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ABSTRACT

functions with substantial economic implications. From everyday items like air

fresheners and asthma inhalers to extensive emissions from industrial sources
and vehicles, aerosols have far-reaching effects, causing local and global pollution, which
poses health risks. Additionally, they wield a profound influence on our climate system,
contributing to atmospheric processes that regulate planetary temperatures and curb
unchecked warming. Studying and isolating single aerosol processes is, however, still
in its infant phase. Many processes at the single aerosol level are still not yet fully
understood.

3 erosols, comprising dispersed solid or liquid particles in gases, serve diverse

This thesis endeavors to establish an advanced platform for trapping individual
aerosol particles, utilizing fiber-based o ptical traps. Through the synergy of counter-
propagating (CP) dual fiber trapping techniques and sophisticated beam shaping al-
gorithms, this platform transcends conventional constraints in single aerosol particle
trapping and manipulation. Its capabilities enable real-time analysis of single aerosol
particle dynamics, presenting an adaptable, user-friendly framework for comprehensively
understanding aerosol processes that drive both climate dynamics and critical industrial
applications.

Initially, the thesis formulates a theoretical framework for the interaction between
light and optically trapped aerosols. By evaluating the size range of trapped aerosols
within the CP dual fiber trap under varying dual fiber se parations, the study yields
consistent, quantifiable outcomes for aerosol trapping in the CP dual fiber setup.

Subsequently, the investigation delves into the repercussions of angular deviations
on the dynamics of trapped individual aerosol particles. The study quantifies trapping
feasibility under different misalignment scenarios and examines how factors like beam
divergence, fiber separation, fiber power, and aerosol radius influence the trapping per-
formance and dynamic behavior of individual aerosol particles within tilted CP dual fiber
traps. These findings contribute insights into the evolution of optical fiber-based traps,
along with a novel strategy for controlling light-induced rotation in air.

Moreover, the thesis elucidates non-spherical particle dynamics within CP dual fiber
traps across three distinct trapping schemes. By introducing a novel model, it offers
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enhanced comprehension of droplet trapping dynamics within CP dual fiber traps, facili-
tating the exploration of challenging-to-obtain parameters for experimental validation in

the future.

Furthermore, the integration of beam shaping techniques into CP dual fiber traps is
advanced to enhance stability in trapping individual aerosol particles. The findings pave
the way for beam shaping-assisted CP dual beam traps to improve the single aerosol
trappings stability for arbitrary aerosol undergoing dynamic processes.
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CHAPTER

INTRODUCTION

1.1 Motivation

Aerosols are microscopic solid and liquid particles dispersed in air. They have a wide
range of uses and economic impact, for example in air fresheners and asthma inhalers,
and are also emitted on a large scale through factory chimneys and automobile exhausts,
causing local and global pollution. At the same time, they make a significant contribution
to our climate through atmospheric processes and play an important role in cooling the
earth and protecting it from uncontrolled warming. Studying isolated single aerosol
processes is, however, difficult with major outstanding uncertainties. One major reason
for this is that aerosols are often fast-moving, small, and in constant interaction with
their environment, and so conventional in situ analysis of aerosols is both challenging
and, crucially destructive. As a result, we need to develop new techniques to offer insight
into these critical mechanisms, to have an impact across all areas where aerosols are

used, both environmental and industrial.

A plausible solution to the problem of probing single aerosol dynamics has made use
of the single particle manipulation technique called optical trapping (optical tweezers),
which makes use of focused lasers to hold the particles. Unlike many conventional optical
trapping experiments in the liquid environment, optical trapping in air can be more
challenging. One reason is the lower viscosity of the suspending medium, making the

suspended aerosol more sensitive to the surrounding fluctuations. The other reason is
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the higher relative refractive index of the aerosols in air, which makes it more likely to
push the aerosol away from the trapping field due to the greater scattering force. Apart
from that, the typical optical trapping setups remain tethered to complex microscopes,
are not readily reconfigurable, and tend to require specialist operators. However, fiber-

based optical trap have small footprints, is integratable, does not require expensive optics.

As a result, the aim of my PhD research is to develop an advanced single aerosol
trapping platform based on fiber-based optical traps, which is through the joint work of
CP dual fiber trapping techniques and advanced beam shaping algorithms to overcome
the traditional limitations on the single aerosol particle trapping and manipulation,
and enable the analysis of single aerosol particle dynamics in real-time, offering a flex-
ible and user-friendly system aimed at delivering a more complete understanding of

the aerosol processes that underpin our climate system and major industrial applications.

1.2 Objectives

* Objective 1: To develop the theoretical model of light-matter interaction of opti-

cally trapped aerosols to quantify the trapped aerosol size range

Quantifying the size range of aerosols that can be trapped in the CP dual fiber
tapping configuration is important for improving the 3D aerosol trapping efficiency
and studying the manipulation of single aerosol particles. For the first objective,
we are going to develop the theoretical model of the light-matter interaction of
optically trapped single aerosols based on the ray optics model. Then, based on the
model, we aim to quantify the trapped aerosol sizes present within the trap under
different dual fiber separations. The resolved aerosol size range will provide us a

guide to load different size single aerosol particles into specific CP dual fiber traps.

* Objective 2: To explore the impact of the angular deviations on the dynamic

changes of trapped single aerosol particle

The angular deviations of two fibers in CP dual beam traps is typically seen to
be critical for good single aerosol trapping performance. For the second objective,
we explore the impact of the angular deviations of the optical fibers and assess
trapping viability as a function of misalignment and how particle dynamics change

when interacting with displaced fibers. The results will demonstrate the maximum
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fiber tilt angle threshold under configurations of the single fiber tilt and dual fibers
tilt together, respectively, and offer guidance in the design of fiber-based optical

traps.

* Objective 3: To clarify non-spherical particles dynamics in the CP dual fiber traps

under three different trapping schemes

In aerosol trapping experiments, the aerosol particles are far from just exhibiting
a sphere shape. They are more like non-spherical particles, and more specifically
ellipsoids in my experiments. For the third objective, we quantitatively study the
trapping size range and kinetic properties of individual ellipsoidal particles under
three different CP dual fiber trapping schemes based on the ray optics model,
and compare the results with the case of spherical particles of the same volume.
The results demonstrate a more accurate understanding of the droplet trapping

dynamics in the CP dual fiber traps.

* Objective 4: To advance beam shaping technique into the CP dual fiber traps to

improve the single aerosol trappings stability

One very specific challenge faced when trapping liquid aerosols is that for a random
sample of aerosols, the surfaces of the trapping chamber and fiber end will be coated
in droplets, or possibly absorbing particles. This causes scattering of the light into
the chamber and will, at best, diminish trapping efficiency and, at worst, destroy
any chance of trapping anything. For the fourth objective, I optimize the trapping
field required to manipulate an aerosol within a targeted trapping geometry with
the help of the beam shaping technique. The results will pave the way for beam
shaping-assisted CP dual beam traps to improve the single aerosol trappings

stability for arbitrary aerosol undergoing dynamic processes.

1.3 Owutline of the thesis

In my thesis, it consists of eight chapters and a bibliography. The contents are organized

sequentially from Chapter 1 until the bibliography.

* Chapter 1: Introduction: motivation, objectives, the outline of the thesis.

* Chapter 2: Preparation: theory of optical trapping, review on aerosol optical trap-

ping configurations, and considerations on aerosol optical trapping.
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¢ Chapter 3: Experimental preparation: aerosol sample preparation and loading,
design of aerosol trapping chamber and fiber holder, optical trapping apparatus
and trapping system calibration, basic results for trapping and manipulation of a

single droplet in air.

¢ Chapter 4: Project 1: presenting the results of the developed theoretical model
of light-matter interaction of optically trapped aerosols to quantify the trapped

aerosol size range within the trap under different dual fiber separations.

¢ Chapter 5: Project 2: presenting the results of the explored impact of the angular
deviation on the dynamic changes of the trapped single aerosol particle under

configurations of the single fiber tilt and dual fibers tilt together, respectively.

¢ Chapter 6: Project 3: presenting the results of the individual ellipsoidal particles’
trapping size range and kinetic properties under three different CP dual fiber trap-
ping schemes, and demonstrating the variations in the case of spherical particles

of the same volume.

e Chapter 7: Project 4: presenting the results of beam shaping-assisted CP dual
beam traps to demonstrate the capability to improve the single aerosol trappings

stability for arbitrary aerosol undergoing dynamic processes.

¢ Chapter 8: Conclusion and future work.



CHAPTER

PREPARATIONS

ptical tweezers or optical trapping are used in a variety of disciplines as an

important tool due to their non-contact, low damage, and high versatility. It

has been developed for over 50 years since it was first introduced by Ashkin in
1970 [7] and was awarded the Nobel Prize in Physics in 2018 [56, 69]. The use of this
technique to confine and manipulate the dynamics of individual aerosols and to study
their physicochemical properties has been of great interest for nearly a decade. Before
moving on to the main part of the thesis, in this chapter I will first introduce the theory
and basics of optical trapping in Section 2.1 so that the readers can have a general under-
standing of how trapping forces are generated and how the dynamics of trapped aerosols
vary. We then summarise the four types of aerosol trapping configurations and point
out their respective characteristics, which are reviewed in Section 2.2. Finally, Section
2.3 concentrates on the aerosol trapping considerations involved in the construction of

optical aerosol traps.

2.1 Theory and basics

2.1.1 Optical trapping force

In the 1860s, James Clerk Maxwell, a renowned Scottish physicist, first predicted the phe-
nomenon of radiation pressure, which describes how electromagnetic radiation, including

light, exerts pressure on an object upon striking it. Maxwell arrived at this prediction
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through his groundbreaking equations that describe the behavior of electromagnetic
waves [101]. These equations suggest that electromagnetic radiation carries momentum
that can be transferred to an object through reflection or absorption [57]. As a result,
the object experiences a force that is directly related to the momentum transferred from
the electromagnetic waves [51]. Despite the fact that the effect of radiation pressure is
generally small, its existence has been confirmed in various experiments involving the
reflection and absorption of light by objects[10]. Radiation pressure has been extensively
studied, and its practical applications span a range of fields, including space propulsion
and materials science [100]. Hence, Maxwell’s prediction of radiation pressure has been
a crucial development in the field of electromagnetic radiation and has contributed
significantly to our understanding of the interaction between light and matter. As a
result, the essence of optical tweezers is to exploit the mechanical effect of momentum
transfer between light and particles, resulting in the precise optical manipulation of
particles in optical traps, usually for particles ranging in size from a few nanometers to
several hundred micrometers. The forces exerted by the trapping laser on the particles
can be divided into two main categories. One is the optical scattering force along the
direction of beam propagation, which originates from the transfer of optical momentum
caused by scattering and absorption of the optical field. The other one is the optical
gradient force along the direction of the optical gradient, which is mainly caused by the

inhomogeneous distribution of the optical field.

In fact, since the interaction between the optical trapping beam and the particles is a
complex process, no universal model has been established to calculate the optical force for
all different particle sizes at different trapping laser wavelengths. Currently, there are
three main models for calculating the optical trapping force based on the relative ratio of
the particle radius r¢ to the wavelength A of the trapping laser, as illustrated in Fig. 2.1,
namely: (a) dipole approximation model in the Rayleigh regime, (b) the electromagnetic
scattering theory model in the Intermediate regime, and (c) the ray optics model in the

Geometrical optics regime.

2.1.1.1 Rayleigh regime

When the particle size is much smaller than the trapping laser wavelength with 2rg < A,
it can be approximated that the amplitude of the electric field is constant in the space
occupied by the particle, and the particle is polarized under the action of the external

electric field, so that the particle is regarded as an electric dipole, and we can calculate
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(a) (b) (c)

Al

Figure 2.1: The classification of three different optical trapping regimes depends on the
relationship between the value of trapping laser wavelength A and the particle size 2r.
(a) Rayleigh regime, with 2r¢ < A. (b) Intermediate regime, with 2r¢ = A. (¢) Geometrical
optics regime, with 2ry > A. Image adapted from [26].

the force on the particle based on the dipole approximation model [108].

As shown in Fig. 2.2, in the Rayleigh regime the particles are subjected to a gradient
force in the trapped optical field due to the inhomogeneous distribution of the electric
field, which is directed along the negative gradient of the electric field intensity, i.e.,
towards the place of maximum light intensity. The gradient force can be described in Eq.
(2.1)[12]:

2

wed [(22) -1
2

Tp
2.1) Fyg=--aVE®=- L | VE?
n
(ﬁ) +2

Where E is the electric field, « is the particle’s polarizability, r is the particle radius,

np is the suspending medium’s refractive index, and n, is the particle’s refractive index.

At the same time, the particle will produce scattering and re-radiation to the incident
optical field, absorbing photons from the incident optical field and scattering them to the

surrounding area. This process of absorption and scattering will exert a scattering force
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Figure 2.2: Diagram of the forces on a particle in the Rayleigh regime when it is treated
as an electric dipole in the optical trapping field. Where the particle is subjected to a
gradient force in the trapped optical field due to the inhomogeneous distribution of the
electric field, which is directed along the negative gradient of the electric field intensity,
and the scattering force exerted on the particle is along the direction of beam propagation.
Image adapted from [89].

on the particle along the direction of beam propagation. The scattering force is given in
Eq. (2.2) [12]:

(2.2) F,

Where I is the light intensity of the trapping beam, c is the speed of light in vacuum,
A is the wavelength of the trapping laser, and the remaining symbols retain the same

meaning as the symbols in Eq. (2.1).

It can be seen that the scattering force is proportional to rg and the gradient force is
proportional to r(‘o;, i.e., as the particle radius increases, the scattering force grows faster

compared to the gradient force.
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2.1.1.2 Geometrical optics regime

When the size of the particle in the optical field is much larger than the wavelength of
the trapping laser, i.e., with 2rg > A, the optical trapping force acting on the particle can
be calculated by the ray optics model. According to the ray optics model, the incident
optical field can be equated to a collection of single rays of specific intensity and direction.
When a single ray is irradiated on the surface of a particle, the different refractive index
between the particle and its surroundings will lead to the reflection and refraction of
the incident ray on the surface of the particle. Based on these changes, we can calculate
the optical force produced by a single ray on the particle, and then integrate the force
produced by all the rays in the trapping optical field to calculate the total optical trapping
force on the particle. In 1992, Ashkin used this model to study in detail the forces on

particles in optical tweezers after transverse, axial, and arbitrary displacements [8].

PR

............................................

PT?R

Figure 2.3: A schematic diagram of the optical force generated by the momentum transfer
between light and microsphere after irradiating the microsphere with a single light ray
based on the ray optics model. Image adapted from [8].

As shown in Fig. 2.3, a ray of power P incident at angle a; strikes the surface of
the microsphere, and its momentum transferred per second is n,,P/c, which is reflected

and refracted on the surface of the microsphere according to Fresnel’s law [140], where
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the reflection coefficient R can be obtained according to Eq. (2.3), also the reflection

coefficient R and transmission coefficient T' always satisfy Eq. (2.4).

(2.3) R:l S%nz(ai—a,) tanZ(ai—ar)
2 |sin“(a; +a,) tan“(a; + ay)

(2.4) R+T=1

Thereafter, depending on the number of reflections of the rays inside the microsphere,
this leads to different energies carried by the outgoing rays, whose magnitudes are PR,
PT? PT?R, .., PT?R", ..., respectively. The optical forces generated by these beams are

described as follows:

2.5) F,="mb {1 + Reos2a; - Loleos(2ai —Zar)+Rcos2ai]}
¢ 1+ R2+2R cos2a,
(2.6) Fy="mF {R sin2a, — L [sin(2a; - 2a,) + R sin2ai]}
¢ 1+ R2+2R cos2a,

The ray optics model is simple and intuitive to compute, and in 2015 Callegari et al.
released an open-source MATLAB-based computational toolbox for calculating optical
forces and torques of optical tweezers based on the ray optics model to facilitate teaching

and researching under the Geometrical optics regime [30].

2.1.1.3 Intermediate regime

When the size of the particle in the optical field is close to the wavelength of the trap-
ping laser, i.e., with 2ry = A, neither the ray optics model nor the dipole approximation
model can accurately describe the force on the particle in the optical field. In order to
accurately quantify the optical force on the particle in the Intermediate regime, various
computational models based on electromagnetic scattering theory have been developed
[130, 167, 171]. The electromagnetic scattering theory model is in principle applicable
to particles of all scales and mainly uses the Lorentz force acting on the particle by
the electromagnetic field to study the force on the particle. The calculation process
generally requires first determining the expression of the incident optical field, then

solving the scattered optical field distribution of the particle on the incident optical field
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from Maxwell’s equations, and finally calculating the optical force on the particle from
the optical field distribution around the particle, i.e., using Maxwell’s stress tensor to
integrate over a closed surface to calculate the optical force [77, 132, 135], which can be

expressed as:

(2.7) (F) :j( (T)-ndQ
Q

In Eq. (2.7), n is the normal unit vector of the closed surface Q2 surrounding the

particle, and (T') is the time averaged Maxwell stress tensor, which can be described as:

(2.8) (T)z%Re[DE*+BH*—It(DE* +BH")/2]

where D is the electric displacement vector, E is the electric field intensity, B is the
magnetic induction intensity, H is the magnetic field intensity, and I, is a unit dyadic.
The electromagnetic field in Maxwell’s stress tensor in Eq. (2.8) is the total electromag-

netic field, including both incident and scattered fields.

For calculations based on the electromagnetic scattering theory model, several nu-
merical computation methods have been developed, including the finite element method
[166], the time-domain finite difference method [16, 60, 171], the discrete dipole approx-
imation method [96], and the T-matrix method [103, 109, 144]. It is worth noting that
it is often encountered in optical force calculations that the same particle needs to be
calculated again after its position and orientation have changed. In this case, a common
drawback of the first three methods mentioned above is that they require the entire
calculation process to be performed again, whereas the T-matrix method depends only
on the geometric configuration and electromagnetic parameters of the particle itself,
independent of the position and orientation of the particle and the properties of the
incident light. This means that it needs to be calculated only once and can be used multi-
ple times to calculate the incident and scattered optical field matrices in any direction,
thus reducing the computational effort significantly. In addition, the T-matrix method is

applicable to particles of various shapes [110].
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To facilitate the calculating optical forces and torques of particles in the Intermediate
regime, Nieminen et al. open-source released the T-matrix method based Optical Tweez-
ers Computational Toolbox (OTT) [85, 109]. Another recommended open-source optical
force computational toolbox is called the Optical Tweezers Software (OTS) [77]. It covers
not only the Intermediate regime, but also the Rayleigh regime and the Geometrical
optics regime, and is more comprehensive and powerful with full documentation and

code examples.

2.1.2 Optical trapping dynamics

The particle in the optical trapping field is not stationary. In addition to being subjected
to the optical trapping force, it is subjected to Brownian motion by random collisions
of molecular thermal fluctuations in the surrounding environment, and finally to form
a harmonic potential trap. To understand the optical trapping dynamics, here we first
introduce the Brownian motion and then model the dynamics of the trapped particle
under the action of optical trapping force, gravity, environmental viscous force as well as

Brownian stochastic force.

2.1.2.1 Brownian motion

Brownian motion is a common stochastic process, and particles that undergo random
Brownian motion in air or liquid are called Brownian particles, first discovered by Brown
in 1829 when he observed pollen particles with a microscope [23]. By the late 19th cen-
tury, it was recognized that Brownian motion was related to molecular thermal motion,
and then the diffusion theory of Brownian motion was explained by Einstein, Smolu-
chowski, and Langevin based on the equipartition of energy theorem [29, 53, 54, 84].

019, and in

In a liquid environment, the number of collisions per second is about 1
a gas environment, the number of collisions per second reaches 10'. The collision of
molecules and particles is random, although the collision forces cancel each other in
a long time range, however, in the transient state, the forces on the particles in each
direction are variable, and the orientation and magnitude of the collision forces on the
particles are random at different moments [165]. For the particle undergoing the Brown-

ian motion, its equation of motion can be expressed by Langevin equation:
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(2.9) mi(t) +yox(t) = (ZkBTo)fo)%C(t)

In Eq. (2.9), m is the mass of the particle, yo = 67nrg is the Stokes coefficient, where
7 is the viscosity coefficient of the environment and r is the radius of the particle. kp
is the Boltzmann constant, T is the environmental temperature, and {(¢) denotes the

correlation function with Gaussian probability distribution.

