source
(see figure 7.1). An infinity-corrected 100x Nikda Plan oil-immersion
microscope objective (NA=1.25) was used to gendtadrap and a thickness
1 coverslip was placed on top. The back apertitkeoobjective was slightly
overfilled [11] to maximize the gradient trappingrdes. As with other
experiments involving the optical trapping of dmeigl a sample cell was
placed over the coverslip and saturated with thapsa liquid to reduce
evaporation effects. The droplet sample itself ststed of solution of

Coumarin-4 laser dye dissolved in ethanol.

Coumarin-4 was selected for a number of reasonsumarin-4 is used as a
food additive and is poses less of a health rigk thany common laser dyes,

which are often toxic or carcinogenic. Using a enbarmful dye, especially in
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an aerosolised form, would require special safegasares and an airtight
chamber. Due to constraints in time, space andegan simple system using
Coumarin-4 was desirable. Although Coumarin cdodddissolved in both
ethanol and di-methyl sulfoxide (DMSO), ethanol wasosen for safety
reasons. Although DMSO would have a lower rateedporation [12], it
would also potentially increase the concentratibrtaumarin-4 reaching the
organs of anyone exposed to the dye solution. ofitgh DMSO itself is non-
toxic and has an excellent solvating power [13gl$0 penetrates human skin
very easily, potentially carrying anything dissalven it directly to the
bloodstream.

A 355 nm frequency tripled Nd:YAG pulsed system wased as the pump
source. The cell consisted of a Petri dish modifiegth UV quartz glass

windows to allow the pump light to reach the drogample. Given that the
efficiency of coumarin-4 as a laser dye in our eystvas unknown, saturated
solutions of laser dye were used. Saturation eeduat a concentration of 1.5

% mpv in an ethanol solution.

A means of detecting the emission spectra and efrapke of the trapped
droplets was the next consideration. A visual measent of the droplet
diameters were made using a white-light Kohleressylstem [14] to illuminate
the sample from above, with imaging taking placefrbelow with the same
objective lens used for the trap. The mirror washmic and designed to
reflect the trapping wavelength at 45 degrees tamsimit visible wavelengths.
The remaining visible light was the passed to ae&&CD (WAT-DM2S) for

direct observation of the droplet and visual measient of the diameter.

A second dichroic mirror was inserted to reflece texpected emission
wavelengths in the blue region of the spectrum ¢$pectrometer [Andor]. The
reflected light was collected by a lens and coupled the optical fibre

collector for the spectrometer. The collectioniepivere mounted on an xy-
translation stage. Crude alignment of the speatemwas achieved using an
iris aperture placed above the mirror to only all@ays from the centre of the

objective field of view (i.e. the trap site) to obathe detectors. The
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spectrometer collector head was then translate@ctieve the maximum
signal. Later, small adjustments to the spectremalignment were made to
increase the fluorescence signal from a dropletpganm the tweezers trap

itself.

As with the previous aerosol tweezing experimeogse had to be taken to
manage the evaporation of droplets within the céllthough the addition of
the dye (a salt) reduced the vapour pressure céttienol, the evaporation rate
of the samples was still too fast to make any mmegol spectroscopic
measurement. To prevent broadening of resonarades pthe circumference of
the droplet (cavity length) had to remain relatyvebnstant. The evaporation
of water/ethanol mixtures have been examined bywtham Reid’s group in
Bristol [15].

Firstly, care was taken to ensure the sample tedled were flat enough so as
to be airtight in contact with the coverslip belowhe hole for the injection of
the sample aerosol was placed pointing slightlyyafsam the trap site. This
reduced the disturbance to the trapping region wihenaerosol flow was
stopped. It was also crucial that the environmefithin the cell was
oversaturated with ethanol, so reservoirs wereeglagithin the cell. These
were typically a combination of ethanol-soakedugspaper and a small cup
filled with ethanol. This ensured that the flowathanol towards and from the

droplet surface was balanced, hence eliminating@ation.