2.1.2.2 Particle dynamics in harmonic potential traps

Upon entrapping the particle within an optical trap, the exerted trapping force exhibits a
resemblance to a spring force, manifesting a magnitude directly tied to the particle’s po-
sitional deviation. However, it’s crucial to recognize that this proportionality doesn’t hold
uniformly across all displacements. The force-to-displacement relationship maintains
its linearity solely within a specific range of distances from the equilibrium position.
Hence a harmonic potential well is formed by the trapping beam, causing the particle
to undergo harmonic oscillation. At this time, in addition to the optical trapping force,
the trapped particles are also subject to the Brownian stochastic force generated by the
thermal motion of molecules in the environment, i.e., the motion of the particles also has
stochasticity, and their dynamic processes in the optical trap can be expressed through

the Langevin equation as [17, 82, 164].

(2.10) mi(t) + yox(t) + xkx(t) = (2kBTOY0)%C(t)

(2.11) F =—xx

In contrast to Eq. (2.9), Eq. (2.10) only adds the third term to the left side of the
equation, i.e., the optical trapping force on the particle after it is trapped in the optical
trap, which can be calculated by Eq. (2.11). where x represents the stiffness of the optical
trap (usually normally in units of pN/um), which is an important indicator of the quality
of the optical trap. The remaining symbols retain the same meaning as the symbols in
Eq. (2.9).
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By rearrangement of Eq. (2.10), Eq. (2.12) can be obtained as follow:

(2.12) () + Tox(t) + Q%x(t) =&(t)
(2.13) =0
m
(2.14) =X
m
1
(2.15) £ty = 2RBToY0)" L)

where 'y denotes viscous damping of the environment, Qg represents the natural
angular frequency of the trapped particle, and {(¢) represents the Brownian stochastic

force per unit mass [33, 129].

For a typical optical trap system, the power spectrum density (PSD) is usually used
to analyze the motion of the trapped particles and thus extract the trapping stiffness x of
the optical trap. By performing the Fourier transform on Eq. (2.12), and multiplying both
sides by their complex conjugates, we obtain the power spectrum of position fluctuations
[149]:

kBTo Qgro
K (f2 _ Q(Z))z n fQF%

(2.16) Sx(f) =

By rearrangement of Eq. (2.16), we can obtain Eq. (2.17) with the corner frequency f.
given by Eq. (2.18):

kgTo 1 2o
/2 1(2( m2fi )+fc2+f2

y%—21<m

(2.17) Sx(f) =
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K2
(2.18) fo=1\| 35
Yo —2km

In the experiment, the corner frequency f. can be obtained by fitting the power
spectrum of the trapped particle, and then we can calculate the trap stiffness « of the

optical trap system according to Eq. (2.18).

2.2 Aerosol optical trapping configurations

Since Ashkin’s successful levitation of a SiOg microparticle in air and vacuum by the
forces of radiation pressure in 1971 [9], the stable trapping, manipulation, and charac-
terization of individual particles in gas phase or vacuum have gradually attracted the
attention of scholars around the world. Among them, Steven Chu was awarded the Nobel
Prize in Physics in 1997 for his success in laser trapping and cooling atoms in a vacuum
environment [39, 40, 107]. In recent years, the application of optical trapping techniques
in the field of aerosol science [43, 47, 79, 127] has also been developing rapidly, and con-
tributed quite a lot to further understanding the atmospheric chemistry [15, 48, 78, 159].
However, optical trapping and manipulation in air can be more challenging than in the
more conventional liquid trapping media normally used [147]. One reason is the lower
viscosity of the suspending medium, making particles more sensitive to the surrounding
fluctuations. The other reason is the higher relative refractive index of the particles in
air, which makes it more likely to push the particle away from the trapping field due to
the greater scattering force. As a result, a reasonable optical trapping configuration is
required to achieve stable particle trapping in gas phase. Since this thesis is focused on
the use of optical trapping techniques for aerosol particle trapping and manipulation, in
this section I will present four types of aerosol trapping configurations that are currently
in common use, while the reader can also refer to more details from other excellent
reviews [64, 67, 102, 163].

2.2.1 Single beam optical trapping
2.2.1.1 Optical levitation

Ashkin and Dziedzic first demonstrated the use of scattering force to achieve single beam

optical trapping of a single glass sphere in air in 1971, termed the optical levitation
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Figure 2.4: (a) The optical levitation trap developed by Ashkin and Dziedzi. A loosely
focused Gaussian beam, pointing vertically upward, achieves a single glass sphere
particle optically levitation by balancing the scattering force with the gravitational force
acting on the particle. (b) The setup for optical levitation using a Bessel beam. Where the
axicon with an opening angle of 1.5 degrees was used to shape the incoming Gaussian
beam into a Bessel beam, and the telescope was used to control the beam propagation
distance as well as the central core size. Images adapted from [9, 148].

trap. As shown in Fig. 2.4(a), this trap consists of a loosely focused Gaussian beam,
pointing vertically upward, which achieves optical levitation of the particle by balancing
the scattering force with the gravity force acting on the particle [9]. The reason for the
stable force equilibrium is that in the axial direction, the scattering force decreases with
increasing distance from the beam focus position until it reaches a position where the
scattering force is equal and opposite to the gravitational force on the particle. While
the generated gradient force provides confinement to the particle in the lateral direction.
In addition, the scattering force and the intensity of the trapping laser are positively
correlated, so the guiding of the particle in the axial direction can be achieved in the
optical levitation trap by controlling the power of the trapping laser. Based on this
principle, Summers et al, as shown in Fig. 2.4(b), demonstrated the optical levitation
in air for three different droplets, including salt solution, ethanol, and dodecane, and
compared the difference in guiding distances of individual droplets at different laser
powers for the Gaussian and Bessel beams, respectively [102, 148]. Although the optical
levitation trap is capable of achieving the suspension of individual aerosol particles in air,
the delicate balance between the capture laser power and gravity, the Brownian motion of

the aerosol particle, as well as the random perturbations from the external environment
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can make optical levitation traps less stable and reliable. For these reasons, researchers
have tried to improve the stability of optical levitation traps by using feedback control
devices [11, 136].

2.2.1.2 Single beam gradient force optical trap
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Figure 2.5: (a) Schematic diagram of the experimental setup for a single beam gradient
force optical trap in air using a non-inverted trapping geometry developed by Omori
et al. in 1997. Where they first used this setup to trap a solid glass particle in air. (b)
An inverted single beam gradient force optical trap was developed by Magome et al.
subsequently in 2003. Where they first successfully trap a water droplet in gas phase.
Images adapted from [99, 112].

As we mentioned in the previous section, although optical levitation enables the suspen-
sion of individual aerosol particles in air, such traps have low stability and reliability, are
susceptible to external environmental disturbances, and do not allow for stable confine-
ment of the single aerosols in all three dimensions. It was not until 1997 that Omori et
al. inspired by the optical tweezers invented by Ashkin et al. in 1986 [12], demonstrated
for the first time that a tightly focused Gaussian beam using a high numerical aperture
(NA) objective (NA = 0.95) with a non-inverted trapping geometry could stably trap a
solid glass particle in air [112], as shown in Fig. 2.5(a). The direct reason why stable 3D
trapping can be achieved is that the tightly focused laser beam by a high NA objective
can produce dominant optical gradient forces that will overcome the effect of the optical

scattering forces that try to push the particle away. Subsequently, Magome et al. used
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an inverted trapping geometry that can use gravity to assist in balancing the optical
scattering forces to successfully trap water droplets in the gas phase for the first time
in 2003 [99], as shown in Fig. 2.5(b). This inverted trapping structure has been more
widely used in later aerosol studies [74, 102, 104]. Compared with the Optical levitation,
single beam gradient force optical trap can achieve more stable 3D trapping with higher
stability and reliability, but it also faces limitations such as using a high NA objective
(expensive), the short working distance (less than 1mm), and inability to trap aerosol

particles in a larger size range.

2.2.2 Counter-propagating dual beam optical trapping

2.2.2.1 Counter-propagating dual beam trap
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Figure 2.6: (a) A CP dual Gaussian beam trapping configuration to trap solid glass
sphere in air developed by Roosen and Imbert in 1976. (b) A vertical CP dual Gaussian
beam trapping geometry to facilitate the acquisition of the enhanced Raman excitation of
optically trapped particles was developed by Thurn and Kiefer in 1984. Images adapted
from [133, 156].

For the single beam optical trapping techniques described in Section 2.1, Optical
levitation has the disadvantage of not being able to achieve stable confinement in three
dimensions, while single beam gradient force optical trap has the downside of requiring
the use of expensive high NA objectives, short working distance, and inability to capture

aerosol particles in a large size range. To overcome the above-mentioned shortcomings,
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Roosen and Imbert, inspired by Ashkin’s proposal in 1970 of using two focused horizon-
tal counter-propagating (CP) Gaussian laser beams to achieve stable trapping of glass
microspheres in water [7], applied this trapping configuration to successfully confine a
solid glass sphere in air six years later [133], as shown in Fig. 2.6(a). In this trapping
geometry, instead of using high NA objectives to generate dominant optical gradient
forces to overcome the effect of the optical scattering forces, the strong optical scattering
forces are balanced in the axial direction by adding a second laser beam that can provide
an equal but opposite force to counterbalance the strong optical scattering forces. At the
same time, the generated optical gradient forces will equalize the weight of the aerosol
particle and confine it in the lateral direction, thus forming a 3D optical potential well in
the middle of the two CP laser beams. Once the aerosol particle enters this 3D optical
potential well, any displacement from the center of the well will lead to a recovery force
that pulls the aerosol particle back to the position where it was stably captured. Eight
years later, Thurn and Kiefer in 1984 proposed the use of the vertical CP dual beam trap
to capture micron-sized solid particles in air, and noted that this arrangement would
facilitate the acquisition of the enhanced Raman excitation of optically trapped particles
[156], as shown in Fig. 2.6(b).

In addition to using Gaussian beams to form CP dual beam optical traps to capture
and manipulate aerosol particles in air [133, 156, 160], researchers have also considered
using different beam profiles, such as Bessel beams [31, 32, 124], hollow beams [116, 162],
vortex beams [52, 141, 142], are used in the scheme of the CP dual beam trap to confine
and manipulate more different types of aerosol particles. Fig. 2.7(a) shows the schematic
diagram of the experimental setup for the CP dual Bessel beam trap developed by
Carruthers et al in 2012. Where an axicon with a cone angle of 177° was used to shape
the incoming Gaussian beam into a Bessel beam, and then the lens relay system was
used to adjust beam propagation as well as the diameter of the central core, thus enabling
this trap to achieve the selection of the trapped droplet size distributions. In the same
year, Pan et al. developed the experimental setup for the CP dual hollow beam trap as
shown in Fig. 2.7(b). They used three axicons (cone angle of 176°) to convert the incoming
Gaussian beam into the hollow beam, and then formed hollow trapping region to trap
the absorbing particle in air by the generated photophoretic forces. In addition, they
integrated the trapping system with Raman spectroscopy, allowing on-line quasi-real-
time characterization of trapped absorbing aerosol particles. In Fig. 2.7(c), Shvedov et

al used a more sophisticated vortex beam to form a CP dual beam trap, by which they
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Figure 2.7: The schematic of the experimental setups for the CP dual beam trap by using
(a) Bessel beam, (b) Hollow beam, and (c) Vortex beam. DP: Diaphragm; PH: Pinhole;
M: Mirror; ND: Neutral Density; MO: Micro Objective; BS: Beam splitter; AL: Axicon
lens; PBS: Polarizing Beamsplitter, WP: Waveplate; L: lens; C: Cuvette; NF: Notch Filter.
Images adapted from [32, 116, 142, 162].
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experimentally demonstrated the powerful 3D guiding of carbon particles (ranging in
size from 100nm to 10um) at distances of a few millimeters in air. The CP dual beam trap
can offer high trapping stability and robustness, provide longer working distance, and
enable capturing aerosol sizes in a large size range. However, the two trapping beams
must be carefully aligned prior to the experiment in order to achieve stable airborne
trapping, otherwise, the trapped aerosols will undergo complex dynamic variations that
destabilize the trapping performance. Besides, the addition of the second trapping beam

will increase the complexity of the whole trapping system and also raise the overall cost.

2.2.2.2 Confocal beam trap
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Figure 2.8: The schematic diagrams of the confocal beam trap by using (a) Gaussian
beam, and (b) Hollow beam. The corresponding practical experimental trapping field
image of the confocal beam trap for trapping single aerosol particles in air by using (c)
Gaussian beam, and (d) Hollow beam. Images adapted from [67].

Although conventional CP dual beam traps offer several advantages, such as high
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trapping stability and robustness, longer working distances, and larger trapping aerosol
size distributions, the addition of a second trapping arm leads to the more complex over-
all trapping system, requiring additional system expenses, and placing high demands
on the alignment of the dual beams. As a result, a virtual CP dual beam trap, termed
confocal beam trap [67, 68, 70, 93, 161], was proposed as a substitute scheme for the 3D
confinement of the airborne particles. This trapping configuration retains the advantages
of the conventional CP dual beam trap, while simplifying the complexity of the overall
trapping system by constructing a virtual CP trapping beam. Fig. 2.8(a) shows the
schematic diagrams of the confocal beam trap by using a Gaussian beam as the trapping
beam, in which a virtual CP dual beam trap is formed by using a concave mirror to reflect
the collimated beam that has been focused via a convex lens or objectives at a relatively
low NA, thereby forming a symmetric confocal optical field in the direction of the optical
axis. In addition, by precisely adjusting the separation distance between the focusing
optics and the concave mirror, the structure of the symmetric confocal optical field can be
fine-tuned. Fig. 2.8(c) shows the trapped single multi-walled carbon nanotube by using
this trap with high trapping stability [161]. Subsequently, Gong et al. proposed to use a
Hollow beam converted by an axicon as the trapping beam in the confocal beam trap, as
shown in Fig. 2.8(b) and (d), in which they experimentally demonstrated they can trap a
different number of aerosols in air, as well as manipulate the number of aerosols trapped
within the trapping field [68].

2.2.3 Holographic optical trapping

To enable more complex, controlled, and dynamically tunable 3D trapping and manipu-
lation of single or multiple aerosol particles, scholars have proposed using Holographic
Optical Tweezers (HOTSs) [1, 25, 26]. Typically, the principle of HOTSs is to modulate
the phase of the incoming Gaussian trapping beam by a liquid crystal spatial light
modulator (SLM), which then yields the desired complex trapping pattern, allowing for
more flexible and advanced aerosols trapping and manipulations. In Fig. 2.9, Burnham
et al. first demonstrated using HOTs to capture multiple water droplets in air in a
matrix fashion, and also showed controlled manipulation along the x, y, and z directions,
which ultimately led to the coagulation of the droplets [25]. However, Fig. 2.9(b) showed
that it is hard to achieve using water droplets to fill all the trap points, mainly due to
the passive waiting for randomly loaded droplets entering the trap sites. Besides, the

mutual interference between loaded droplets can also lead to the crowding out of droplets
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that have already entered the trap. As shown in Fig. 2.10, Alpmann et al. in 2012 used
HOTSs in combination with optical bottle beams generated by the convolution approach
to achieve stable trapping of multiple absorbing particles in air at target locations simul-
taneously, and also demonstrated dynamic manipulation of absorbing particles along

arbitrary paths by dynamically varying the input hologram [1].

2.2.4 Fiber-based optical trapping

In the last three sections, we have focused on several different types of lens-based or
microscope objective-based aerosol optical trapping configurations, typically used in free
space. However, such traps usually have complex optical structures that make the system
bulky and limited to a fixed field of operation. In addition, they are not suitable for in vivo
trapping and have short working distance, making them difficult to integrate with other
instruments. Moreover, usually these traps use expensive optical components, making
them difficult to afford. For this reason, fiber-based optical traps have been proposed to
overcome the above-mentioned drawbacks. The first fiber-based trapping implementation
was performed by Constable et al. in 1993, using radiation pressure trapping generated
by a well-aligned CP dual fiber trapping configuration to capture dielectric spheres and
live yeasts [42]. Subsequently, a single fiber-based gradient force trap was successfully
proposed by Taguchi et al. in 1997 to achieve more flexible trapping and manipulation of
dielectric particles and biological cells [153]. Since fiber-based optical traps are simple to
fabricate, easy to integrate, flexible to adjust, and have no operational depth limitation
compared to lens-based optical traps, they have been developed rapidly in the past 20
years and are widely used in biological research. Readers can find more details in these
recent excellent reviews [91, 97, 128, 169, 172, 174].

Since the focus of this thesis is on aerosol particle trapping and manipulation in air
using optical trapping techniques, to our knowledge, we have found only very limited
literature on this topic based on the fiber-based optical traps [90, 102, 134]. As shown
in Fig. 2.11(a), Rudd et al. in 2008 first demonstrated the possibility of trapping water
droplets using CP dual fiber traps [102]. Fig. 2.11(b) shows the trapped single droplet
marked with a red circle in the midpoint of two CP SMFs with equal output power.
By changing the output power of two SMF's, the trapped droplet can move along the
optical axis at a speed of up to 75um/s. In addition to using SMFs to form CP dual beam
traps, Rudd et al. have also used multimode fibers (MMF's) to replace SMF's for trapping,
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(a)

(b)

Figure 2.9: Holographic aerosol optical traps. (a) The schematic diagram of the holo-
graphic optical tweezers setup was developed by Burnham et al. in 2006. W: Half-wave
plate; L: Lens; SLM: Spatial light modulator; BB: Beam block; M: Mirror; DM: Dichroic
mirror; MM: Metallic mirror; OBJ: Microscope objective; NEB: Ultrasonic nebulizer for
generating water droplets. (b1) The shaped matrix trapping beam by a desired holo-
graphic trapping pattern is used in the holographic aerosol optical tweezers. (b2) and
(b3) show the corresponding trapped droplets within multiple trapping sites. Images
adapted from [25].
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Figure 2.10: Holographic aerosol optical trapping and manipulation by using optical
bottle beams. (a) The schematic diagram of the holographic optical tweezers setup was
developed by Alpmann et al. in 2012. HWP: Half-wave plate; PBS: Polarrizing beam
splitter; MO: Microscope objective; PH: Pinhole; Li: Lens; BS: Beam splitter; B: Beam
block; SLM: Spatial light modulator; C: Cuvette. (b) Trapped particle dynamics in 3D.
(b1) Schematic diagram of the transverse circular motion of a trapped particle. (b2) and
(b3) show the initial position of the trapped particle in xz plane and yz plane. (b4) and
(b5) shown the trajectory of the particle along the x axis and y axis receptively as the
function of time ¢. Images adapted from [1].

but the behavior of trapped droplets was more complex due to the higher laser modes
carried by MMF's, making the trapping sites and a number of trapped droplets difficult
to predict compared to the trapping situation with SMFs [134]. Subsequently, Li et al.
successfully trapped solid particles in air using a CP dual SMF's trap in 2018, and they
also verified that the trapped borosilicate spheres would change from stable trapping to
exhibiting three different spatial motion trajectories when the dual fibers had different

radial misalignment [90], as shown in Figure 2.11(c).

2.3 Aerosol optical trapping considerations

In this section, I will focus on the aerosol optical trapping considerations involved in
the construction of optical aerosol traps, as these factors will affect the success of the
optical aerosol traps and the stability of the trapping performance. Specifically, I will

first introduce the methods of loading aerosol particles in different states and point out
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Figure 2.11: Fiber-based aerosol trapping and manipulations. (a) The schematic diagram
of the CP dual fiber traps to capture aerosols in air was developed by Rudd et al in 2008.
(b) Trapped single droplet marked with the red circle in the midpoint of two CP SMF's. (c)
The schematic diagram of the orbit rotation of the single borosilicate microsphere under
the CP dual fiber traps with radial misalignment. Images adapted from [90, 102, 134].

their respective characteristics. I will then describe several different aerosol trapping
chambers and explain their design and use considerations, and finally present the
methods used to image and position the trapped aerosol particles, which are important

for resolving the size of the trapped aerosols and characterizing trap performance.

2.3.1 Aerosol loading method

According to section 2.1.2, we know that the ambient damping force on the particle is
positively related to the environmental viscosity coefficient 17, where the value for 1 are
1.8e-5 Pa.s in the case of air, and 8.9e-4 Pa.s for water in 25°C. Therefore, particles

immersed in water will be subjected to a strongly overdamped force so that they can
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be suspended in a relatively stable position and then trapped by actively moving the
trapping laser. In air, however, the 7 is about two orders of magnitude smaller, which
means that the reduced damping force cannot provide sufficient resistance to the parti-
cles, while at the same time, due to gravity, the particles fall down quickly. As a result,
the development of an efficient, stable, controllable, and reproducible aerosol loading

method is important for the successful capture of aerosol particles in air.

2.3.1.1 Solid aerosols
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Figure 2.12: Solid aerosol loading method. (a) Nebulizer approach. Summer et al. used
a commercial medical nebulizer to spray ethanol solution suspended with solid silica
spheres into the trapping chamber to achieve an optical trap in air. (b) Piezo approach.
By controlling the vibrations frequency of the piezo to achieve the launching of the solid
aerosol particles. (c) Pulsed laser approach. Asenbaum et al. used a frequency-doubled
pulse 532nm laser to launch the solid silicon nanoparticles into the trapping field by
pulsed laser approach. Images adapted from [6, 87, 149].

As we mentioned before, loading aerosol particles into an optical trap is a key first
step in airborne trapping. For loading the solid aerosol particles, there are three main
loading methods, namely, the nebulizer approach [62, 147, 149], the piezo approach
[9, 87, 88, 126, 168], and the pulsed laser approach [58, 59, 61], as shown in Fig. 2.12.

Nebulizer approach is widely used for airborne particle loading because it is simple, effec-
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tive, easy to handle, and can load small-size solid aerosols (less than 2um). As illustrated
in Fig. 2.12(a), Summer et al. used a commercial medical nebulizer to spray ethanol
solution suspended with a certain concentration of solid silica spheres into the trapping
chamber. After evaporation of the ethanol solution, the solid silica spheres falling into
the optical trap will be successfully captured in air [147]. In addition, Gieseler et al. also
used this approach for loading the solid nanoparticles, resulting in the capture of solid
silica beads with a diameter of 147nm [62]. However, when using this method, loading is
a random spray-in process, so trapping is less efficient and less controllable. In addition,
the size of solid airborne particles that can be loaded is limited by the space between the
piezoelectric body and the mesh, so the launching of larger solid particles is not easily

achieved.

Another commonly used method for loading solid aerosol particles is the piezo ap-
proach, as shown in Fig. 2.12(b), which uses controlled high-frequency vibrations of the
piezo to cause the solid particles attached to the substrate surface to gain sufficient accel-
eration to overcome van der Waals forces, gravity, and surface forces and to be launched
into the trapping field, thereby achieving stable optical capture in air. In contrast to the
nebulizer approach, the piezo approach allows for actively controlled repetitive loading
of solid aerosol particles of the same size, which has been well demonstrated for the
micron-size solid particles, due to the ability to select the upper size limit of the emit-
ted solid particles by controlling the vibration frequency of the piezo [9, 87, 118, 168].
However, for solid nanoparticles, the pizeo approach is not very effective and is usually
loaded using the nebulizer approach. This is mainly due to the fact that for the maximum
acceleration that a piezo can provide, there is a minimum solid particle size that can
be jittered off. The smallest particle diameter that can currently be launched by piezo

approach is 300nm [13].

To overcome the limitations of the piezo approach in loading solid nanoparticles,
the pulsed laser approach has been proposed to generate an additional transient shock
wave on the substrate, so that the solid particles can be released from the substrate
with sufficient transient acceleration to be launched into the trapping field. In 2013,
Asenbaum et al. applied this approach and achieved the launching of silicon nanoparticles
by using a 532nm Nd:YAG laser with a 5ns pulse of 3mdJ at a frequency-doubled pulse
[6], as shown in Fig. 2.12(c). Subsequently, Fu et al. also gave the optimized pulsed laser

parameters (pulse duration, pulse beam waist size, vertical distribution of the beam
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waist), as well as the suggested initial positions of the particles by numerical analysis for
better application of the pulsed laser approach to the actual launching of the particles
under the CP dual fiber trap in air [58].

2.3.1.2 Liquid aerosols

(a) (b)

~— -
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Gap width =A\/4

Figure 2.13: Liquid aerosol loading method. (a) Commercial medical nebulizer. (b) Surface
acoustic wave nebulization. Images adapted from [2, 3, 149].

When loading liquid aerosol particles, as opposed to their solid counterparts which
offer more diverse approaches, the predominant technique employed is the nebulizer
method, as extensively referenced [2, 3, 25, 26, 45, 49, 50, 74, 134, 148, 149]. The core
concept underlying this approach revolves around transforming solid particles into a
dissolved state within a readily volatile solvent, such as alcohol. Subsequently, the dis-
solved solid particles undergo ultrasonication in a solution, effectively dispersing the
particles within the liquid medium. This ultrasonicated solution is then introduced into
the nebulizer’s solution chamber. The final step entails injecting the sonicated solvent
into the nebulizer’s solution chamber, culminating in the comprehensive pre-injection
preparation. As shown in Fig. 2.13(a), the simplest loading method is to use a commercial
medical nebulizer to launch droplets directly into the trapping field. However, such
commercial medical nebulizers typically produce only a small size range of liquid aerosol
particles (usually between 2um and 10um in diameter with a mass median aerody-
namic diameter of 4.5um) and the size of the liquid aerosol falling into the trapping
field is random [113]. When we try to capture larger size liquid aerosol particles, we
can continuously inject atomized liquid aerosols into the trapping field to increase the

ambient humidity so that the trapped small size droplet can grow to the target large size.
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However, since the continuous spraying process generates a large amount of atomized
liquid aerosols, it will distort the optical trapping field and also contaminate the trapping
chamber and optics, thus leading to the failure of the experiment. Subsequently, Anand
et al. proposed a device called surface acoustic wave nebulization (SAWN), as shown in
Fig. 2.13(b), which enables the selection of the generated droplet size by tuning the RF
frequency. By using SAWN, it not only allows the loading of liquid aerosols with a more
controlled selection of droplet size, but it also makes the loading compact and versatile
for more types of chemicals [2, 3]. This approach shows good advantages for loading very
small sized liquid aerosols, but is not so effective for producing and launching large size

droplets.

To this end, one can achieve large size droplet capture by growing droplets [99], but
it involves designing and engineering a suitable aerosol trapping chamber to control
environmental conditions such as temperature, humidity and atmospheric pressure. In
the next section, I will introduce the efforts of researchers in developing aerosol trapping

chambers.

2.3.2 Aerosol trapping chamber

As we mentioned in the last section, another critical step for the successful optical trap-
ping of airborne particles is the employment of a suitable trapping chamber. Due to the
different types of aerosol particles, the consideration of the trapping accuracy and effi-
ciency, and the integration of other measurements, all of these place specific requirements
on the arrangement of the mechanical structure and volume of the trapping chamber, as
well as on the control of the environmental conditions (including temperature, humidity,
and atmospheric pressure) inside the chamber from a design and engineering perspective
[25, 26, 46, 48, 49, 55, 127, 147, 149].

In 2006, Burnham et al. proposed the use of a sealed glass cube above a glass cover
slip as the aerosol trapping chamber to facilitate water droplet trapping experiments.
By connecting the commercial medical nebulizer with a custom-designed glassware, the
generated water droplets can be delivered into the trapping chamber accurately. Although
this trapping chamber is simple in structure and can meet the demand for trapping
water droplets in air, the lack of precise control of ambient factors in the chamber,
especially humidity control, limits the success and trapping efficiency of capturing liquid

aerosol particles, for which Burnham et al. placed a distilled water-soaked tissue to
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Figure 2.14: Aerosol trapping chambers. (a) A sealed glass cube was used as an aerosol
trapping chamber by Burnham et al. in 2006, which had no humidity control and instead
used distilled water-soaked tissue to roughly maintain a moist environment. (b) A
humidity well-controlled aerosol trapping chamber developed by Reich et al.(c) A more
versatile and compact aerosol trapping chamber developed by Esat et al. with precise
humidity control and three integrated measurement techniques. T: Temperature; RH:
Relative Humidity. Images adapted from [26, 55, 127].

roughly maintain a moist environment, allowing limited improvement of this deficiency
[25]. Subsequently, the Aerosol and Nanoscience Group from ETH Zurich, led by Prof.
Ruth Signorell, proposed and engineered more sophisticated and precisely controlled
aerosol trapping chambers to facilitate their research on aerosols [46, 48, 49, 55, 127]. As
illustrated in Fig. 2.14(b), Reich et al. used an elaborate trapping chamber to facilitate
the trapping of picogram aerosol droplets. The humidity can be well controlled by
mixing dry and wet nitrogen gas separately through independent air inlets. In addition,
the well-designed structure allows the chamber to have suitable apertures to deliver
the trapping laser and to collect scattered light and broadband light scattering for
localization and measurement, respectively [127]. Moreover, Esat et al. designed a
more sophisticated aerosol trapping chamber, as shown in Fig. 2.14(c), that not only
maintains the functionality of the trapping chamber proposed by Reich et al. by providing
a controlled trapping environment, but in addition, it integrates a 2D angular optical

scattering and Raman spectroscopy that allows for a richer characterization of the
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trapped aerosol particles [55].

2.3.3 Aerosol displacement measurement

Another key consideration for aerosol trapping is about accurate positioning and displace-
ment measurement of trapped aerosol particles, as this will quantitatively characterize
the trapping performance of the aerosol trap by calculating the trapping stiffness «,
and also help to resolve the trapping force exerted on the captured aerosol particles.
After years of development, the two most commonly used methods for localization and
displacement measurement of captured particles in optical traps are video based ap-
proach [22, 44, 71, 115] and the position detector based approach [20, 63, 76, 158, 170].
In this section, I will describe how each of them works and point out the advantages and

disadvantages of their respective use.
2.3.3.1 Video based approach
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Figure 2.15: Video based approach. (a) The schematic of optical microscope imaging setup
for 2D observing and tracking the trapped particle in xy plane. L: lens; Obj: Objectives.
(b) 3D tracking of the trapped particle by adding a second path of optical microscope
imaging setup to resolve the trapped particle’s position along the z axis.

The video based approach to locate and measure the displacement of trapped par-
ticles is easy and convenient to operate, which makes most trapping systems usually

employ microscopic imaging systems to monitor the trapping process. As shown in Fig.
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2.15(a), it is a typical schematic of an optical microscope imaging setup for observing and
tracking the trapped particle. The scattered light from the captured aerosol particles is
collected by the microscope objective, and then imaged onto the camera after convergence
through a tube lens to achieve real-time monitoring of the captured particles, where
the filter is used to filter out the trapping laser light. Then, by calibrating the mapping
relationships between the actual physical distances represented by the pixels of the video
image and combining them with image processing algorithms such as center-of-mass
analysis [35], it will enable the real-time tracking of particles captured in the field of view
and calculate their displacement magnitudes with nanometer-level precision [114, 115].
In addition, there are also many open-source algorithms and software for video based
particle tracking that can be used directly. Of particular note, with the rapid development
of artificial intelligence in recent years, the DeepTrack open-source software developed
by Prof. Giovanni Volpe’s group has made video based particle tracking even easier and
more versatile, including single particle tracking and sizing, multi-particle tracking, and
3D tracking [73, 120].

However, the video based approach has two major drawbacks. One is that observing
the trapped particle based on a single microscope imaging system, as illustrated in Fig.
2.15(a), can only implement 2D particle positioning and tracking. If one wants to realize
3D tracking of the trapped particle, one option is to add an additional path in the optical
microscope imaging setup to resolve the trapped particle’s position along the z axis [1],
as shown in Fig. 2.15(b). While this will increase the complexity and cost of the whole
trapping system and cannot be implemented for those cases only with limited trapping
space. An alternative option to estimate the trapped particle’s position variation along
the z axis is based on the image processing algorithms [21, 73, 120, 173]. The principle
of this method is that the difference in axial depth will cause the captured particle
image to be out of focus and therefore the brightness of the image will be different,
and then based on this difference, the change in the displacement of the particle in
the z axis can be estimated. However, this method cannot be as reliable as the first
one and suffers from errors caused by the trade-off between the temporal and spatial
resolution of the camera, which is also the source of the second major drawback of the
video based approach. Specifically, because higher accuracy displacement measurements
can only be obtained if a high spatial resolution is realized, this places higher demands
on the acquisition frame rate of the camera. But this leads to a reduction in the required

exposure time for imaging, which leads to a degradation of the imaging quality due to the
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loss of high-frequency information and the introduction of noise. Therefore, for scenarios
that require higher accuracy and reliability of displacement measurements, we need to
consider the use of alternative measurement methods. One good option is the position

detector based approach, which I will introduce in the next section.

2.3.3.2 Position detector based approach

A more popular, highly accurate, and robust method to measure the displacement of
trapped particles is the position detector based approach [76, 131, 158]. As the name
implies, this method uses a position detector at its core, as it provides subnanometer
spatial resolution and kilohertz temporal resolution with higher measurement accuracy

and stability.
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Figure 2.16: Position detector based approach. (a) The schematic of the optical setup for
detecting the position shift of the trapped particle by using a QPD. QPD: quadrant pho-
todetector; C: condenser. (b) The zoom-in figures of the three different illuminated QPD
surface corresponding to the trapped particle’s position shifts. The position information
can be resolved by measuring the light intensity difference in four quadrants.

(2.19) Vx =[(Va+ VC) -(Vp+ VD)]/VZ

(2.20) Vy, =[(Va+VB)—(Vc +Vp)1/V,
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(2.21) V,=VAa+Ve+Vc+Vp

Fig. 2.16(a) shows the typical schematic of the optical setup for detecting the position
shift of trapped particle by using a quadrant photodetector (QPD), where the scattered
light from the captured particle is collected by a condenser and then imaged onto the
QPD. As the captured particle moves, the light intensity projected onto the four separate
quadrants of the QPD surface changes, as illustrated in Fig. 2.16(b). From Fig. 2.16(b1)
to (b2), we can find that the trapped particle moves laterally from the center to the
left without axial motion, which is because the entire illuminated area of the QPD
surface only moves laterally without any change in the size of the illuminated area.
While in Figure 2.16(b1) to (b3), we can know that the trapped particle undergoes
axial displacement due to the enlargement of the illumination area of the whole QPD
surface, i.e., the particle has changed its position in the z axis direction. Based on this
principle, the QPD converts the light intensities collected in the four quadrants into
the voltage signals, and then the positions of the trapped particle in the x, y and z
directions can be represented by the voltages calculated by Eq. (2.19) to Eq. (2.22).
Ultimately, the displacement of the captured particle in 3D space can be known by
monitoring the change of the voltage values of Vi, V, and V, [158]. Position detector
based methods exhibit significant advantages over video based methods in terms of
measurement accuracy and reliability, but all of this presupposes careful alignment
of the detector and precise calibration to determine the relationship between detector
voltage and particle displacement. Therefore, in practice, you only need to choose the

displacement measurement approach that meets your experimental needs.
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CHAPTER

AEROSOL TRAPPING AND MANIPULATION IN AIR

he purpose of this chapter is to describe the methods, development, and imple-

mentation related to fiber-based aerosol trapping and manipulation in air. We

know that optical trapping and manipulation in air are more challenging than in
traditional liquid trapping media. One reason is that the lower viscosity of the suspen-
sion medium makes the particles more sensitive to surrounding fluctuations. Another
reason is the higher relative refractive index of aerosols in air, resulting in aerosols
being (more likely) pushed out of the trapping field due to greater scattering forces [157].
For these reasons, careful consideration and development of aerosol trapping systems
is essential for the successful trapping and manipulation of individual aerosols under
the CP dual fiber trap. To this end, this chapter will cover some of the key techniques
and developments associated with the implementation of aerosol trapping. Specifically, I
will first describe how I prepared and generated the aerosol samples for trapping, and
then indicate how I designed, engineered, built, and calibrated the trapping system to
achieve successful and robust trapping, which I believe is noteworthy and will benefit
the readers for future implementation. In addition, I present the results and discoveries

during the experiments.

3.1 Generating aerosols for trapping

As we have mentioned in Section 2.3.1, a variety of approaches for different types of

aerosol particle loading are provided there. In this thesis, however, we are looking at
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liquid aerosol particles. Therefore, in this section, I will detail how we prepared and
loaded the liquid aerosol particles for trapping use and indicate how we managed the

evaporation of the liquid aerosol particles to facilitate the trapping experiments.

3.1.1 Loading aerosols

To load the liquid aerosol into the trapping chamber, we used a commercial medical
nebulizer (OMRON NE-U100-E) with a custom nozzle attached to feed the droplets into
the trapping field. Fig. 3.1 shows the schematic diagram of loading aerosols, where the
nebulizer uses a vibrating element oscillating at a high frequency to cause the liquid
sample to be pushed through the mesh, producing a consistent, constant droplet flow
with a median mass aerodynamic diameter of approximately 4.5um [113]. There are
two benefits to using a custom nozzle here. One is the targeted delivery of atomized
aerosol particles to the trapping field more precisely, increasing the success rate of
capture. The other is that by controlling the nozzle length and outlet aperture design,
the airflow velocity delivered to the trapping chamber can be effectively controlled and
the droplet size can also be roughly varied, thus increasing the likelihood of capturing
large aerosol particles. The nozzles used in the experiment were printed by a 3D printer

with custom-designed lengths and diameters.

Nebulizer Nozzle ®,e o

Chamber

Figure 3.1: Schematic diagram of loading liquid aerosols into the trapping chamber. The
commercial medical nebulizer uses a vibrating element oscillating at a high frequency to
cause the liquid sample to be pushed through the mesh, producing a consistent, constant
droplet flow delivered through a custom-designed 3D-printed nozzle.
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3.1.2 Management of liquid aerosols evaporation

Another important issue that we need to consider carefully when generating liquid
aerosols for trapping is the management of evaporation of the atomized liquid aerosol
particles. One of the key factors determining the evaporation of liquid aerosols is the
relative humidity (R H) of the surrounding environment at a certain temperature, which
is described in Eq. (3.1) [105].

})vapour
P*

vapour

3.1) RH = x 100%

*

Where Pyapour denotes the actual vapor pressure of the liquid, and Pg, .,

represents

the saturation vapour pressure of the liquid.

According to the Kohler theory [137], for pure water, droplets can only reach equi-
librium size at 100% RH or above. This means that to capture pure water droplets, the
trapping environment needs to be tightly controlled in terms of RH and temperature to
ensure that the trapping field is always supersaturated. However, in our experiments, the
homemade trapping chamber does not have precise temperature and humidity control
and is not perfectly sealed, so we compensate for this by managing the liquid aerosol
evaporation from two aspects. On the one hand, we designed and engineered the trapping
chamber to reduce the volume of the trapping chamber as much as possible (the design
and working details of the trapping chamber are described in the next section), and to
minimize the number and size of exits required for connection to the outside, and to seal
these exits well during experiments. In addition, a completely wetted tissue is added to
the trapping chamber to coarsely compensate for the vapour lost due to the imperfect

sealing, thereby reducing the evaporation rate of the droplets.

On the other hand, we also consider the addition of an inorganic substance to pure
water, which reduces the requirement for vapor pressure, i.e., the droplets can remain
in equilibrium with the atmosphere for a longer period of time, even in a subsaturated
environment. The variation of sea salt particles and pure sodium chloride (NaCl) particles
with RH is represented in Fig. 3.2. We can find that as RH decreases from 100%, both
sea salt droplets and NaCl droplets gradually lose their mass due to water evaporation,
but still maintain stable solutions until RH decreases to 41% and 43%, respectively

[154]. Therefore, in our experiments, based on this property of sea salt, we added 50g/L
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Figure 3.2: The variation of sea salt particles and pure sodium chloride (NaCl) particles
with RH. As RH decreases from 100%, both sea salt droplets and NaCl droplets will

gradually lose their mass due to evaporation, but remain stable solutions until RH
reduces to 41% and 43%, respectively. Image from [154].
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of salt to pure water to ensure that the brine droplets could be trapped continuously and

stably in a subsaturated trapping environment.