After testing, two general sample cell designs we&sed in the experiments.
The first, which was more suited to trapping snthabplets, consisted of a
modified Petri dish. Flat sections were cut onagiie sides using a hot wire
and quartz glass plates were glued on and a hileddin another part of the
cell for the injection of samples. The small vokuof the cell should also have
helped to reduce convection currents in the air ameased stability.
However, this also meant that a limited ethanokemesir could be used,
reducing the sample droplet lifetime. Dropletoadank to the bottom of the
cell more rapidly, reducing the time available tbe droplets to coagulate,

hence providing smaller droplets.
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Figure 7.2: Large cubic sample cell used in thpgmg of fluorescent droplets under
UV excitation.

The production of larger droplets was achievedgisittarger cubic cell with 2
UV transparent sides (see figure 7.2 above). Hoéa towards the back of
the cell (relative to the hole) could be filled iethanol, maintaining an
ethanol saturated environment for longer. By pigdhe inlet hole 2 cm above
the coverslip, aerosol clouds sink slowly to thétdrm of the cell, resulting in

larger droplets at the bottom of the cell, abowedbaverslip.

Another feature of this experiment worth mentioniisgthe formation of
crystals on the surface of the coverslip. Theseeve®m unforeseen difficulty
and required routine changing of the coverslipsiapping of droplets was
found to be easier after forming a layer of ligaample above the coverslip, as
with previous experiments. If the surface ethawalporates, the concentration
of dye in the liquid layer increases. If the camtcation of dye is close to
saturation, the excess dye quickly forms crystaistlee surface. This is
another reason to reduce the rate of evaporati@thainol near the bottom of

the cell.
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Graph 7.3: Spectrum of 1.5% Coumarin-4 dye saropleéhe surface of the slide
(bulk spectrum) illuminated by 4uJ pulses with petéion rate of 200Hz at 355nm.
Sampling time of 0.2s.

Once the trapping and evaporation of droplets ia f#ample cells was

investigated, the pumping of the samples was opéthi Any focussing optics
had to be located outside the sample cell and geaaat to UV, so 25 mm

fused silica plano-convex lenses were used. Theppimtensity was varied

using a graded filter. Initial attempts to pump thye droplets from one side
were unsuccessful (see graph 7.3). The force geovby the pump beam was
in the order of pNs and droplets were pushed othetrap by the pump beam
before reaching lasing threshold. However, theees wevidence of cavity

modes from some of the spectra (graph 7.5).

In an effort to balance the momentum acting onditoplets, a lens and mirror
were added to reflect some of the UV light back ithie sample (figure 7.4 and
graphs 7.8 and 7.9 below). This provided very tiaiimprovement so to

increase the stability pump light was focused itite sample from two

opposing directions. No suitable half wave-plataswavailable, so a non-
polarising beam splitting cube was used with fdter balance the power going
to each side. This allowed a greater pump powéetased while minimizing

the risk of knocking the droplet out of the trap.
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Care was also taken to ensure the focus of eashwiasa located at the trapping
region. This could be checked by creating a layedye solution on the
coverslip and moving the lenses to maximise thentom the spectrometer.
Using the colour camera, the fluorescence prodogetie beam could also be
used as a guide for alignment. The UV mirrors usedet the pump to the
sample cell could be used for rough alignment. Tdwissing lenses were
mounted on 2-axis kinematic mirror mounts to previther control, using off-
axis shift due to refraction at the lens surfacegetlirect the pump beam. For
similar reasons, the cell walls had to be perperndido the pump beam at all
times to avoid altering the pump alignment.

O

L

Figure 7.4: Images of a 1.5 % Coumarin-4 dye dboipl the optical trap illuminated
by 1 pJ pulses at 355 nm with a repetition rat@@d Hz; (Left) under white light

illumination, (Right) fluorescence only.
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7.2.3 Results
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Graph 7.5: Spectrum of a 1.5 % Coumarin-4 dyglétdn the optical trap

illuminated by 1 pJ pulses with a repetition ret@@0 Hz at 355 nm. Sampling time
of 0.2 s.

Graph 7.5 was produced by increasing the enerdigeopump pulses using a
graded index filter to 20 % of the maximum. Thempupulse energy was
increased gradually to this point and any furtherease led to observed
instability in the trap. This is the best spegtrachieved with a droplet which
was still stable in the tweezers with an externahp source incident from one
direction. Cavity resonances are visible, butgpectrum has a low signal to
noise ratio and significant broadening on the pe&ksme of this broadening is
likely due to evaporation of the droplet reducihg resonance cavity length

and the fact that the droplet is relatively small.