3.2 Aerosols optical trapping system

In this section, I will present the liquid aerosol optical trapping system we developed
to trap and manipulate individual liquid aerosol particles. I will first detail how we
designed the trapping chamber for capturing aerosol particles and the fiber holder for
clamping the fibers, and indicate how they work in the experiment. Then, I will introduce
the CP dual fiber trapping optical system built for capturing individual aerosol particles
in the experiment. Finally, I will detail the considerations for the calibration of the

aerosol trapping system prior to the experiment.

3.2.1 Trapping chamber and fiber holder

As we already mentioned in Section 3.1.2, a well-designed trapping chamber is essential
for the successful and stable trapping of individual aerosol particles. This means that
we must not only consider the long-term preservation of the atomized aerosol particles
in the trapping chamber (i.e., high RH and low airflow disturbance), but also ensure
that the normal trapping functions are well implemented (e.g., easy fiber mounting and
alignment, accessible image and observation of trapped droplets). Based on these consid-
erations, we customized the trapping chamber for the trapping experiments, as shown in
Fig. 3.3. In particular, Fig. 3.3(a) shows a standard three-view of the trapping chamber
with design parameters, which corresponds to the 3D view of the designed trapping
chamber illustrated in Fig. 3.3(b). We can find that the trapping chamber is a square
structure with a side length of 50mm, and circular through-holes with different diame-
ters are designed on each side of the square to facilitate different functions. The @40mm
circular through-hole shown in Fig. 3.3(al) has two functions. One is to fit the extra long
working distance objective lens used in the experiment from the upper end, thus enabling
observation of the captured aerosol particles, while the lower end provides access for
illumination. The sides shown in Fig. 3.3(a2) are designed with four @6.6mm and one
220.2mm circular through-holes respectively. These four circular through-holes are used
with the cage assembly rod (6mm) so that the trapping chamber can be mounted and
aligned with the cage system. The @20.2mm circular through-hole is designed to be used
with the fiber holder to facilitate the installation and alignment of the dual fibers. In
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Figure 3.3: Home-made trapping chamber used for capturing single aerosol particle. (a)
Standard three-view of the trapping chamber with specific design parameters. (b) 3D
view of the designed trapping chamber.

Fig. 3.3(a3), the @10mm circular through-hole is connected to the nozzle that feeds the
atomized droplets into the chamber. And the @20mm circular through-hole below is for
directly observing the alignment of the dual fibers during the coarse alignment phase,

and will be sealed when the experiment begins.

Since we use the SMF patch cable (Thorlabs P1-460AR-2) to form the CP dual beam
traps, we need to engineer a suitable and robust fiber holder to clamp the SMF, so that it

can facilitate the installation and alignment of the dual fibers. Fig. 3.4 shows the custom-
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Figure 3.4: The custom-designed fiber holder for clamping the fiber. (a) Diagram of the
design parameters of the fiber holder. (b) 3D view of the designed fiber holder clamping
the SMF.

designed fiber holder we used for our experiments. Among them, Fig. 3.4(a) shows the
specific design parameters of the fiber holder. Notably, the distal end of the fiber holder
will be connected to the 3D stage by increasing the size of the fiber holder from @18mm
to ©19.6mm to facilitate high precision fiber displacement and dual fiber alignment. At
the proximal end of the fiber holder, the bore size is reduced from @14mm to ©10.8mm,
so that the SMF can be clamped stably in the fiber holder with an interference fit. In
addition, the length of 57mm can compensate for the influence of fiber drift. Fig. 3.4(b)
shows the 3D view of the designed fiber holder clamped to the SMF.
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3.2.2 Counter-propagating dual fiber trapping setup

(a)
532nm Faraday
Laser Isolator
SMF
M1
: _NERNN cvos WER
Fiber = , Y
Launcher D Filter  mem
Fiber ELWD Obj Q Trapping
M2 HWP Launcher Chamber
e e A o
SMF —
Telescope PBS
b) %00 o
llumination

Ml < Filter

Trapped
single aerosol

Figure 3.5: (a) Schematic diagram of CP dual fiber aerosol trapping setup. M: mirror;
HWP: half-wave plate; PBS: polarizing beam splitter; SMF: single mode fiber; ELWD:
extra long working distance. (b) 3D setup of the aerosol trapping area and the zoom-in
trapping field.

Our CP dual fiber trapping experimental setup is shown in Fig. 3.5(a). A 532nm laser
(Torus, Laser Quantum 891mW) was used for all the experiments. After the laser beam
passed through an isolator (Thorlabs 10-3-532-LP), the beam was expanded by a 6X
telescope, and then split into two beams by a half waveplate (HWP) and a polarizing
beamsplitting (PBS) cube. By rotating the HWP, we can control the distribution of the
two beams power. Subsequently, the two beams were launched into SMF's (Thorlabs
P1-460AR-2) using two 10X objectives; the fibers had a mode field diameter from 2.8um
to 4.1um @ 488nm and both were used with straight tip (ST) connectors. Because of
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the SMF's small core plus the mechanical drift during the launch phase, the optimized
maximum transmission power through the SMFs is around 50%. Finally, two fibers
went directly into a custom-designed 3D printed trapping chamber, as shown in Fig.
3.5(b), where a 20X extra long working distance objective lens (Motic ELWD 20X) and
a CMOS camera (Basler acA2040-120um) are used to observe and record the trapped
single aerosol particle. Kohler illumination was used to illuminate the captured aerosol
particles, and custom-written MATLAB algorithms were used to analyze the acquired

videos, and resolve captured particles’ size.

3.2.3 System calibration

To achieve the CP dual fiber aerosol trapping, there are several critical aspects before
starting the experiment that directly determines the success of the trapping and the
stability of the trapped aerosol particles. For this reason, in the following sections, I
will introduce how I prepared for the experiment, how I calibrated the system, how I
successfully stabilized the trapping of individual aerosol particles, and what I did after

completing the experiment.

3.2.3.1 Step 1: Laser coupling and fiber cleaning

Figure 3.6: (a) Ideal Gaussian beam from the cleaned fiber facet. (b) The distorted beam
from the uncleaned fiber facet contaminated by aerosols from previous experiments.
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In order to ensure that a single droplet can be stably trapped in the midpoint of the
dual fibers, we first need to guarantee that the power output from the dual fibers used in
the experiment is the same and stable, which is a necessary condition for a successful
experiment. To this end, for our experimental system, as a first step, we let the lasers
emit 1mW of power to check whether the transmission efficiency of each fiber is optimal,
including ensuring that the laser transmission efficiency of the isolator generally exceeds
85% and that the coupling efficiency of both SMFs reaches about 50%. Then taking into
account the laser power transmission losses in other free spaces, the final combined
transmission efficiency of the laser power of an SMF is between 17% and 18%. After
completing the first step, in the second step, we first thoroughly cleaned the fiber ends of
both SMF's to exclude contamination due to aerosols or dust adhering to the fiber ends
from previous experiments, which can eliminate distortions in the final outgoing laser
beam as shown in Fig. 3.6(b), and thus lead to instability or failure of the trapping. Fig.

3.6(a) shows the ideal Gaussian beam from a cleaned SMF.

After finishing the cleaning, we match the output power of the two SMFs by rotating
the HWP and use a power meter to measure and observe that the power does not change
significantly within 3 minutes before starting the experiment. It is worth noting that
after each experiment, we need to clean the fiber end thoroughly and re-align the fibers.
After completing the above steps, we can ensure that the output laser power from the
dual fibers we use for trapping is the same and stable, and that the two outgoing beam

profiles are ideal as a Gaussian beam.

3.2.3.2 Step 2: Alignment of two SMF's

After the coupling of the laser and the cleaning of the fiber ends, the next critical aspect is
the precise alignment of the dual fibers, which directly determines whether the CP dual
fiber traps can be successfully constructed to achieve stable trapping of single aerosol
particles. In the first step, we first clamped the two SMF's into the specially designed
and 3D printed fiber holder, and then mounted the fiber holder onto a high-precision 3D
stage to perform a coarse alignment of the dual fibers by manual mechanical adjustment
as shown in Fig. 3.7(a). It is worth noting that the dual fibers clamped by the fiber holder
can effectively overcome the angular misalignment of the dual fibers, so we only need
to reduce the positional misalignment of the dual fibers during the actual dual fiber
alignment. Subsequently, the projection image of the dual fiber on CMOS is observed by

the ultra-long working distance microscope imaging system to ensure that the top of the
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Figure 3.7: (a) Coarse alignment of the two fibers held in the fiber holder by manual
mechanical adjustment. (b) Precise alignment of the two fibers by adjusting the 3D stage
carrying one of the SMF's and using the intensity of the light emitted from the other end
of the SMF as a criterion for the best two fiber alignment.

focused dual fiber can be seen within the imaging field of view, and the spacing of the
dual fiber is controlled by adjusting the 3D stage to prepare for the next step of precise

alignment.

After the first step of coarse alignment, the second step of precise alignment of the
dual fibers is performed by adjusting one of the 3D stages carrying one of the SMF. The
intensity of the light emitted from the other end of the SMF is used as a criterion to
determine the best dual fiber precision alignment. As shown in Fig. 3.7(b), when the
x and y directions of the 3D stage are adjusted to obtain the maximum light intensity
at the other end of the SMF at a determined dual fiber spacing, the two fibers can be
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considered to be well-aligned. While it is worth noting that when the spacing of the two

fibers changes, we have to execute precise alignment again.

3.2.3.3 Step 3: Find core position and trap single droplet

Figure 3.8: (a) Scattered image of a trapped single droplet after system calibration. (b)
The focused individual droplet particle after filtering the trapping green laser.

After completing the above two steps, we can start to prepare for the single droplet
trapping experiment. First, we adjust the laser output power to 20mW for both fibers,
and then we use a 50g/L salt solution to prevent rapid droplet evaporation in our custom-
designed trapping chamber, which lacks precise RH control [154]. Then we use the
ultrasonic nebulizer (OMRON NE-U100-E) connected to the home-made nozzle to deliver
droplets into the trapping chamber, which is designed to reduce airflow interference
within the trap, maintain relatively high RH during trapping, provide robust delivery of
droplet samples, and easy fiber installation and alignment, as well as accessible image
and observation of trapped droplet. In addition, to facilitate our finding of the location of
the trapped droplet, we removed the filter in the imaging system at the beginning of the
experiment to observe the scattered light image of the droplet so that we could quickly
find the location of the trapped droplet. Subsequently, by adjusting the 3D stage of the
imaging system, we move the position of the trapped droplet to the center of the imaging
field of view, as shown in Fig. 3.8(a). Furthermore, by remounting the filter onto the
imaging system, we can see the out-of-focus image of the trapped droplet, and then by

adjusting the z-direction of the 3D stage of the imaging system, we can see the focused

48



3.3. RESULTS AND DISCUSSIONS

stable trapped single droplet as shown in Fig. 3.8(b). In addition, by turning the HWP
that controls the power of the dual fiber outgoing light, we can achieve displacement
control of the trapped single droplet in the optical axis direction, which will be discussed

in detail in Section 3.3.3.

3.3 Results and discussions

In this section, I will present the quantitative results and discoveries I found by using the
developed CP dual fiber trapping system. Specifically, I will first experimentally quantify
the variation in the diameter of the captured droplets at an output power of 20mW
for both fibers, while their spacing is 90um and 180um, respectively. I then increase
dual fiber output power from 20mW to 100mW in steps of 10mW to see how the droplet
diameter variations with this change. Finally, I achieved manipulation of a single droplet

along the optical axis by varying the output power of the dual fiber.

3.3.1 Trapped single aerosol under different separation

Fig. 3.9 shows the diameters of maximum and minimum droplets that can be captured
when the separation distance between the two fibers is 90um and 180um, respectively,
and the output power of both fibers is always set to 20mW. We can find that the maximum
diameter of a single droplet that can be captured increases from 11.0um to 16.6um, while
the minimum diameter of a single droplet that can be captured changes only slightly
from 4.4um to 5.0um when other conditions remain the same but the distance between
the two fibers increases from 90um to 180um. Through this simple experiment, we can
find that by changing the spacing of the dual optical fibers, there will be a variation in
the size range of the droplets that can be captured. The quantitative study of the effect of
the change of the dual fiber spacing on the size range of the captured droplets will help
us to determine the appropriate experimental parameters for CP dual fiber traps, which
will help us to efficiently and selectively trap individual droplets of the target diameter.

The quantitative study will be presented in Chapter 4.

3.3.2 Trapped single aerosol under different trapping power

In addition to varying the separation of the dual fibers, we also wanted to know the
effect of varying the trapping power emitted from the dual fibers on the size range of the

droplets that could be captured, while holding other conditions constant. For this reason,
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(a1) (a2)

11.0 pm 4.4 pm

(b1) (b2)

16.6 pm 5.0 um

Figure 3.9: Real images of a trapped droplet under CP dual fiber traps with dual fibers’
separation of 90um, and 180um respectively. The maximum trapped droplet diameter
at a separation of 90um is (al) of 11.0um, and the minimum trapped droplet diameter
is (a2) of 4.4um. When only increasing the separation to 180um, the maximum trapped
droplet diameter is (b1) of 16.6um, and the minimum trapped droplet diameter is (b2) of
5.0um. Trapping power is 20mW, and saltwater concentration is 50g/L.

we increase dual fiber output power from 20mW to 100mW in steps of 10mW to see how

the droplet diameter varies at dual fibers’ separation of 90um and 180um respectively.

As shown in Fig. 3.10, with increasing the trapping power, the diameters of the
smallest droplets that can be trapped at the dual fiber separation of 90um and 180um
both fluctuate slightly around 5.0um, and do not increase or decrease significantly with
increasing dual fibers’ emitting power. While for the maximum trapped droplet, the
diameter of the maximum captured droplet fluctuates around 11.0um when the dual

fiber spacing is set to 90um. However, when the dual fiber spacing is increased to 180um,
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Figure 3.10: Plot of the maximum and minimum diameters of captured droplets with
the trapping power increasing from 20mW to 100mW at dual fibers’ separation of 90um
and 180um respectively. Saltwater concentration is 50g/L. The solid and dashed lines
are linear fits of the discrete data for the diameters of the maximum and minimum
droplets that can be trapped for the corresponding trapping power and different dual
fiber separations, respectively. The smallest trapped droplet diameter varies slightly
around 5.0um as the trapping power increases. For the maximum captured droplet
diameter, it fluctuates around 11.0um when the dual fiber spacing is 90um. However,
when increasing the dual fiber separation to 180um, larger droplet diameters can be
trapped, and the maximum trapped droplet diameter increases with increasing trapping
power.
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larger diameter droplets can be trapped and the size range of the trapped droplets
increases with increasing trapping power. The above analysis implies that increasing the
output power of the dual fiber does not have a significant effect on the minimum value of
the trapped droplet diameter, while the maximum value of the captured droplet diameter
is also related to the dual fibers’ separation. At a smaller separation distance, the
maximum diameter of the trapped droplet does not change significantly with increasing
trapping power, while at larger dual fiber spacing, the maximum diameter of the trapped
droplet will increase gradually with increasing dual fibers’ output power. Therefore, to
quantitatively quantify the size range of droplets that can be captured in the CP dual
fiber traps, we need to collaboratively consider the relative relationship between the
output power and the separation distance of dual optical fibers so that we can efficiently
and selectively capture individual droplets of the target size with optimized experimental

parameters. Detailed findings and results will be further discussed in Chapter 4 as well.

3.3.3 Single aerosol manipulation along the optical axis

Figure 3.11: Trapped single droplet with a diameter of 10um moves along the trapping
beam axis by tuning the output power of the two fibers. The separation of dual fiber is
180um, and saltwater concentration is 50g/L.

In addition to achieving stable trapping of single droplets, we also achieve controlled
manipulation of an individual droplet along the optical axis by varying the outgoing

power of the dual optical fibers. As shown in Fig. 3.11(a), a single droplet with a diameter
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of 10um is stably confined at the midpoint of the dual optical fibers at the separation
of 180um and the emitting power of 50mW for both fibers. By rotating the HWP, we
can control the power distribution of the two trapping arms, so that the captured single
droplet will leave the initial equilibrium position (midpoint of the dual optical fibers) and
move along the optical axis of the trapping beam, which is well demonstrated from the
Fig. 3.11(b) to Fig. 3.11(e). Furthermore, we note that the captured individual droplet
does not escape the traps due to the change in the output power of the two trapping arms.
Instead, the trapped droplet moves predictably as new equilibrium positions are formed,

and the moving speeding can reach up to 40um/s under such trapping conditions.

3.4 Conclusion

In this chapter, we systematically describe the strategies, development, and implementa-
tion related to the successful trapping and manipulation of individual aerosol particles
based on the CP dual fiber traps. The loading method of the liquid aerosol sample we
used in the experiment and the strategy to manage its evaporation was first described,
and a salt solution with a concentration of 50g/L. was finally chosen as the sample to
be used. Next, the key technical details of the CP dual fiber trapping system used to
capture and manipulate individual aerosol particles are pointed out by detailing the
design, construction, and calibration of the experimental system. Finally, quantitative
results of the trapped droplet diameters at different dual fibers’ separation distances
and trapping powers are shown. In addition, we also demonstrated the manipulation of

a single droplet along the optical axis by varying the output power of the dual fibers.
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CHAPTER

TRAPPED AEROSOL SIZES WITHIN THE TRAPPING FIELD

uantifying the size range of aerosols that can be trapped in the CP dual fiber
tapping configuration is essential to improve the 3D aerosol trapping efficiency
and study the manipulation and characterization of single aerosol particles in
such traps. Here, we present simulations and experiments describing the trapped aerosol
size range variations in the midpoint of two fibers under different fiber separations,
particle sizes, fiber powers, and radial offset. By doing so, we build the size area plot for
stable aerosol trapping through a parameter analysis that allows the tolerance of such

trap to trapping fluctuations to be understood.

4.1 Introduction

Since Arthur Ashkin’s pioneering work using lasers to exhibit the optical trapping and
manipulation of microscopic particles [7], this method has been applied to various fields
within the scientific community, including single-molecule biophysics [18, 27], cell biology
[36, 111], laser cooling [4, 41], nanostructures [98, 138] and aerosol science [47, 79, 127].
Optical trapping lends itself well to precision single particle studies across disciplinary
areas and the analysis of airborne particles has developed significantly in recent years
[64-66, 119, 125, 127]. Aerosols, microscopic solid and liquid particles dispersed in gas as
illustrated in Fig. 4.1 showing some of the scanning electron microscopes (SEM) images
of common aerosol particles, play a significant role in a range of areas of topical interest,

such as atmospheric chemistry and human health, but many processes at the single
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aerosol level are still not yet fully understood.

Dust (p) ‘ 7 oxide (¢)

»

1 pm o 300 nm 2 pm

Pollen (e) Bacteria (f) Fly ash

1 pm S00 nm

» Soot (h) . Sulfate (i) NaCl

%

P .

o .“? -
b 1 Yy .
}-.,‘m
* 400 nm

Figure 4.1: Collage of SEM images of common aerosol particles with (a) dust, (b) iron
oxide, (c) quartz, (d) pollen, (e) bacteria, (f) fly ash, (g) soot, (h) sulfate, and (i) NaCl.
Image adapted from [86].

Performing optical trapping and manipulation in air can be tougher compared to
conventional liquid trapping media due to two reasons. First, the suspending medium in
air has a lower viscosity, making particles more susceptible to surrounding fluctuations.
Second, the aerosols in air have a higher relative refractive index, making it more likely
for them to be pushed away from the trapping field due to a greater scattering force
[157]. To accomplish stable 3D aerosol trapping, it is necessary to balance the scattering
and gradient components generated by the light-matter interaction. One method is to
use a high NA objective lens to strongly focus the incident beam: optical tweezers [25].
A second method is to use diverging beams, but in a counter-propagating geometry: a
counter-propagating dual beam trap [92]. In this case, the trapped aerosol is usually
suspended in the middle area of the two beams. A further option makes use of a confocal
beam trap, which forms a stable virtual CP beam trap by using a single spherical concave

mirror after the single beam trap, thereby reducing the complexity of the second config-

56



4.2. MODEL

uration [67, 68, 161]. However, the above three types of configuration to achieve a 3D
aerosol trap involve relatively complicated optical path design and many conventional
optical elements, which can make the whole system cumbersome. In contrast, optical
fiber has the advantage of lower complexity, but more powerfully allows greater system
integration. In the initial work in this area, researchers have shown the dual fiber
configuration could trap a broader range of aerosol particle sizes at the trap center by
providing large forces while allowing more flexible optical access to the trapping area
[102, 134]. Additionally, they also demonstrated that such systems can be straightfor-
wardly integrated with spectroscopic tools and microfluidic analysis systems to achieve
more functional single aerosol particle characterization and analysis [24, 59, 75, 163].
However, while most recent works focus on the manipulation and characterization of
single aerosol particles, there has yet to be a quantitative theoretical and experimental
analysis that accurately quantifies the trapped aerosol sizes present within the trap

under different dual fiber separations and fiber orientations.

In this chapter, a CP dual fiber trap is used to trap and manipulate aerosol particles.
We calculate and verify the trapped aerosol size range under different fiber separations
and fiber output powers under the condition of well-aligned fibers. Then we demonstrate
the variations of the trapped aerosol size range when the dual fibers have a radial offset.
We also examine the situation where the particle is not trapped in the middle of the gap

between the two fibers, but can be trapped near the fiber facets.

4.2 Model

4.2.1 Dual beam trap for spherical aerosols

In this chapter, the relative ratio of the aerosol size to the wavelength of the trapping
light is typically greater than ten. Following [143], we adopt the ray optics model to
build up our mathematical model, as illustrated in Fig. 4.2(a), we only draw one ray
SB to demonstrate how the ray interacts with the single aerosol particle. Specifically,
the ray SB strikes the aerosol surface B, thus generating the force, which can be di-
vided into two components, the scattering force Fy and the gradient force Fy. F is
parallel to the incoming ray, and F is perpendicular to the incoming light. Fig. 4.2(b)
shows a single aerosol particle trapped at the midpoint between two fibers, representing

the system being modeled. The reason why the single aerosol can be trapped stably
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(a)

\/

(b)

Fiber 1 Fiber 2

y

Figure 4.2: The basic theory and principle of the optical fiber based aerosol trap. (a)
a Gaussian beam impinges on a single aerosol particle. 6 denotes the angle between
the normal of the differential area and the beam axis; & is the distance between the
beam axis and the optical axis; R. denotes the radius of curvature of the beam; R, is the
projection distance of R. on the z axis. (b) Schematic diagram of the CP dual fiber trap.

in this position along the z axis is because of the balance of the forces from the two beams.

To better understand and predict the behavior of aerosols in our trap, we base our
model on that used in [143]. The trapping efficiency of a single beam in the axial and

radial direction is:
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Here, ry denotes the aerosol particle radius, 6 denotes the angle between the normal
of the differential area and the beam axis, r denotes the distance from the incident
surface to the beam axis, & is the distance between the beam axis and the optical axis, w
denotes the beam waist at point B, y denotes the half apex angle of the incoming beam,
and a denotes the separation between aerosol center and the source of the incoming
ray. R, denotes the radius of curvature of the beam, and R, is the projection distance
of R, on the z axis. g, and g, represent the momentum components in the parallel and

perpendicular directions of the incident light.
The trapping forces due to a single beam in the axial and radial directions are:

niP
(4.3) Fx,z = %Qx,z
Here, n1 denotes the refractive index of air, P is beam power, ¢ denotes the speed of

light in the vacuum.

For CP beams, the forces from each beam are added together, as shown in Eq. (4.4)
and Eq. (4.5). Along the z axis, the two forces cancel each other out at the midpoint

between the fibers. In contrast, the generated forces add along the x axis:

P .,+P_ P P_.Q_
(4.4) Fz,tot _ ni(Py; z)( +2Q@+2 _ Q-2
c P.,+P_, P,,+P_,
ni(Pi;+P_,)( Pi,Q; P_.Q-.
(4.5) Fx,tot — 1(P+ )( + Q+ + Q
c P,,+P , P,,+P_,
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Figure 4.3: Variation of @ ;»: as a function of z with (a) the aerosol sphere radius ro,
and (b) two fiber end separation distance (SP), and (c) the refractive index of the aerosol
particle ng. Variation of the @, ;o; as a function of the x with (d) the aerosol sphere radius
ro, and (e) two fiber separation distance SP, and (f) the refractive index of the aerosol

particle no. Parameters that are fixed where appropriate are ro = 2.5um, SP = 90um,
and n2 = 1.344.
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By setting different aerosol particle radii, fiber separations, and aerosol particle
refractive indexes, we plot the @, ;o; and @ s»; curves in Fig. 4.3, where the @, ;,; and
Q:.t0¢ are define for two beams. These will act as a guide in understanding where the
potential stable and unstable trapping positions are in the z axis direction. For example,
the radius of the aerosol particle has a direct effect on the magnitude of the trapping
efficiency it experiences in the trapping field as presented in Fig. 4.3 (a) and (d), which
will ultimately affect whether a stable trap can be formed at the midpoint. In addition,
in Fig. 4.3(a), as the particle size increases from a 5.0um radius to 7.5um, there is a
significant slope change at z=0. This shift from negative to positive slope is crucial,
signaling the inability to create a stable optical trap at this position under the given
circumstances. From Fig. 4.3 (b) and (e), we can see that the larger fibers separation will
contribute to the smaller trapping efficiency, which means that we need higher laser
power to generate greater optical force to balance gravity to ensure the aerosol trapping
stability at the midpoint. From Fig. 4.3 (¢) and (f), the higher refractive index of the

aerosol particle will ensure the optical trap is more stable at the midpoint of the fibers.

4.2.2 3D aerosol trap at the midpoint

It should be noted that due to symmetry, a single aerosol particle on the z axis will not
receive a force in the x axis direction. Similarly, assuming that the power of each fiber is
equal, the particle located at the midpoint of the two fibers will not receive a force along
the z axis. That means if we hope to know the trapped aerosol sizes at the midpoint
of two fibers under different aerosol particle radius, fiber separation, we should first
understand the conditions of how to achieve a stable 3D aerosol trap at the midpoint of

two fibers.

Based on the above model, we have to maintain two conditions simultaneously to
achieve a stable 3D aerosol trap at the midpoint between the two fibers. The first one is
to maintain a two-dimensional (2D) trap along the z axis by using the optical scattering
forces to balance each other. Its numerical expression is as shown in Eq. (4.6) and Eq.
(4.7). It is necessary to simultaneously satisfy that the axial trapping efficiency at z = 0

is zero, and the slope of the axial trapping efficiency at z = 0 needs to be less than zero.

(4.6) Qz,tot (z=0) = 0
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4.7 sz,tot (z=0) < 0

After achieving a 2D trap, the next step is to use the gradient force to balance the
weight of the trapped particle and its viscosity resistance in air to maintain a 3D trap.

Its numerical expression is shown in Eq. (4.8).

(4.8) Fitot—mg— F, =0

4.9) F,=6nrnrou

Here, m denotes the mass of the aerosol particle. F', represents the viscosity resis-
tance of the aerosol particles in air, and its specific calculation expression is shown in
Eq. (4.9). Where v denotes the velocity of the aerosol particle, n denotes the viscosity

coefficient in air.

If we satisfy these two conditions simultaneously, we are able to systematically
research and understand the trapped aerosol sizes at the midpoint of two fibers under

different aerosol particle radii and fiber separations.

4.3 Results and discussions

4.3.1 Trap at the midpoint without radial misalignment

To understand the trapped aerosol size range at the midpoint, we first studied the case of
no radial misalignment between the two fibers. Fig. 4.4(a) shows the simulation results
of how we use the theoretical model to define the stable trapped aerosol size area with
the variation of the two fibers’ separations. The refractive index of the aerosol particle is
1.344 (50g/L NaCl), and the laser output power from both fibers is 20mW. Fig. 4.4(al)
presents the size range of droplets to achieve a stable axial trap (a 2D trap) with the
separations between the two fibers from 30um to 300um. The colors within the plot

reflect the different slopes of @, with @, = 0. A negative value means a stable 2D axial
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trap, and the larger the absolute value, the higher the relative stability. Similarly, as
shown in Fig. 4.4(a2), the gradient force F'; balances other radial forces to maintain
radial force balance. Thus the positive value region within the plot reflects that the
droplet can be suspended radially in the midpoint trapping area. When the conditions
of Fig. 4.4(al) and (a2) for achieving a stable trap are met at the same time, the size
range of the droplets that achieve 3D stable trapping at the midpoint of two fibers under
different separations is obtained, as shown in Fig. 4.4(a3). Within the plot, a negative

value means a stable 3D trap can be achieved.

The above simulations provide a direct way to display the size range of the trapped
single droplet at the midpoint with different fiber separations under the CP dual fiber
trapping setup. To further understand the trapped aerosol size range, we conducted
experiments under three different fiber powers, results shown in Fig. 4.4(b1) 20mW, Fig.
4.4(b2) 50mW, and Fig. 4.4(b3) 100mW, to verify the simulation results, and analyze how
the fiber power will influence the variation of the trapped aerosol size range. The red
dots and the pink five-pointed stars represent the largest and smallest trapped droplet
sizes in the experiment, respectively. For the smallest trapped droplet, considering the
applicability of the ray optics model and the physical limitation of the mesh size of the
nebulizer we used, this determines that the lower limit of the aerosol size that can
be experimentally verified is about 4.5um. Therefore, when an aerosol size of about
4.5um is captured experimentally, we consider that the smallest aerosol is captured at
this time under the current setup. To determine the largest trapped droplet, we first
trapped a small droplet, and then by continuing to continuously inject aerosols into
the trap field, we could find that the originally trapped droplet would grow due to the
increase in humidity within the trapping chamber and droplets coagulating. When the
size of the droplet increases to a certain point, this droplet leaves the optical trap and
we take the size of the droplet before it leaves as the largest size that can be trapped
under the current trapping setup. We performed three iterations for each configuration,
with prior meticulous cleaning of the fiber end and comprehensive dual fiber calibration
before every trial. Following the three trials, we chose the highest and lowest recorded

experimental sizes as the conclusive dataset.

By comparison, as the fiber power increases, the simulation results show that droplets
with a larger size range can achieve the stable trap within a more extensive range of fiber

separation. This is mainly due to the increase of gradient force Fy, balancing the radial
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Figure 4.4: (a) Area plot describing the expected trapped aerosol size range at the
midpoint under different fiber separations. (al) The simulation area plot of the size
range of 2D aerosol trapping at the midpoint under conditions satisfying Eq. (4.6) and
Eq. (4.7). (a2) The simulation area plot showing the size range of aerosols suspended
radially in the midpoint trapping area under the condition of satisfying Eq. (4.8). (a3) The
simulation area plot of the size range of 3D aerosol trapping at the midpoint combining
all three conditions within (al) and (a2), hence showing stable 3D trapping points. In
all plots n2 = 1.344 (Refractive index of 50g/L NaCl solution), Power = 20mW from each
fiber. (b) Simulation overlaid with experimental results of the area plots describing the
expected 3D trapped aerosol size range at the midpoint under different fiber powers with
(b1) 20mW, (b2) 50mW, and (b3) 100mW. Markers give experimental data. The red dots
represent the largest size aerosol that can be trapped, and the pink five-pointed stars
represent the smallest aerosol that can be trapped. Label of 0 indicates instances where
the value is zero, reflecting an unstable position and uncertainty in the target aerosol
trapping state.
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forces of the larger droplet in the radial direction. It is worth noting that the balance
condition in the axial direction is independent of the variation of fiber power. That is
to say, even with more considerable fiber power, the maximum droplet size that can be
trapped in 3D at the midpoint is not larger than the maximum droplet size trapped in
2D along the axis simulated under the same conditions, which can be demonstrated by
comparison of Fig. 4.4(al) and (bl). Besides, in Fig. 4.4(b), we find that the maximum
3D trapped droplet size in the experiment is generally smaller than the maximum 3D
trapped size obtained by simulation. However, as the fiber power increases, the 3D
trapped droplet size increases in the experiment, but it doesn’t exceed the maximum size
obtained by simulation. The potential reasons are the interference from the airflow, the
humidity within the chamber, and aerosol contamination on the fiber end, which will
ultimately lead to limits in the experimental observations. Although the mass median
aerodynamic diameter of the droplet size produced by the nebulizer we used here is
around 4.5um [113], the addition of salt to the water, as well as the effects of ambient
conditions, particularly humidity, resulted in the minimum radius of the droplet trapped
in the experiment is around 2.5um. In addition, as our simulations are based on the
ray optics model, the size of the aerosol particle should be greater than 10 times the
wavelength of the trapping light to be more in line with the actual results, which means
that the simulation results for aerosols with a radius of 2.5um or larger are relatively
more accurate and reliable. For aerosol particles with a diameter of less than 5um, this
is not included in the scope of this thesis. If one wants to quantify the range of sizes that
can be captured for particle diameters less than 5um, one needs to make predictions by
using other appropriate models and verify the predicted results by adopting the aerosol
loading method that can produce smaller sizes. The experimental size data on the largest
and smallest trapped aerosols under three different trapping power of 20mW, 50mW,
and 100mW, illustrated in Table 4.1, is consistent with the numerical modeling, where
the term S is an abbreviation for simulation and the term E is an abbreviation for the

experiment.
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Table 4.1: Trapped aerosol sizes range data without radial misalignment

All Unit: Fiber power = 20mW Fiber power = 50mW Fiber power = 100mW
pm Sro Sro Ery Erg Sro Sro Erg Ery Sry Sry Ery E_r

max min max min max min max min max min max min

60 42 10 40 20 42 10 41 22 42 10 41 1.9

90 57 10 55 22 57 10 56 22 57 10 56 25

120 74 10 68 20 74 10 69 21 74 10 71 2.3

SP 150 9.0 1.0 8.2 23 90 10 83 25 90 10 84 25
190 89 25 83 25 100 15 8.6 27 100 15 94 2.7

220 no no no 100 100 20 92 25 100 20 99 23

250 no no no no no no no no 10.0 25 10.0 23

4.3.2 Trap at the midpoint with radial misalignment

We know that using SMFs coupling and alignment is essential when we hope to trap a
single aerosol at the midpoint. However, in practice, the alignment of two fibers expe-
riences varying degrees of deviation, especially for the radial misalignment, as shown
in Fig. 4.5(a). It is because of human alignment errors or fiber mechanical drift, which
will cause the trapped single aerosol to leave the stable trapping position and undergo
different dynamic changes [90, 176]. Therefore, to understand the variations of the
trapped aerosol size range at the midpoint with the radial misalignment between the

two fibers, we conducted the following simulations and experiments.

Fig. 4.5(b) presents the simulation and experimental results of the area plots describ-
ing the expected 3D trapped aerosol size range at the midpoint under three different
radial misalignments of two fibers with (b1) d = 1um, (b2) d = 4um, and (b3) d = 8um,
when the power of two fibers is equal to 20mW. By comparing with Fig. 4.4(b1), we
found that with the radial misalignment of 1um, there is little effect on changing the
trapped aerosol size range at the midpoint position. However, as the radial misalignment
increases to 4um, the range of trapped aerosol size and two fiber separations that can
achieve 3D trapping at the midpoint both are reduced significantly. Specifically, in the
experiment, the maximum trapped aerosol radius is reduced from 8.3um to 7.3um, and
the maximum fiber separation distance that can achieve trapping is decreased from
200um to 150um. When the radial misalignment is expanded to 8um, setting any two
fiber separations, there are no aerosols trapped at the midpoint position. Besides, the

experiment size data on trapped largest and smallest aerosols illustrated in Table 4.2 is
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consistent with the simulated data.

To further understand how the fiber power will influence the variation of the trapped
aerosol size range with the radial misalignment, we only increase the fiber power from
20mW to 100mW and keep other conditions the same. In Fig. 4.5(c), it demonstrated the
results of the 3D trapped aerosol size range at the midpoint under three different radial
misalignments of two fibers with (c1) d = 1uym, (c2) d = 4um, and (c3) d = 8um, when the
output power from the two fibers is equal to 100mW. By comparing with Fig. 4.5(b), we
found that with the same radial misalignment, using a larger fiber power can achieve a
larger size droplet trapping at the midpoint within wider fiber separations. Especially
when the radial misalignment is equal to 8um, we can clearly see that a droplet with a
radius from 7.0um to 10.0um can still achieve 3D trapping in the middle position when
the fiber separation is in the range of 60um to 150um. However, there are no aerosols
trapped at the midpoint position under any fiber separations when the fiber power is
equal to 20mW. In Table 4.3, we record the largest and smallest trapped droplet sizes,

which agree with the simulation result.

4.3.3 Trap at two fiber ends with short fiber separations

Through the analysis of the above two sections, we have clarified the relationship of the
midpoint-trapped aerosol size range with fiber separation, power, and radial misalign-
ment. It provides a straightforward guide for understanding the aerosol size range that
can achieve 3D trapping at the midpoint between two fibers under different CP dual
fiber tapping settings. However, we might also ask if stable trapping can be achieved in

other locations between the fibers?

When assuming there is no radial misalignment, we simulated axial trapping effi-
ciency Q; o: as a function of the z axis offset for a droplet with a radius of 3.0um, the
refractive index of 1.344, and three different fiber separations, namely, 20um, 28um
and 38um. We find that when SP is equal to 38um, the dual fiber trapping setup forms
a stable trapping position in the midpoint between the fibers. When SP is decreased
to 28um, stable trapping is no longer possible at the center position, but new stable
positions appear close to the fiber ends (two positions are at z = -10um and z = 10um,
as shown in Fig. 4.6(b)). When SP is further decreased to 20um, the droplet cannot be
trapped at any position. Fig. 4.6(a) is a schematic diagram showing how the trapping
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Figure 4.5: (a) A schematic diagram showing the principle of aerosol trapping at the
midpoint under the radial misaligned CP dual fiber trapping setup (d denotes the radial
misalignment of two fibers). (b) Simulation and experimental results of the area plots
describing the expected 3D trapped aerosol size range at the midpoint under different
radial misalignment of two fibers with (b1) d = 1um, (b2) d = 4um, and (b3) d = 8um, when
the power of the two fibers is equal to 20mW. (¢) when the power of the two fibers is equal
to 100mW, simulation and experimental results of the area plots describing the expected
3D trapped aerosol size range at the midpoint under different radial misalignment of two
fibers with (c1) d = 1um, (c2) d = 4um, and (c3) d = 8um. Markers give experimental data.
The red dot represents the largest aerosol that can be trapped, and the pink five-pointed
star represents the smallest aerosol that can be trapped. label of 0 indicates instances
where the value is zero, reflecting an unstable position and uncertainty in the target
aerosol trapping state. Parameters not shown in the plots are n2 = 1.344.
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Table 4.3: Trapped aerosol sizes of the simulation and experimental data with fiber power of 100mW

All Unit: Radial offset =0 Radial offset = 1 Radial offset = 4 Radial offset = 8

pm Srgo Sro Erep Ero Sr9o Sro Erg Ery Sro Sro Erg Erg Sry Sr9o Ery E_r
max min max min maxXx min maxXx min maxXx min maxXx min maxXx min max min

60 4.2 1.0 4.1 1.9 43 2.5 4.2 2.5 58 3.0 5.7 3.1 8.5 7.0 8.6 7.0

90 5.7 1.0 5.6 2.5 58 2.5 5.9 2.5 7.0 2.5 6.8 2.5 9.5 7.5 9.6 7.5

120 7.4 1.0 7.1 2.3 74 2.5 7.0 2.5 84 2.5 8.0 26 100 7.5 100 75

SP 150 9.0 1.0 84 2.5 9.1 25 8.4 2.5 9.8 25 9.1 25 100 7.5 100 7.7
190 10.0 1.5 94 2.7 10.0 25 9.5 2.6 10.0 25 9.7 2.6 no no no no

220 10.0 2.0 9.9 23 100 25 100 25 10.0 25 9.9 2.7 no no no no

250 10.0 25 100 23 100 25 10.0 2.5 9.0 4.0 8.7 4.3 no no no no
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Figure 4.6: Trapped aerosol at two fiber ends under CP fiber trap in air with short fiber
separation. (a) Schematic diagram of aerosol particles being trapped from the midpoint to
the two fiber ends. (b) Under three different separations, variation of the axial trapping
efficiency @ ;o: as a function of the z axis offset. When SP is equal to 38um, CP dual fiber
trapping setup forms a stable trapping position at the midpoint of two fibers; When SP
is 28um, CP dual fiber trapping setup cannot form stable trapping at the center position,
but it can form the trapping position closing to the two fiber ends. When SP is equal to
20um, no droplet can be trapped at any position in air. Parameters not shown in the
legends are aerosol size ro = 3.0um, and aerosol refractive index n2 = 1.344.

points shift from the center to positions close to the fiber facets with the reduction of
fiber separation. Apart from simulations, we also conducted experiments to verify this

phenomenon.