Despite the poorly defined peaks, some analysistils possible for this
optically trapped droplet. The mode spacing faf&hese peaks can still be
estimated (see table 7.6, below). From the equa&id described in Chapter 3
[16], the mode separation S(a) can be used torolh& droplet diameter a,
where

. Rtany/(m? -1)
S(a)2m/(nm* -1)

[7.1]
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and m=1.4 (for our sample liquid)

Peak Number Wavelength (nm) Mode Spacing (hm) [@tdpiameter (um)
1 395.4 -

2 400.7 5.3 3.8

3 406.6 5.9 3.5

4 414.4 7.8 2.8

5 420.4 6.0 3.7

6 428.0 7.6 3.0

7 435.8 7.8 3.1

8 443.6 7.8 3.2

Table 7.6: Calculated mode spacings from fluonatsspectrum (7.4) of trapped 2 %

Coumarin 4 in ethanol droplet.

However, one would expect the presence of both AEET@M modes in such a

spectrum but it is difficult to distinguish these graph 7.5, so each peak is

assumed to correspond to a combination of the Td&E T@4 mode for each

peak. Given that these droplet diameters areivelgtsmall (on the order of

20 to 25 wavelengths in circumference), the po@lituof the spectrum is not

surprising.
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Graph 7.7: Spectrum of a 1.5 % Coumarin-4 in ethdnoplet, passing through the
pump beam (3 uJ, 200 Hz), but not held securethéntweezers. Sampling time of

0.2 s; although the exposure time may be shorteause the droplet wasn't
stationary.
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Graph 7.8: Close-up of the region of interest@Goaph 7.6. Some evidence of mode
degeneracy in the stronger peaks. However, lowasig-noise ratio makes this

difficult to confirm. The peak at 435.4 nm is Spus (cosmic ray event).
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Peak Number | Wavelength (nm) Mode Spacing| Droplet Diameter
(nm) (Hm)

1 432.6 -

2 434.6 2

3 436.8 2.2 5.61

4 438.6 1.8 5.95

5 441.0 2.4 5.72

6 442.9 1.9 5.63

7 4454 2.5 5.57

8 447.3 1.9 5.61

Table 7.9: Calculated mode spacings from fluoneisapectrum (7.6) of 2 %
Coumarin 4 in ethanol droplet. The mode spacinggest that these are alternating
TE and TM modes, so the droplet diameter estimatesmade using two mode
spacings, corresponding to the free spectral rasfgéhe microcavity under this

assumption.
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Graph 7.10: Spectrum of a 1.5 % Coumarin-4 inreghdroplet, passing through the
reflected pump beam (4.5 pJ, 200 Hz) region, btthetd securely in the tweezers.
Sampling time of 0.2 s, but the droplet was movisg,the exposure time may be
shorter.
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Graph 7.11: Close-up of region of interest forpdrd.8. This mix of modes is similar
to those found in the lasing regime as describe[¥ |8} and the described red-shift of
the fluorescent spectrum is also seen. The phatant is relatively low, suggesting

poor alignment of the spectrometer.

Graphs 7.10 and 7.11 (above) were produced whegledsgpassed through the
pump beam near the trapping site. The strong peaésent at a longer
wavelength than the bulk spectrum match similarcspeproduced in the
“lasing” regime in similar microcavity experimentghere gain takes place.
These improved spectra are due to these being ldrgplets which hadn’t had
the opportunity to evaporate much before beingtegdoy the UV pump, and
the fact that their motion through the trap lectshorter exposure time on the
spectrometer. However, these droplets were nat imelthe tweezers for a
significant period, if at all, so there is littlerdfidence that these were optically
trapped lasing droplets, and that these graphg deedly improve on the lasing
droplet experiments conducted using similar falingplet methods [17,18].

After attempts to improve the stability of the trapthe presence of strong
pump pulses, the signal strength was still insigfit to provide conclusive
evidence that gain was taking place within the Boghile simultaneously
being trapped. Perhaps with additional time, thal pumping regime may
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have been successful, but an alternative experaheiasign is likely more

desirable.