At the initial stage, we are trying to observe the scatting image of the trapped droplet
at two fiber ends under CP dual fiber trap in air with short fiber separation, since the
size range of the droplet that can be trapped under short fiber separation is relatively
small and difficult to be observed. Fig. 4.7(a) shows the scattering image of the trapped
single droplet in air between the two fiber ends with short fiber separation with Fig.
4.7(al) trapped in the midpoint, Fig. 4.7(a2) trapped in the one fiber end, and Fig. 4.7(a3)
trapped in the other fiber end under dual fiber output power both of 50mW. By adding
the filter, in Fig. 4.7(b), we can find the single droplet was trapped between the two fibers
and it was focused in the focal plane. From Fig. 4.7(b1), we can calculate the radius of the
trapped droplet is equal to 3.1um, and the fiber separation is 38.5um. We then gradually
shortened the distance between the two fibers to observe the change in the position
of the trapped single droplet. Fig. 4.7(b2) and Fig. 4.7(b3) show the single droplet was
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®) P

Figure 4.7: Scattering images and real images of trapped aerosol at two fiber ends under
CP fiber trap in air with short fiber separation. (a) The scattering image of the trapped
single droplet in air between the two fiber ends with short fiber separation with (al)
trapped in the midpoint, (a2) trapped in the one fiber end, and (a3) trapped in the other
fiber end. (b) Single droplet is trapped in air between the two fibers with a radius of
3.1um and fiber output power of 50mW. (b1) It shows the focused single droplet trapped
in the midpoint of two fibers with SP = 38.5um. (b2) Single droplet is trapped in air
at one fiber end with SP = 27.7um, and (b3) trapped at the other fiber end with SP =
28.1um. The aerosol shown in (a) and (b) is the same particle with filter-out/filter-in,
respectively.
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trapped at the two fiber ends with the SP of 27.7um and 28.1um in air, respectively. The
results are in good agreement with the simulations. In addition, the individual droplet
trapped at the fiber end can still return to the central position of the two fibers and
achieve stable trapping when we increase the spacing of the two fibers. However, in our
experiment, we did not observe the simultaneous trapping of the droplets at the two fiber
ends. The potential reason may be because when we trapped one droplet at one fiber end,
the presence of this droplet will distort the optical field on the other potential trapping
position at the other fiber end. If we can find a way like beam shaping or adaptive optics
to compensate for the optical field distortion, maybe we can observe this interesting
phenomenon of trapping two droplets at two fiber ends simultaneously. Additionally,
it’s important to highlight that the experimental outcomes exhibit repeatability, even
though they may not consistently align precisely with the positions documented in the
thesis. Fig 4.7’s illustration is merely a representation of one validation outcome, aimed
at showcasing the strong concurrence between our experimental and simulated results.
Furthermore, as previously mentioned, the introduction of aerosol is unpredictable and
stochastic, leading to a degree of contamination on the fiber facet. Consequently, the
quality of the output beam profile deteriorates. This variability also extends to the
trapping experiments, where the trapped position isn’t guaranteed to be identical in

every instance.

4.4 Conclusion

We have quantified the size range of the aerosols that can be trapped in the CP dual
fiber trapping setup under the variation of fiber separations, particle sizes, fiber powers,
and radial offset. When we trap the single aerosol at the midpoint without the radial
offset, we find that the increased fiber power will contribute to a large size aerosol being
trapped, but the maximum aerosol size that can be trapped in 3D at the midpoint is not
larger than the maximum aerosol size trapped in 2D along the axis simulated under the
same conditions. In addition, the maximum size of aerosol trapped in the experiment
is usually smaller than the simulation result, which is mainly caused by the influence
of airflow, humidity, and pollution on the fiber end. When we trap the single aerosol at
the midpoint with the radial offset, we find that when the radial offset is within 4um,
the range of aerosol size that can be captured stably is not significantly affected, and

the main affected range is in the case of large fiber separations. When the radial offset
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is further increased, the size range of aerosol that can be trapped at the midpoint will
be drastically reduced until it disappears completely. However, it is worth noting that
under the same radial offset, increasing the fiber power can improve the shrinkage of the
trapped aerosol size range caused by the radial offset to a certain extent. Finally, we also
examined the situation where aerosol is not trapped in the midpoint of two fibers, but
can be trapped at the ends of the two fibers. Doing so will contribute to the repeatable
quantitative results of aerosol trapping under the CP dual fiber trapping setup and pave
the way to further research on the manipulation and characterization of single aerosol

particles.

In addition, it is important to address that the radial alignment of the two fibers
introduces more intricate motions for individual particles within the CP dual fiber traps.
While Chapter 4 primarily centers on quantifying the influence of radial misalignment
on variations in trapped aerosol size range, we acknowledge that the heightened radial
misalignment can lead to more complex particle movements. Despite this, we didn’t
conduct comprehensive experimental trials to validate this phenomenon directly. Instead,
we employed numerical analysis to comprehend this behavior, aiding our understanding
of the degree of radial misalignment at which single aerosol particles can still be captured
within our traps. It’s noteworthy that previous work by Chen et al. [37, 38]. and Li et al.
[90] delved into systematic analyses and experimental verification of changes in particle
dynamics, both in liquid environments and in air, respectively. Given this existing body
of research, we refrain from duplicating experiments in this thesis to validate these

aspects once more.

74



CHAPTER

TRAPPING VARIATIONS WITH ANGULAR DEVIATIONS

ual beam fiber traps are potentially useful for integrated trapping devices aimed

at studying aerosols, and offer opportunities for cavity-enhanced traps. The

alignment of such traps is typically seen to be critical. Here we explore the
impact of the angular deviation of the optical fibers, and assess trapping viability as
a function of misalignment and how particle dynamics change when interacting with
displaced fibers. We find good trapping capability for dual fibers tilted at the same angle,
while more complex aerosol dynamics become apparent at higher single fiber tilt angles.
Besides, the four main factors (including beam divergence, fiber separation distance,
fiber output power, and aerosol radius) will also influence the single aerosol particle
trapping performance and introduce dynamic changes in the tilted CP dual fiber traps.

We present simulation and experimental results.

5.1 Introduction

The ability of light to interact with microscopic objects to generate forces that allow
for precise non-contact methods for trapping bodies is enclosed in a technique called
optical trapping or optical tweezers [7, 12]. Over the last 50 years, this technique has
been extended into various areas across physical, chemical, and biological sciences and
aerosol science [4, 18, 27, 36, 41, 47, 79, 98, 111, 127, 138]. Of particular note is that
optical trapping lends itself well to precision single aerosol studies that have developed
significantly in recent years [3, 25, 28, 64—66, 119, 125, 127, 134, 147, 148]. Although
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aerosols are of particular interest to atmospheric chemistry and human health, many

processes at the single aerosol level still need to be fully explored.

Optical trapping and manipulation in air present greater challenges than in liquid
environments, with two key difficulties being the lower viscosity of the suspending
medium and the higher relative refractive index of the aerosol, which increases the
likelihood of the aerosol being pushed out of the trapping field due to greater scattering
forces [157]. To overcome these limitations and study the dynamics of single airborne
particles interacting with the light field, various schemes have been proposed in recent
years. One such configuration involves using a strongly focused laser from a high NA
objective to converge onto the aerosol, allowing for optical momentum and transportation
to the beam focus [25]. However, the limitations of this approach include the need for
a high numerical aperture objective lens, difficulty in trapping larger aerosols, and a
relatively short working distance, which limits the use of single-beam optical tweezers
[177]. As an alternative, counter-propagating dual beam optical tweezers can effectively
overcome these limitations [102, 155], but this comes at the cost of increased complexity

and difficulty in aligning the dual beams.

To achieve miniaturization of optical trapping devices and facilitate easier alignment,
optical fibers can be utilized in the CP dual beam optical trapping setup for the delivery
of optical transmission. This has been demonstrated by researchers who have shown that
the CP dual fiber setup can trap and manipulate a wider range of aerosol particle sizes
while providing greater flexibility in terms of optical accessibility to the trapping field
[102, 134]. Moreover, studies have revealed that the CP dual fiber aerosol trapping device
can be readily integrated with spectroscopic and microfluidic systems, enabling more
versatile characterization and analysis of single aerosol particles [24, 59, 75, 163]. By
incorporating optical fibers into the CP dual beam optical trapping system, researchers
are able to expand the range of potential applications and enhance the overall func-
tionality of this device. However, it is worth noting that the alignment of two fibers
of such traps is typically seen to be critical for good trap performance. Constable et
al. pointed out that CP dual fiber trap usually experiences two types of misalignment,
as shown in Fig. 5.1, namely radial misalignment (transverse offset) and rotational
misalignment (angular deviations), and both types of misalignment may occur at the
same time [42]. In this thesis, I provide an additional clarification to highlight a specific

concept: "Counter-propagating with angular deviations." This concept pertains to an
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Figure 5.1: Illustration of dual fiber-based traps with different alignment conditions. (a)
Schematic diagram of the gradient and scattering forces of the two fibers forming the
traps. (b)-(d) Total force direction when the fibers are (b) perfectly aligned, (c) positional
misalignment (transverse offset), and (d) rotational misalignment (angular deviations).
Figure adapted from [42].

innovative state wherein the trapping dynamics of aligned CP dual beam traps undergo
modifications due to the introduction of angular deviations. To precisely depict these
newly recognized trapping configurations, I have coined the term "CP dual fiber trap with
angular deviation." This term aptly captures the essence of the altered trapping setups.
Up to date, CP dual fiber trap with transverse offset has been conducting a systemic
study in terms of the quantitative tolerance range of the transverse offset to achieve
stable trapping, the relationship between the dynamics of the trapped particles and
transverse offset, and the trapping characteristics in different trapping environments
(liquid, air) [36-38, 90]. However, to the best of our knowledge, we noticed CP dual fiber
trap with angular deviations has only been employed for some specific applications,
and all these works were conducted in the liquid environments [19, 94, 95, 151, 152].

Moreover, there has yet to be a quantitative analysis that accurately explains how the
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airborne particle dynamics change when interacting with displaced fibers.

In this chapter, we investigate the effect of optical fiber angular alignment on trap-
ping viability and how particle dynamics change while interacting with displaced fibers.
First, we computed the optical forces and simulated the behavior of a single aerosol
particle in single and dual fiber tilt configurations. We show that reliable single aerosol
trapping can still be obtained at the highest tilt angle threshold using two alternative
trapping strategies. Then, with angle deviations greater than the highest stable trapping
point, we express all the aerosol particle dynamical types under CP dual fiber traps. At
greater single fiber tilt angles, three independent sets of movements appear, revealing
more complicated aerosol dynamics. When the dual fibers are tilted beyond their maxi-
mum trapping threshold and into a configuration that surpasses the limits of complex
dynamics, individual aerosol particles will simply escape directly. Finally, we investigate
the impact of four major factors (fiber beam divergence, two fiber separation distance,
two fiber output power, and aerosol radius) on the trapping characteristics and dynamics
of individual aerosol particles in two tilted CP dual fiber traps. The findings provide
insight into the development of fiber-based optical traps as well as a novel approach to

managing light-induced rotation in air.

5.2 Model

Here, the relative ratio of the aerosol size to the wavelength of the trapping light is
typically greater than ten. Following [8, 143], we adopt the ray optics method and
approximate the beam into a set of rays impinging on the particle. As shown in Fig. 5.2(a)
and (b), it illustrates how a single ray strikes an aerosol particle contributing to the
scattering force and the gradient force, along with the model of how a Gaussian beam is
composed of multiple rays impinges an aerosol particle. When a single ray is reflected
and refracted on the surface of the aerosol, the momentum change transferred to the
aerosol causes the particle to receive the trapping force. The trapping force exerted on
the aerosol particle by the Gaussian beam is the sum of the contributions of all rays. In
Eq. (5.1) and Eq. (5.2), it shows the optical forces generated by the case of a single ray
impinging an aerosol particle, where the dF and the dF . denote the scattering force

and the gradient force respectively.

(5.1) dF =



5.2. MODEL

nigqg

(5.2) dF, = gdP

Where n1 denotes the refractive index of air, c is the speed of light in a vacuum, s and
& are the unit vectors in the directions of dF; and the dF g, respectively. d P represents
the differential power of the ray, gs and g, are represent the momentum components in

the parallel and perpendicular directions of the incident light.
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Figure 5.2: (a) A ray strikes an aerosol particle contributing to the scattering force
and the gradient force. (b) a Gaussian beam impinges on a single aerosol particle. This
figure has also been used in Fig. 4.2(a) to help explain the model used in Chapter 4. (c¢)
Schematic of CP fiber-based aerosol trapping with single fiber tilt. (d) Schematic of CP
fiber-based aerosol trapping with two fibers tilted at the same angle together.

Among them, the dP, q; and g, are given as follows:

2

2P -

(5.3) dP =1cosOdS = —gexp(—;)cosﬁds
WS w

(5.4) dS =r2sinfdod¢
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9c0s(2a; —2a,)+ R cos2a;

(5.5) qs cos st 14+ R2+ 2R cos2a;,

L2 sin(2a; —2a,) + R sin2a;
1+R2+2Rcos2a,

(5.6) qg = —Rsin2aq;

Where I is the light intensity, Py denotes the power of the Gaussian beam, w, rep-
resents the beam waist, w is the beam waist at point B as indicated in Fig. 5.2(b), dS
denotes the differential area of the aerosol particle, ry denotes the aerosol particle radius,
r represents the distance between point B and the optical axis, 8 denotes the angle
between the normal of the differential area and the beam axis, a; and a, are the incident
angle and refraction angle of the ray, R and T represent the reflectance and transmit-

tance at the surface of the aerosol particle.

To calculate the total optical trapping force of the entire Gaussian beam to the aerosol

particle, the optical trapping force of all rays needs to be summed as follows:

(5.7)
g exp (—2r2/w2) 40

PO 4"(2) T Bmax .
Fom :f(Fss+Fgg)dS = —f dcpf sinfcosO (sqs + £q,) 5
c 7© Jo 0 Wy

For CP dual fiber traps with angle deviations, as shown in Fig. 5.2 (c¢) and (d), the

optical forces from each fiber are added together:

(5.8) Fi = Fsum, fiber 1 +Fsum, fiber 2

When loading the aerosol into the trapping field, the particle is also subjected to
gravitational force F g,qyisy, viscous force F, and Brownian stochastic force Fgrownian in

the air. They are given as follows:

(5.9) Fgravity =mg

(5.10) F, =6anrov
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(5.11) Fgrownian = mé(t)

Here, m denotes the mass of the aerosol particle and g is the acceleration due to
gravity. v denotes the velocity of the aerosol particle, n denotes the viscosity coefficient

in air, and &(¢) represents the Brownian stochastic force per unit mass.

To understand the dynamics of the aerosol particle within the trapping field, the

single aerosol dynamical performance can be modeled by Newton’s second law:

(5.12) mi(t) = Fg‘ravity +Fyot +Fy + FBrownian

Here r denotes the aerosol particle’s position changing with time ¢. Based on Eq.
(5.12) and OTS toolbox [30], we can simulate the aerosol particle trajectory and forces
under CP dual fiber tilted configurations. Importantly, akin to the models discussed in
Chapter 4, our approach in this context is rooted in the Ray optics model outlined in
Chapter 5. Nonetheless, a distinction arises in the methodology: within this chapter, we
employ the vector tracing method, whereas in Chapter 4, computations rely on scalar

calculations.

5.3 Experimental preparation
5.3.1 Optical setup

(a)

532nm Faraday

Laser Isolator
SMF
M1
cmos WER
Fiber = ! n'y
Launcher D Filter "
Fiber ELWD Obj Q Trapping
M2 HWP Launcher Chamber
D% ==
M = mirror Telescope PBS T
HWP = half wave plate
PBS = polarizing beamsplit * O O y

SMF =single mode fiber N
lllumination

Figure 5.3: (a) Schematic of CP tilted fiber-based aerosol trapping. (b) Actual tilted
fiber-based CP single aerosol trapping setup.
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The optical setup is the same as in the previous chapter but the trapping chamber
and fiber-holder are different. Specially, Fig. 5.3(a) depicts the schematic of the aerosol
trapping setup using CP tilted fibers. The experiments employed a continuous-wave
(CW) laser at 532nm (Laser Quantum Torus, 891mW). The laser beam passed through
an isolator (Thorlabs part 10-3-532-LP), underwent expansion through a 6X telescope,
and then underwent splitting via a half-wave plate (HWP) and a polarizing beam splitter
(PBS). Manipulating the HWP’s rotation allowed control over the power splitting ratio
achieved by the PBS. These divided beams were directed into single-mode fibers (SMFs)
(Thorlabs part P1-460AR-2) via two 10X objectives. The fibers possessed mode field
diameters ranging from 2.8um to 4.1um at 488nm and were both equipped with ST
connectors. Due to the SMFs’ small core and potential mechanical drift during launching,
the optimized maximum transmission power through the SMF's settled at around 16%
to 18%. Concluding the optical path, the two fibers were affixed to a custom-designed
angled fiber holder and introduced into a 3D-printed chamber. Within this chamber,
observations and recordings of trapped single aerosol particles were enabled using a 20X
long working distance objective lens (Motic ELWD 20X) and a CMOS camera (Basler
acA2040-120um, 120fps). Analyzing the acquired videos and determining the captured
particle sizes were accomplished through custom MATLAB algorithms. Notably, the
actual tilted fiber-based CP single aerosol trapping configuration is represented in Fig.
5.3(b).

5.3.2 Trapping consideration

For the aerosol generation and delivery process, a 50g/L NaCl solution was employed to
prevent rapid droplet evaporation within our custom-designed trapping chamber, which
lacks precise humidity control [154]. Subsequently, an ultrasonic nebulizer (OMRON NE-
U100-E), depicted in Fig. 5.4(a), was utilized, coupled with a custom nozzle for effective
aerosol delivery into the trapping chamber. The trapping chambers themselves were
purposefully crafted to accommodate two distinct tilted fiber based CP aerosol trapping
setups. These include the single fiber tilt aerosol trapping configuration shown in Fig.
5.4(c), as well as the dual fiber tilt simultaneous aerosol trapping setup illustrated in Fig.
5.4(d). These specially designed chambers serve to mitigate airflow disturbances within
the trap, uphold high humidity levels during trapping, ensure reliable aerosol sample
delivery, and provide ease of fiber installation and alignment. In order to achieve the
desired tilted fiber trapping, fibers can be securely held using a 3D-printed fiber holder

with precise angular deviations, as outlined in Fig. 5.4(b). This setup enables accurate
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quantitative angular tilting of the fibers. It’s imperative to optimize the coupling of each
fiber with the laser for precise fiber alignment. Additionally, the output power of both
fibers is balanced through the manipulation of the HWP’s rotation, while a power meter
is employed to monitor power stability over a 3-minute period prior to commencing the
experiment. An essential post-experiment procedure involves a thorough cleaning of the

fiber ends and realignment of the fibers for subsequent trials.