7.2.4 Conclusions and Discussion

Work was conducted to test the feasibility of oglic trapping a dye droplet
and producing gain in a WGM with an appropriate ping regime. For our
experiment, constraints meant the pump beam wasséoconto the droplet
sample from outside the cell. Although spectra evebtained from the
Coumarin 4 dye samples used in these studies, elsoplere knocked out of
the tweezers at higher pump energies. Cavity madesd be seen in the
trapped droplets but strong Raman signals couldusmtg this pump regime.
Strong signals were only detected on droplets enpifocess of passing through

the trap or being knocked out of the trap when sgddo strong pump pulses.

Ideally, a more conventional laser dye with a \tesibsorption band, such as
Rhodamine 6G would have been used, but as mentigrediously,

aerosolizing such a toxic dye safely would reqtive engineering of a more
complex sample cell and an alternative method obsaé generation. An

airtight sample cell with droplet injectors to gestte droplet samples would be
one such solution. In that case, the trapping biésatt could be used to excite
the cavity modes in the droplet without requiring@ transparent microscope
objective. Another alternative to our pumping negicould use an objective

built from UV optics to trap and excite the Coumnadliye droplets.
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7.3  Further Development in Bessel Guiding (T alsaa

Lab-in-a-box)

7.3.1 Introduction

After the demonstration of controlled optical guigli of droplet samples
(Chapter 6), the next goal was to integrate thishwehemical analysis
techniques. Of particular interest was the abiiitydirectly compare different
droplet sizing techniques on the same sample. @dsc scheme for the
experiment was to use a single Bessel beam to reapnud levitate droplet
samples over millimetre distances, passing theldrdprough probe beams
and chemical sensors. This required the optie to be constructed in a

chemistry laboratory at the University of Bristol.

7.3.2 Experimental Design

The optical system used for the system at Brisia wery similar to the one
used in the previous guiding experiments at St Awdr A 532 nm (Coherent
Verdi V5) was used due to availability and conveng Light of this

wavelength was used for many of the previous spsctipy experiments
conducted at Bristol. The axicon used to genetfaeBessel beam was the
same one used for the previous droplet guiding yweith an opening angle of
1.5 degrees. The telescope system for demagnitii@deam consisted of a

400 mm and a 25 mm lens, providing 16 times denfiagtion.
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Figure 7.12: Sample cell design for the dropletigg lab-in-a-box concept. The

laser input from below the cell is generated ingame way as in Figure 6.10.

Given the additional complexity and airflow probkemroduced by using a
pneumatic nebuliser, a new approach for the samgleery was desirable.
For this work, a new cell design was constructe fsgure 7.12), combining
several of the features previously designed intopda cells. The basis of the
new cell was a 5 cm long cuvette with 2 optical daws. This was the main
sample chamber, where the measurements were toptake. The main

chamber was placed in a rubber insert with a sgeaotion cut out which

matched the shape of the bottom of the cuvettee hidle was slightly smaller
than the cuvette, but the rubber could deform #iigproviding a good seal.

The rubber insert was stuck into a standard cage gb the bottom of the cell
was aligned to the optics below. This allowed Bessel beam to travel up
through the centre of the cell and eliminated moficthe difficulty of aligning

the droplet flow with the levitating beam. To peet the aerosol flow from
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falling through the bottom and onto the optics belanother cage plate was
positioned below the cell with a microscope covprsindwiched between.
This way, if there was a build up of sample ontibtom of the cell interfering

with the beam quality, the lower plate could slidewn the cage and the
coverslip replaced quickly and easily.

The cage plate used to hold the bottom of theateti contained a small tapped
hole for M4 screws as part of its design. Thissee ideal for drawing the
aerosol out of the bottom of the cell, just abdwe ¢overslip on the bottom and
preventing the sample from pooling there. A snwllraction unit was
available and was connected to the cage plate witke a long hose. The
operation of the pump in the extractor could beiechvia a power supply,

providing a means to regulate the flow of aerosmugh the cell.

With a means to generate a consistent flow thrahghcell, the delivery of

aerosol into the top of the cell was simplified. fukinel was placed at the top
of the cell, with a variable iris aperture at thatbm to restrict the flow. The
funnel could be filled with aerosol from any nelsgli (an Omron Aerosonic
was used) and the sample would flow through theated rate determined by
the pump at the other end.

This system provided a very smooth aerosol flovhwid disturbance from the
nebuliser. The flow rate was controllable and ocaligned, the aerosol passed
through the centre of the Bessel beam. The saoglevas well sealed and
evaporation wasn't an issue until the reservoiraefosol at the top was
depleted, which took many minutes. Although thevmus Bessel beam work
was successful with the previous cell design, éxigeriment was much more
consistent. It is hoped that Bristol can use ti@s/ design to further extend
our knowledge of aerosols and the way in which eheslividual particles
interact within the large scale systems commonlydisd in atmospheric

chemistry.
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Chapter 8

Conclusion

The main part of this thesis began with an overwéwptical trapping and the
use of optical techniques in the study of aerosoMany of the general
techniques were described in detail and a reviewhefstate of the art was
provided for the reader. Initial studies demortsttathe optical trapping of
aerosol droplets were described in Chapter 4, alith characterisation
studies performed on tweezed droplet samples. Somthis data was
published in “Optical manipulation of airborne pelds: techniques and
applications” [Appendix A-3].

Chapter 5 detailed work on the optical trappingsolid aerosol particles. A
practical method for solid aerosol delivery was aleped and basic
characterisation of the trap axial efficiency at64@m was obtained. The
tweezing of solid silica microspheres allowed adircomparison of tweezers
dynamics air and a liquid medium to take place gisiposition detector based
on a quadrant photodiode (QPD). This forms thesbaf the paper “Trapping
solid aerosols with optical tweezers: A comparisgmiween gas and liquid
phase optical traps” [Appendix A-4].

With the goal of aerosol analysis in mind, Chagtenoved away from optical
tweezing and into optical guiding of aerosols. Tih& task was to reproduce
one of Ashkin’'s early experiments involving the iogl levitation of liquid
droplets in air. The task was then to optimisetéonique to provide a means
of capturing and transporting trapped aerosol sasplUsing a Bessel beam
profile, mm guiding distances were achieved, asudwmnted in the papers
“Optical guiding of aerosol dropletgAppendix A-2] and “Optical guiding of
aerosols” [Appendix A-1]. This would allow one gtet to be trapped and
guided through a number of optical sensors, allgwiimerous scattering,
imaging and spectroscopic measurements to be ctawlon the same sample.
This “lab-in-a-box” arrangement may be useful far @olleagues in Bristol
and provide a means for calibrating the varioubnepes used to characterise
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aerosol samples.

Chapter 7 describes some of the work conducted Joittathan Reid’s group at
Bristol in designing and building the prototypeukisg from the work of the
previous chapter. As this work was somewhat piakny, it has been
combined with other chemistry-related experimenksctv were conducted at
St Andrews. Droplets consisting of laser dye dis=bin ethanol were used to
examine Whispering Gallery Modes in the fluorescepéctrum produced
when the droplets were excited by a UV source. uthe high degree of
cavity enhancement provided by droplets, it waselottat the droplets could
be pumped above laser threshold. Although sinebgseriments had been
conducted previously on larger droplets, lasing med been previously
observed in optically tweezed droplets. This sssoaf this experiment was
promising, but not conclusive. It is my hope ttia study can be completed
following a few refinements to the experimentaliges Likewise, | hope that
Bristol achieve some degree of success with theiw raerosol analyser.
Indeed, | am sure there are still a great many appiies in the
underdeveloped field of aerosol particle studias lamish my colleagues at the
University of Dundee and the University of Brisesery success in their future

work in this fascinating area of applied optics.
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Appendix B

Optical Constants of Water in the 200 nm to
200 um Region

Hale, G.M., Querry, M.R., "Optical constants of arain the 200 nm to

200 um wavelength region,"” Appl. OAR, 555 (1973)
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815
116
126
113
988
778
538
362
235
140

979.
720.
480.
337.
179.
122.
112.
122.
144.
172.
206.
247.
294.