5.4 Results and discussions

To precisely anticipate and comprehend the impact of angular alignment of optical
fibers in CP dual fiber traps on the stability and dynamics of aerosol trapping, we
examine scenarios involving both single fiber tilt and simultaneous tilt of dual fibers. The
simulation parameters are matched with those utilized in the actual experiments. Here,
we consider a typical 50g/L NaCl aerosol (diameter 2ry = 5um, the refractive index ng =
1.344) as the trapped airborne particle, and the air (the viscosity coefficient n = 1.8e-5
Pa.s, and the refractive index n; = 1.000) as the surrounding media. The wavelength
of the laser A = 532nm, and the beam profile emitted from each fiber is the Gaussian
beam. Besides, two fiber separation distance SP = 90um, and each fiber’s output power
is equal to 20mW. The polarization directions of the lasers emitted from the two fibers

are orthogonal.

5.4.1 Fiber tilted threshold for single aerosol stable trapping

Here, we first studied the effect of a single fiber tilt on the stable trapping of a single
aerosol particle. In Fig. 5.5(a), it illustrates the simulated moving trajectory of the single
droplet under dual fiber trapping scheme with one fiber tilted at 5°. The green arrow
lines indicate the incoming laser rays, the red ball denotes the trapped droplet, and the
blue curve represents the trajectory of the droplet calculated according to Eq. (5.12). For
two crosses, the black one represents the intersection of the optical axis of the non-tilted
left fiber and line of z = 0, and the pink one denotes the intersection of the optical axis of
the right inclined fiber and line of z = 0. From the trajectory, we see that the final trapped
position of the droplet is in the middle to the left of the two crosses. To better understand
that, the forces distributions applied on this droplet in the xz plane are shown in Fig.
5.5(b). The length and direction of the arrow line indicate the magnitude and direction of

the force applied to the droplet. The blue rhombus indicates the intersection of the optical
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Figure 5.4: (a) Ultrasonic nebulizer for generating aerosol particles. (b) Custom-designed
fiber holder with a specific angular deviation. (c) 3D setup of the aerosol trapping area
and the (c1) zoom-in trapping chamber with one fiber tilted. (d) 3D setup of the aerosol
trapping area and the (d1) zoom-in trapping chamber with two fibers tilted together.
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axis of the right-inclined fiber and the line of z = 0. As the force field depends on the
fiber’s tilted angle, the droplet is finally stably trapped at the red dot position under the
action of the force field. By doing so, we can quantify all possible trapped positions with
the change of the tilt angle of one fiber, thus knowing the single fiber tilted threshold for
single aerosol particle stable trapping. In Fig. 5.5(c) and (d), it demonstrates the droplet
trapping positions on z axis and x axis as the increase of the one fiber tilted angle. The
error bars represent data from calculating the average position and standard deviation
of the trajectory data along one axis. We found that all achievable trapping positions are
on the left side of the middle area of the two optical fibers’ optical axis, and the maximum

single fiber tilt angle that can achieve stable single droplet trapping does not exceed 8°.

After knowing the single fiber tilted threshold for single aerosol particle stable trap-
ping, we are also interested in the case where dual fibers tilt together. In Fig. 5.6(a),
it shows the simulated moving trajectory of the single droplet under the dual fiber
trapping scheme with two fibers tilted of 10°. Also, Fig. 5.6(b) indicates the forces dis-
tributions applied to this aerosol particle in the xz plane under Fig. 5.6(a)’s trapping
scheme. By analyzing these two figures, we found that the single droplet will finally
be trapped in the position directly below the intersection of the optical axis of the two
tilted fibers. Besides, we also found that dual fibers tilted trapping configuration shows
better-trapping capability in terms of angular deviations. To quantify the maximum fiber
tilted angle threshold for the dual fiber tilt configuration, in Fig. 5.6(c) and (d), the plots
demonstrate the droplet trapped positions on the z-axis and x-axis as the increase of
fiber tilted angle in the dual fibers tilt traps. We found that the maximum tilt angle that
can achieve stable trapping is 13° for the dual fiber tilt configuration, which is more
than 1.6 times compared with the one fiber tilted scheme. Besides, we also noticed that
all the trapped positions are around the midpoint of the two optical fibers in the z-axis
direction. However, in the x-axis direction, its position is directly below the intersection
of the optical axes of the two optical fibers. Unlike the case of dual fiber tilted traps, the
single droplet trapped positions are distributed on the left side of the middle area of the

two fibers’ optical axis in the one fiber tilted traps.

To verify the simulation results about the fiber tilted threshold for single aerosol
particle stable trapping under two different trapping configurations, we designed and 3D
printed the fiber holders with tilt angles of 5° and 10°, as shown in Fig. 5.7(al) and (d1),

to carry out the experiments of CP dual fiber trapping a single aerosol particle under
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Figure 5.5: (a) Simulated moving trajectory of an aerosol under dual fiber trapping
scheme with one fiber tilted at 5°. Each arrow represents each ray of light incident on
the particle, since the display is a 2D plane view, multiple rays of light projected spatially
will be superimposed on top of each other. (b) Forces distributions are applied to this
aerosol particle in the xz plane under (a)’s trapping scheme, and the green dash lines
indicate the optical axes of the two fibers. The blue rhombus indicates the intersection
of the optical axis of the right-inclined fiber and the line of z = 0. The red dot position
indicates the finally stably trapped position. (¢) Variations of z-axis trapping positions as
the increase of the one fiber tilted angle. (d) Variations of x-axis trapping positions as
the increase of the one fiber tilted angle.

fiber tilted settings. As illustrated in Fig. 5.7(a2) and (d2), they showed the assembly
models of the CP dual fiber trapping region in two trapping settings. By using these
setups, we trapped the single salt droplet with a diameter of about 5um, as shown in
Fig. 5.7(b) and (e), respectively. To analyze the trapped droplet performance, we resolved
the trapped droplets’ trajectories along the x-axis and z-axis, as illustrated in Fig. 5.7(c)

and (f), respectively, based on a custom-developed video-based single aerosol sub-pixel
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Figure 5.6: (a) Simulated moving trajectory of an aerosol under dual fiber trapping
scheme with two fibers tilted of 10°. (b) Forces distributions are applied to this aerosol
particle in the xz plane under (a)’s trapping scheme, and the green dash lines indicate
the optical axes of the two fibers. The blue rhombus indicates the intersection of the
optical axis of the two inclined fibers. The red dot position indicates the finally stably
trapped position. (c) Variations of z-axis trapping positions as the increase of the two
fibers’ tilted angle. (d) Variations of x-axis trapping positions as the increase of the two
fibers’ tilted angle.

precision tracking algorithm. From the trajectories, we know that the single droplets
trapped under the two tilted trapping settings all perform Brownian motion at the
trapping position. The amplitude on the x-axis is smaller than the motion amplitude
on the z for both droplets. It is worth noting that the amplitude of the single particle
captured in the traps with a dual fiber tilt of 10° on the x-axis and z-axis is higher than
the case of the single droplet captured in the traps with a single fiber tilt of 5°. The
trapping stability in CP dual fiber traps with one fiber tilt of 5° is better than the case of
CP dual fiber traps with two fiber tilts together of 10°. The above experimental results
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demonstrate the consistency of the fiber tilt threshold for stable trapping of a single

aerosol particle obtained by simulation.

5.4.2 Dynamics change with tilt angle over trapping threshold

After understanding the fiber-tilted threshold for single aerosol particle stable trapping
under configurations of the single fiber tilt and dual fibers tilt together, we hope to
explore the dynamic changes of the single droplet when the fiber angular deviation is
more than the fiber tilt threshold for achieving stable trapping under these two trapping

schemes.

Fig. 5.8(a) showed the simulated escaping motion trajectory of the single droplet
in the dual fibers tilted traps with both fibers’ angular deviations of 14°. The forces
distributions plot shown in Fig. 5.8(b) well explains that when the tilt angle of the dual
fiber is larger than 13°, the force field distribution applied on the single droplet cannot
form a stable trapping position, and the distorted force field will make the droplet finally
escape. Unlike the case of the large tilted angles of dual-fiber traps, more complex aerosol
dynamics become apparent at higher single fiber tilt angles. In Fig. 5.9, it demonstrated
three different types of droplet motions as the tilt angle moves beyond the stable trapping
point. When the single fiber tilted angle ranges from 8.1° to 8.6°, the droplet will spiral
inward in the area between the two fibers’ optical axis until they arrive at the stable
trapping position. Fig. 5.9(a) shows a single droplet’s simulated spiral motion trajectory
with a fiber tilt of 8.4°. In Fig. 5.9(b), the red dot indicates the finally trapped position

after the spiral motion.

Table 5.1: Data of the orbit motion trajectory

Tilt angle Orbit motion Perimeters Frequency
/° z axis (long axis) x axis (short axis) / pm / Hz
/ pm / pm
8.7 1.96 0.54 4.52 56.8
8.8 2.28 0.62 5.25 87.7
8.9 2.93 0.69 6.69 92.6
9.0 2.96 0.71 6.76 99.0
9.1 3.06 0.82 7.04 100.0
9.2 3.16 1.04 7.39 103.1
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Figure 5.7: (al) 3D printed tilted fiber holder with 5°. (a2) Model of the CP dual fiber

trapping region with one fiber tilt. (b) Trapped droplet under (a)’s setting. (c) The

trajectory of (b)’s trapped single droplet on the x-axis and z-axis. (d1) 3D printed tilted

fiber holder with 10°. (d2) Model of the CP dual fiber trapping region with two fibers

tilted together. (e) Trapped droplet under (d)’s setting. (f) The trajectory of (e)’s trapped
single droplet on the x-axis and z-axis. 89
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Figure 5.8: (a) The escaping motion trajectory of an aerosol under the dual fiber trapping
scheme with two fibers tilted of 14°. (b) Forces distributions are applied to this aerosol
particle in the xz plane under (a)’s trapping scheme. The green dash lines indicate the
optical axes of the two fibers, and the solid red curve denotes the aerosol’s trajectory.

When we further increased the single fiber tilted angle to the range of 8.7° to 9.2°,
we found that the single droplet makes an approximately elliptical orbital motion in
the middle region of the optical axis of the two fibers. As an example of this kind of
motion type, Fig. 5.9(c) shows a single droplet’s approximately elliptical orbit motion
trajectory under a dual fiber capture scheme with a single fiber tilt of 9.0°. The droplet
cannot finally reach a trapped position. Instead, it can only make the approximately
elliptical orbit motion, which is mainly due to the effect of the vortex force field on the
droplet at this time, as illustrated in Fig. 5.9(d). Moreover, according to Table 5.1, we
also found that the perimeter and the frequency of the approximately elliptical orbit
motion increase with the increase of the tilt angle of the single fiber. Finally, when the
single fiber titled angle is more than 9.3°, Fig. 5.9(e) and (f) demonstrate that the single
droplet will finally push away from the trapping field under the action of the distorted
force field. It’s important to highlight that with a consistent fiber output power, the
emitted beam is divided into a uniform set of rays. This division serves to simulate the
spatial impact of light force on individual aerosol particles. However, the varying tilt
angles of the fiber introduce changes in the distribution of these rays. As the fiber’s tilt
angle increases, the spatial spread of rays expands. Initially, all rays have the potential

to interact with the particles, but gradually, they lose this capability. Consequently, a
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Figure 5.9: (a) The spiral motion trajectory of a single aerosol is simulated under a dual
fiber trapping scheme with a fiber tilt of 8.4°. (b) Forces distributions are applied to
this aerosol particle in the xz plane under (a)’s trapping scheme. (c) The orbit motion
trajectory of a single aerosol is simulated under a dual fiber trapping scheme with a
fiber tilt of 9.0°. (d) Forces distributions are applied to this aerosol particle in the xz
plane under (c)’s trapping scheme. (e¢) The escaping motion trajectory of a single aerosol
is simulated under a dual fiber trapping scheme with a fiber tilt of 9.3°. (f) Forces
distributions are applied to this aerosol particle in the xz plane under (e)’s trapping
scheme. The green dash lines indicate the optical axes of the two fibers in (b), (d) and (f),
and the solid red curve denotes the aerosol’s trajectory in (d) and (f). The green dash lines
indicate the optical axes of the two fibers, and the solid red curve denotes the aerosol
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noticeable discrepancy emerges in the count of rays influencing the particles’ left and

right sides. This phenomenon is clearly depicted in Fig. 5.9(a).

5.4.3 Trapping performance changes with four main factors

In this section, we seek to understand how four main factors (including beam divergence,
fiber separation, fiber power, and aerosol radius) will affect the trapping performance
of the tilted CP dual fiber traps. We can then find the selected quantitative four main
parameters in the tilted CP dual fiber traps corresponding to the four main factors,
providing us with a controlled way to improve the stable trapping performance as well
as to manipulate the dynamics of the single aerosol. In anticipation of subsequent
sections, I have introduced two specific terms: "maximum trap tilt angle" and "minimum
escape tilt angle." I have provided these explanations preemptively to enhance reader
comprehension of the upcoming content. To elaborate, the term "maximum trap tilt
angle" denotes the utmost angle attainable within the established tilt trap arrangement.
This angle ensures the maintenance of a stable trapping state. Conversely, the notion
of the "minimum escape tilt angle" pertains to the smallest angle permissible in the
defined tilt trap configuration. This angle induces a shift from either stable particle
trapping or complex dynamics to a state of particle escape. In addition, it is important to
highlight that in the scenario involving dual fiber tilt trapping, the kinetics of aerosol
trapping exhibit a binary behavior, characterized by two states: trapping and escape. As
a result, the intricate kinetics observed in the single fiber tilt trapping process are absent.
Consequently, we focus solely on establishing the uppermost angle at which trapping
occurs. It is worth noting that this maximum trap tilt angle is also a critical value for

the corresponding minimum angle at which escape occurs.

5.4.3.1 Output beam divergence

As shown in Fig. 5.10(a), for the one fiber tilted CP dual fiber traps, as the SMF beam
divergence increases (NA increases from 0.10 to 0.40 in steps of 0.05, i.e., the Beam
divergence angle increases from 5.73° to 22.92°), the maximum trap tilt angle in one fiber
tilted CP dual fiber traps that can achieve single aerosol stable trapping is increasing
first and then decreasing. When the NA of the SMF is equal to 0.30 (beam divergence of
17.19°), the maximum trap tilt angle that can achieve single aerosol stable trapping in
CP dual fiber traps with single fiber tilt is 12.2°. Similarly, as the SMF beam divergence

increases, the minimum escape tilt angle in one fiber tilted CP dual fiber trap that
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can result in individual aerosol escaping also increases first and then decreases. When
the NA of the SMF equals 0.25 (beam divergence of 14.32°), the minimum escape tilt
angle that causes single aerosol escaping in CP dual fiber traps with single fiber tilt is
12.9°. Furthermore, in the CP dual fiber traps with single fiber tilt, all the minimum
escape tilt angles that cause single aerosol escaping are larger than the maximum trap
tilt angle that can achieve single aerosol stable trapping at the corresponding NA (or
beam divergence). Finally, in the NA range from 0.10 to 0.25, when the single fiber tilt
angle is between the maximum trap tilt angle for single aerosol stable trapping and the
minimum escape tilt angle for single aerosol escaping, the dynamics of the individual
aerosol changes in a complex and diverse manner (including spiral motion, orbit rotation)
as the single fiber tilt angle varies. However, when NA is in the range of 0.30 to 0.40, the
dynamics of the single aerosol are only trapped and escape as the single fiber tilt angle

changes, with no other complex dynamic processes.

For the two fiber tilted CP dual fiber traps shown in Fig. 5.10(b), as the SMF beam
divergence increases (NA increases from 0.10 to 0.40 in steps of 0.05, i.e., the beam
divergence angle increases from 5.73° to 22.92°), the maximum trap tilt angle in two
fiber tilted CP dual fiber traps that can achieve single aerosol stable trapping shows an
approximately linear decrease with a reduction of 82.3% or 12° from 13° to 1°. When the
two fibers’ tilt angle is greater than the maximum trap tilt angle that can achieve single

aerosol stable trapping in two fiber tilted CP dual fiber traps under the corresponding
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SMF beam divergence, the individual aerosol will no longer be trapped and will escape

directly.

5.4.3.2 Fiber separation distance
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Figure 5.11: Variation of the maximum trap tilt angle and minimum escape tilt angle
with different fiber separation distance increasing from 30um to 300um in steps of 30um
under (a) one fiber tilt CP dual fiber traps, and (b) two fiber tilt CP dual fiber traps.

In Fig. 5.11((a), as the separation of two fibers increases (Fiber separation increases
from 30pm to 300um in steps of 30um), the maximum trap tilt angle in one fiber tilted
CP dual fiber traps that can achieve single aerosol stable trapping decreases gradually.
When the separation is between 30um and 90um, the maximum trap tilt angle is reduced
more rapidly by 7.6° from 15.6° to 8.0° with a reduction of 48.7%. When separation is
between 120um and 300um, single fiber tilt CP dual fiber traps can achieve a slower
reduction in the maximum trap tilt angle, with the maximum trap tilt angle decreasing
from 7.0° to 5.2°, a decrease of 1.8°, or 25.7%. Similarly, as the two fiber separation
increases, the minimum escaping tilt angle in one fiber-tilted CP dual fiber trap that
can result in individual aerosol escaping also decreases gradually. When the separation
is between 30um and 90um, the minimum escaping tilt angle is reduced by 6.4° from
15.7° to 9.3°, a reduction of 40.8%. When separation is between 120pum and 300um,
single fiber tilt CP dual fiber traps can achieve a slower reduction in the minimum
escaping tilt angle, with the minimum escape tilt angle decreasing from 8.8° to 7.3°,
a decrease of 1.5°, or 17.0%. Furthermore, in the CP dual fiber traps with single fiber
tilt, all the minimum escape tilt angles that cause single aerosol escaping are larger

than the maximum trap tilt angle that can achieve single aerosol stable trapping at
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the corresponding fiber separation. Finally, in the range of fiber separation from 30um
to 300um, except in the case of fiber separation of 30um, the dynamics of the single
aerosol are only trapped and escape as the single fiber tilt angle changes. While in the
fiber separation range of 60um to 300um, the dynamics of the individual aerosol change
in a complex and diverse manner (including spiral motion, and orbit rotation) as the
single fiber tilt angle changes, when the single fiber tilt angle is between the maximum
trap tilt angle for single aerosol stable trapping and the minimum escape tilt angle for
single aerosol escaping. In addition, this interval of single fiber tilt angles, in which the
dynamics of single aerosol exhibit complex and diverse processes, also increases slowly

with increasing fiber separation, by 76.9%.

The present investigation examines the performance of two fiber-tilted CP dual
fiber traps, as depicted in Fig. 5.11(b), as a function of the distance between the fibers.
Specifically, the maximum tilt angle required for achieving single aerosol stable trapping
was determined for various fiber separations, ranging from 30um to 300um at intervals
of 30um. The results demonstrate a gradual reduction in the maximum trap tilt angle as
the distance between the fibers increases, declining by 69.7% or 11.5° from 16.5° to 5°.
Notably, when the tilt angle of the two fibers exceeds the maximum trap tilt angle for
achieving single aerosol stable trapping at the corresponding fiber separation distance,

the individual aerosol will no longer be confined and will escape directly.

5.4.3.3 Fiber output power

In Fig. 5.12(a), as the two fiber output power increases (fiber output power increases
from 20mW to 200mW in steps of 20mW), the maximum trap tilt angle in one fiber tilted
CP dual fiber traps that can achieve single aerosol stable trapping decreases gradually
by 3° from 8.0° to 5.0° with a reduction of 37.5%. Similarly, as the two fiber output power
increases, the minimum escaping tilt angle in one fiber tilted CP dual fiber traps that can
result in individual aerosol escaping also decreases gradually by 1° from 9.3° to 8.3° with
a reduction of 10.8%. Furthermore, in the CP dual fiber traps with single fiber tilt, all
the minimum escape tilt angles that cause single aerosol escaping are more significant
than the maximum trap tilt angle that can achieve single aerosol stable trapping at
the corresponding fiber output power. Finally, in the range of fiber output power from
20mW to 200mW, when the single fiber tilt angle is between the maximum trap tilt angle
for single aerosol stable trapping and the minimum escape tilt angle for single aerosol

escaping, the dynamics of the single aerosol changes in a complex and diverse manner
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Figure 5.12: Variation of the maximum trap tilt angle and minimum escape tilt angle
with different fiber output power increasing from 20mW to 200mW in steps of 20mW
under (a) one fiber tilt CP dual fiber traps, and (b) two fiber tilt CP dual fiber traps.