060
720
950
620
140
480
23
84
36
51
21
72
30
6.1
1.2
7.1
13

94

94

8.3
3.1
5.6
8.6
8.6
1.3

4500.
4600.
4700.
4800.
4900.
5000.
5100.
5200.
5300.
5400.
5500.
5600.
5700.
5800.
5900.
6000.
6100.
6200.
6300.
6400.
6500.
6600.
6700.
6800.
6900.
7000.
7100.
7200.
7300.
7400.
7500.
7600.
7700.
7800.
7900.
8000.
8200.
8400.

[eNeoNoloNoNoNololoNololololoNololoNolololololololololololoNoloNololoNe ool e)

374.
402.
420.
393.
351.
312.
274.
244,
232.
240.
265.
3109.
448.
715.

00
00
00
00
00
00
00
00
00
00
00
00
00
00

1325.0
2241.0
2699.0
1784.0
1137.0

881.
758.
678.
632.
604.
586.
574.
566.
560.
554.
550.
546.
542.
540.
540.
539.
539.
538.
540.

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

8600.

8800.

9000.

9200.

9400.

9600.

9800.

10000
10500
11000
11500
12000
12500
13000
13500
14000
14500
15000
15500
16000
16500
17000
17500
18000
18500
19000
19500
20000
30000
38000
50000
60000
70000
80000
90000
100000
200000

[cNoNoNoNoNoNo)

453.
550.
557.
567.
579.
594.
614.
638.
792.
1106.
1552.
2084.
2604.
2948.
3193.
3321.
3363.
3368.
3356.
3314.
3260.
3171.
3081.
2974.
2860.
2738.
2604.
2469.
1374.
1194.
1292.
1229.
1034.
859. 00
748. 00
669. 00
317.00

[cNolololoNoNeNe]
[cNolololoNoNoNe]

o
[cNeoNoloNololoNoloolololoNoNololoNoloNeololoNoNoNe]

165



Appendix B — Optical constants of water in the 280 20Qum region

Querry, M.R.; Wieliczka, D.M. and Segelstein, D'Water (HO),"Handbook
of Optical Constants of Solids II,” 1059 (1991)

| anbda

(nm

418.
421.
425.
428.
431.
434.
438.
441.
444,

448

450.
453.
455,
458.
460.

463

465.
468.
470.

473
475

477.
479.
481.
484.
486.

489

491.
493.
495.
497.
500.
502.
504.
507.
5009.
511.
514.
516.
518.
521.
523.
525.
528.
530.
532.

NOUONONRANOO®O

~N w b oo wouh

ONOOO W

CORANOONOONOOUINOUUTWONOWN

absorption

[eNeoNoNoNoNoNoNoNoNolololoNolololoNoNoNololoNoNoNololololololololoNolololoNolololNoNoNoNoNeNe)

(1/cm

. 000466
. 000447
. 000442
. 000449
. 000465
. 000455
. 000452
. 000464
. 000466
. 000443
. 000374
. 000399
. 000412
. 00037

. 00035

. 000342
. 000337
. 000376
. 000375
. 000392
. 000359
. 000371
. 000372
. 00037

. 000366
. 000367
. 000366
. 000367
. 000373
. 000413
. 000437
. 000452
. 00048

. 000481
. 000519
. 000544
. 000587
. 000599
. 000649
. 000643
. 000646
. 000652
. 000621
. 000632
. 000636
. 000647

535

536.
538.
539.
541.
542.
544,
545.
547.
550.
552.
554.
556.

559

561.
563.
565.
567.

570

580.
582.
584.
586.
588.

591

593.
595.
597.
599.
601.

604

606.
609.
611.
613.
615.
617.
619.
621.
623.
626.
628.
630.
632.
634.
636.
638.
640.
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WooouUw ~No AN

OoO~NOrDN

WONUDRWNPOONOUITWNEDN

OO0 O00O0000000000000000000000000000000000000000000

. 000676

000667
000677
000724
000696
000711
000709
000701
000737
000762
000784
000798
000807
000816
000828
000843
00086
000879
000892
001072
001126
001209
001311
001422
00155
001686
001852
002074
002361
002628
002787
002854
002902
002929
002949
002975
003
003018
003041
003067
003101
00313
003154
003191
003215
003254
003274

. 003302
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