(including spiral motion, orbit rotation) as the single fiber tilt angle varies. In addition,
this interval of single fiber tilt angles, in which the dynamics of single aerosol exhibit
complex and diverse processes, also increases intensively with increasing fiber output

power, by around 153%.

The study explores the efficacy of two fiber tilted CP dual fiber traps, as shown in Fig.
5.12(b), concerning the output power of the fibers. The study measured the maximum tilt
angle necessary to achieve single aerosol stable trapping for various fiber output powers
ranging from 20mW to 200mW in increments of 20mW. The findings reveal a gradual
decline in the maximum trap tilt angle as the output power of the fibers increases, with
a reduction of 99.2% or 12.9° from 13° to 0.1°. Notably, at an output power of 160mW, the
maximum trap tilt angle decreases dramatically from 6.7° to 0.3°, with a reduction of
6.4° or 95.5%. Exceeding the maximum trap tilt angle for achieving single aerosol stable
trapping in two fiber tilted CP dual fiber traps at the corresponding fiber output power
by the tilt angle of the two fibers results in the direct escape of the individual aerosol, as

it is no longer confined.

5.4.3.4 Aerosol radius

The results presented in Fig. 5.13(a) indicate that, as the radius of an aerosol particle
increases incrementally from 0.5uym to 10.5pum, the maximum tilt angle required for

stable trapping of a single aerosol in one fiber tilted CP dual fiber trap increases gradually,
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Figure 5.13: Variation of the maximum trap tilt angle and minimum escape tilt angle
with different aerosol radius increasing from 0.5um to 10.5um in steps of 1.0um under
(a) one fiber tilt CP dual fiber traps, and (b) two fiber tilt CP dual fiber traps.

reaches a peak of 10.2° when the aerosol radius is 5.5um, and then abruptly decreases
to 0° beyond 6.5um. Similarly, the minimum tilt angle required for a single aerosol to
escape the trap increases gradually before reaching a maximum value of 10.4° at an
aerosol radius of 5.5um, and then drops sharply to 1° for larger radii. Furthermore,
the minimum escape tilt angles in one fiber tilted CP dual fiber traps are found to
be greater than the maximum trap tilt angles required for stable trapping of a single
aerosol at corresponding radii. The dynamics of a single aerosol in this type of trap
change in a complex manner when the tilt angle is between the maximum trap tilt angle
and the minimum escape tilt angle, with various behaviors such as spiral motion and
orbit rotation observed for aerosols with radii in the range of 1.5um to 5.5um. However,
this complex behavior interval decreases with increasing aerosol radius by 93.5%. For
larger aerosol radii (6.5um to 10.5um), the dynamics of a single aerosol are limited
to trapping and escape as the single fiber tilt angle changes, with no other complex
processes observed. The results in Fig. 5.13(b) demonstrate that in two fiber tilted CP
dual fiber traps, the maximum trap tilt angle required for stable trapping of a single
aerosol increases gradually with increasing aerosol radius, reaching a peak of 52° at a
radius of 10.5um, and that the individual aerosol will escape directly when the two fiber
tilt angle exceeds the maximum trap tilt angle at corresponding radii. It should be noted
that the results for an aerosol radius of 0.5um are unreliable due to the limitations of

the ray optics model used in this study.
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5.5 Conclusion

Dual beam fiber traps are potentially useful for integrated trapping devices aimed at
studying aerosols, and offer opportunities for cavity-enhanced traps. The alignment of
such traps is typically seen to be critical. Here we explore the impact of the angular
alignment of the optical fibers, and assess trapping viability as a function of misalign-
ment and how particle dynamics change when interacting with displaced fibers. We
calculated the optical forces and simulated dynamics of the single aerosol particle under
configurations of the single fiber tilt and two fibers tilt together, respectively, based on
the ray optics model and OTS toolbox. We consider a typical aerosol (diameter of aerosol:
5um, the refractive index of aerosol: 1.344, two fiber separation distance: 90um, fiber
output power: 20mW), and find that in the situation where one of the fibers is tilted,
stable aerosol trapping with a maximum tilt angle of 8° is possible. For the dual-fiber
tilt configuration, the maximum tilt angle that can achieve stable trapping is 13°. In
the case of single fiber tilt configuration, we find three different sets of dynamics as the
tilt angle moves beyond the stable trapping point: spiral motion (tilt angle is from 8.1°
to 8.6°), orbital rotation (tilt angle is from 8.7° to 9.2°), and escape (tilt angle is more
than 9.3°). While in the case of the dual fibers tilt configuration with the tilted angle
more than 13°, an aerosol will escape. Furthermore, we also investigate how the four
main factors (including beam divergence, fiber separation distance, fiber output power,
and aerosol radius) will influence the single aerosol particle trapping performance and
dynamic changes in the tilted CP dual fiber traps. The carefully selected quantitative
four main parameters corresponding to four main factors in the one fiber tilted CP dual
fiber traps is to provide a controllable way to manipulate the single aerosol complex
dynamics (including spiral motion, and orbit rotation). The findings provide insight into
the development of fiber-based optical traps as well as a novel approach to managing

light-induced rotation in air.

While it is important to highlight that our analysis in this chapter has been confined to
the examination of four primary factors. These factors have been instrumental as inputs
for quantitatively investigating the efficacy of trapping individual aerosol particles across
three distinct trapping configurations. However, it is crucial to acknowledge the existence
of a multitude of additional variables that warrant comprehensive consideration within
the framework of a systematic inquiry. Notably, these variables encompass factors such

as the aerosol species, and consequently entail parameters like refractive index and
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scattering efficiencies, as well as the kinetic behavior of aerosol evaporation when exposed
to light irradiation. Incorporating these nuanced variables into our analytical framework
holds the promise of refining our understanding and enhancing our modeling pursuits,
ultimately yielding a more precise comprehension of the intricate capacity and variability

inherent in aerosol particle trapping characteristics.
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CHAPTER

NON-SPHERICAL AEROSOL TRAPPING DYNAMICS

n previous studies, we treated aerosol particles as a sphere to investigate the
size range of trapped particles, as well as their dynamics under the CP dual
fiber traps. However, many aerosols are non-spherical and often approximately
ellipsoids. As such, in this chapter, we quantitatively study the trapping size range and
kinetic properties of individual ellipsoidal particles under three different CP dual fiber
trapping schemes based on the ray optics model, and compare the results with the case
of spherical particles of the same volume, which provides a more accurate understanding

of the droplet trapping dynamics in the CP dual fiber traps.

6.1 Introduction

Aerosols are small solid or liquid particles found in the air that have various uses and eco-
nomic impacts. They are present in many products, from air fresheners to car exhausts,
and they can have negative effects on the environment and human health [14, 34]. At
the same time, aerosols play an important role in our climate by cooling the planet and
protecting it from excessive warming [145]. One possible solution to studying individual
aerosol dynamics and properties is to use optical trapping [64], a technique that uses
focused lasers to confine the particles [12]. Researchers have developed different types of
aerosol optical trapping configurations in recent years, each with its own advantages
and benefits. For example, optical levitation can be used to achieve 2D trapping and

guiding in air [9, 148], while optical tweezers allow for more stable 3D trapping [99, 112].
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CP dual beam traps make it possible to capture aerosol particles in a larger size range
and provide longer working distances [133, 156], and confocal beam traps retain these
benefits while being easier to set up [67]. Holographic tweezers modulate the trapping
beam to enable controlled and dynamically tunable 3D trapping and manipulations
[1, 25]. Optical fiber-based traps, on the other hand, offer more flexibility and unique
advantages in trapping and manipulating individual aerosol particles [90, 102, 134],
including simple fabrication, easy integration, flexible arrangement, no operational
depth limitation, and low-cost. The focus of this thesis is on using CP dual fiber traps to
study the trapping and manipulation of single aerosol particles. It is noteworthy that all
previous studies on the trapping performance of liquid aerosol particles by the CP dual
fiber traps have treated them as standard spheres [134]. However, from an experimental
point of view, the real liquid aerosol particle is far from exhibiting this simple shape. It is
because the actual shape of liquid aerosol particles, like a water droplet in my previous
trapping experiment, can be influenced by various factors such as air resistance, gravity,
and surface impurities, which result in their shape being more like an ellipsoid. As
a result, it is necessary to develop a new particle model that takes these factors into
account and utilizes numerical calculations of the optical forces in the CP dual fiber
trap. This will provide a more accurate representation of the physical reality and allow
researchers to explore certain parameters that may be difficult or impossible to obtain
through experimentation in the short term. By doing so, valuable insights can be gained

for future experiments.

In this chapter, we will first develop a new model for liquid ellipsoidal particles and
show how we calculate the optical force and optical torque, as well as model the dynamics
of liquid ellipsoidal particles in the CP dual fiber traps. Then we will quantitatively in-
vestigate the trapping size range and kinetic properties of individual ellipsoidal particles
under three different CP dual fiber trapping schemes and compare the results with the

case of spherical particles of the same volume.

6.2 Model

In this section, I will calculate the optical forces and torques of a micron-sized ellipsoid
trapped in the CP dual fiber trap based on vector ray tracing and rotational coordinate
transformation [140, 175], thus numerically simulating its dynamics in the optical trap

to provide a computational model for quantitatively describing the range of trapping sizes
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and dynamics of individual ellipsoid particles in three different CP dual fiber trapping

schemes.

6.2.1 Single ray
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Figure 6.1: (a) Schematic diagram of the ray model of the effect of momentum transfer
between light and micro-sized ellipsoidal particle after irradiating the ellipsoid with
a single ray. (b) Schematic diagram of the reflection and refraction occurring when a
single ray first hits the surface of an ellipsoid. (c) Schematic diagram of the reflection and
refraction of a single ray of light when it makes its i*" transmission from the ellipsoid to
air.

As shown in Fig. 6.1(a), a ray of power dP incident at an angle of a;; hits the surface
of the micro-sized ellipsoidal particle with a transferred momentum of n1dP/c per sec-
ond, which is reflected and refracted at point B on the ellipsoidal surface. According to
Fresnel’s law [140], the reflection coefficient R; can be obtained according to Eq. (6.1),
also the transmission coefficient 7'; follows Eq. (6.2). To simplify the calculation, we

assume that two axes of the ellipsoid are equal in length and less than the third axis,
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letting the long axis be 2a and the short axis be 2b. In addition, we establish a Cartesian
coordinate system S with the long axis of the ellipsoid as the x-axis, the two short axes
as the y-axis and z-axis, and the center of the ellipsoid O as the origin. The points on the

surface of the ellipsoid satisfy Eq. (6.3).

(6.1) Ri=t S%nz(aii — ) tanz(aii — )
2 |sin®(a;; +ar;) tan®(a;; + ar;)
(6.2) R;+T;=1
2 .2 2
X y z
. LY LE
(6:3) a2 + b2 + b2

Thereafter, depending on the number of reflections of the rays inside the ellipsoid,
this leads to different energies carried by the outgoing rays, whose magnitudes are dPR1,
dPTTy, dPT1RsTs,....,dPT1Rs---R;_1T;j, ... respectively. Based on these changes, we
can calculate the optical forces and torques produced by a single ray on the ellipsoid.
However, unlike the spherical particle, the angle of each reflection and refraction of a
single ray inside the ellipsoid is different, so the optical trapping forces and torques
generated by each reflection and refraction need to be calculated separately and finally
integrated. Since we are simulating the trapping performance of ellipsoidal droplets
in air, for the first reflection and refraction, the incident light is incident from a low
refractive index medium to a high refractive index medium, while the subsequent reflec-
tion and refraction are the opposite, incident from a high refractive index medium to a
low refractive index medium. Therefore, the calculation of optical forces and torques is

different for these two cases, and we will discuss them separately.

Fig. 6.1(b) is a schematic diagram of the reflection and refraction occurring when
a single ray first hits the surface B; of the ellipsoid, where n; denotes the ambient
refractive index, n9 denotes the refractive index of the ellipsoid, and n; represents the
unit vector in the normal direction. Here, we assume that the azimuth of point B is

(6, ), then its coordinates can be expressed as:
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(6.4) r; =(x1,¥1,21) =r1(sinfcos ¢,sinfsin ¢, cos )

By substituting B into Eq. (6.2), r1 can be expressed as:

a?b?
(6.5) rh=
b2 sin? 6 cos? ¢ + a2sin? O sin? p + a2 cos2 0

Assuming that the coordinates of the light source of the single ray are (xg, y9,2¢), the

unit vector s; of the incident ray can be expressed as:

1

\/(xl —x0)? + (y1 - y0)% + (21 — 20)*

(6.6) S1 (X1 —X0,¥Y1— Y0,21 — 20)

By deriving Eq. (6.2), the unit vector n corresponding to the normal direction at B

can be obtained as:

2 2 2
Y N N WY £ W W)
(6.7) ni= a4+b4+b4 (az’bZ’bz)

The optical force F; resulting from the first reflection and refraction can be expressed

as:

_AP _nidP_ nidPR,

s n2dPT1S
At ¢ 1

F, Srfi1— 2

(6.8) dP
=—|[n1(1+Rq)cosa;1 —ngTicosar1ln
c

Where the incidence angle a;; and refraction angle a,; can be calculated through Eq.
(6.9) and Eq. (6.10).

(6.9) cos ;1 = —S1 N1

. ni .
(6.10) sina,1 = —sina;i
na
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Next, I will calculate the optical forces due to subsequent reflections and refractions
of a single ray of light as it is transmitted from the ellipsoid to air. To facilitate the
calculation, we define the new Cartesian coordinate system S; with the n; direction as
the z-axis direction. In the original coordinate system S, assuming spatial azimuth of n;
is (0;,¢;), then this azimuth is the angle of spatial change from the coordinate system
S to the coordinate system S;, and the corresponding rotation matrices are defined as

follow:

cos; sing; O
(6.11) Rot,; = | —sing; cosp; O
0 0 1

cosf; 0 —sinb;
(6.12) Rot,; = 0 1 0

sinf; 0 cos0;

Then the coordinates of s; in S;_l can be obtained through Eq. (6.13), where "T"
denotes the transpose operation. Meanwhile, the spatial azimuth (0. ,¢..) of s} with

respect to the coordinate system S)_; can also be calculated through Eq. (6.13).

(6.13) s;T = Rot,; -Rot,; -s'ir

According to Fig. 6.1(b), s is the unit vector of the refracted ray when the reflection
and refraction occur for the first time. Based on the spatial geometric relationship, the
spatial azimuth of s;, in the coordinate system S} can be expressed as (m - a,1,¢.,), then

its coordinates can be expressed as:

(6.14) sy = (sina,cos¢lq,sina,1singl;,—cosa,)

According to Fig. 6.1(c), when the single ray undergoes the i*! reflection and refraction
(i>2), sj.1 is the unit vector of the reflected ray at the i*! reflection and refraction.
Based on the spatial geometric relationship, the spatial azimuth of s’ ; in the coordinate

system S; can be expressed as (7 —0_,¢!.), then its coordinates can be expressed as:

(6.15) s’

‘.1 =(sin@.; cos¢.,,sinb. sing’ ,—cosb..),i =2
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By bringing s; , into Eq. (6.13) and doing the inverse operation as shown in Eq.
(6.16), s;,1 can be obtained.

(6.16) s;,1 = Rot,; -Rot}-s\ ,i=1

i+1 i+1°

When the coordinates of B;_1(x;_1,yi-1,2;-1) and s; are known, we can build the
equations shown in Eq. (6.17), so as to solve for the increment A and finally for the

coordinates of B;(x;, y;,z;).

2o
a2 b2 B2
2 2 2
(6.17) Xi1 +yi—1 +Zi—1 _1

2 2 2
b% sixxi—1+a” s;yyi—1+a” 82,1

(6.18) A=-2
b2s2 +a2s2 +a2s?
ix iy iz
Xi =%i-1+A six
(6.19) Yi =yi-1+A sy

zi=zi-1+As;;

By deriving Eq. (6.2), the unit vector n; corresponding to the normal direction at B;

can be obtained as:

2 2 2
Y B (X Yz
(6.20) ni=\| o T )

a?’ b2’ b2
The incidence angle a;; and refraction angle a,; for the ith reflection and refraction
can be calculated through Eq. (6.21) and Eq. (6.22).

(6.21) cosa;; =—S;'n;

. ng .
(6.22) sina,; = —sina;;
ni
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The optical force F; resulting from the i*® reflection and refraction can be expressed

as:

F. = AP _ nzPi ) nzpiRi aniTi

VI
(6.23) P ¢
=—L[ng(l+R;)cosa;; —niT;cosa,ln;
c

Where s, 7,1 is the unit vector of the refracted light when making the ith reflection
and refraction, and P; denotes the power of i*" incident light ray, calculated through Eq.
(6.24):

dPT1, 1=2
(6.24) P;= dPT]_RQ, 1=3
dPTiRs---R;_1, i>3

Finally, the total optical force F(0,¢) generated by a single ray is obtained by adding
up all the optical force F;. In addition, the ellipsoidal particle is subjected to the optical
torque, which makes the particle rotate. The total optical torque T'(0, ) is given in Eq.
(6.26).

(6.25) F,p)=) F;

(6.26) TO,p)=) (r; xF;)
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6.2.2 Gaussian beam
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Figure 6.2: (a) A Gaussian beam composed of multiple rays acts on a micro-sized el-
lipsoidal particle. (b) Schematic diagram of the CP dual fiber traps for capturing a
micro-sized ellipsoidal particle in air.

In section 6.2.1, we have modeled in detail how the change in momentum transferred
to a micro-sized ellipsoidal particle subjects the particle to optical force and optical
torque when a single ray is reflected and refracted on the ellipsoidal surface. Fig. 6.2(a)
illustrates a Gaussian beam acting on a micro-sized ellipsoidal particle, where the optical
force and torque exerted on the particle is the sum of the contributions of all the rays.
Therefore, to calculate the optical force and torque generated by a Gaussian beam, first
of all, let us consider a single ray SB1 in the Gaussian beam directed to point B; on the

surface of the particle, then the incident power of this single ray can be expressed as:
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2P

w;

—2r?
(6.27) dP =1Icosa;1dS = exp ( 3 )cos a;1dS
W
Where I is the light intensity, Py is the power of the Gaussian beam, a;; denotes the
incident angle, w, denotes the Gaussian beam waist, r represents the distance between
B and the optical axis, w denotes the beam waist at By, dS denotes the differential area

of the particle. These quantities are given as follows:

(6.28) r= |rlsin0cos¢sinr—rlcosecosr—h|
1\
(6.29) w=0, 1+( ° 2)
Tniw,
(6.30) z=ry;sinfcos@cosT +ricosfsint+R,
(6.31) dS =r?sinfdfd¢p

To calculate the total optical force Fy,,, and torque T, of the Gaussian beam to the

ellipsoidal particle, the optical force and torque of all rays need to be summed as follows:

T T

(6.32) Fgum :fF(H,go)dS:f f 2F(6,(p)r?(9,<p)sin6d9d(p
min emin
b/ /1

(6.33) Toum = f T(0,)dS = f f 2T(9, p)r(6, ) sinOdOd ¢
$Pmin gmin

Where the range of 6 and ¢ can be determined by Eq. (6.34):

(6.34) s1-r1<0
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For CP dual fiber trap, the optical force and torque from each fiber are added together:

(6.35) Fio = Fsum, fiber 1 +Fsum, fiber 2

(6.36) T = Tsum, fiber 1 T Tsum, fiber 2

As illustrated in Fig. 6.2(b), we establish a new Cartesian coordinate system S” at
the midpoint of the dual fibers as the origin, which can be transformed with respect to

the original coordinate system S by defining the rotation matrix Rot&:

cosf 0 —sinf
(6.37) Rot,= 0 1 0
sinf 0 cospf

In the subsequent modeling, we will use the coordinate system S’ as a unifying
reference to define the dynamics of the ellipsoidal particle in the CP dual fiber trap. At

this point, the optical force and torque applied to the ellipsoid will be transformed as:

(6.38) Fi, =Rot, Fyp

o

(6.39) tor = Roty, Tsor

When simulating the dynamics of ellipsoidal particles in the optical trap, the particles
are not only subject to optical force F} , and torque T ,, they are also subjected to
gravitational force F g ayity , Viscous force F';, and Brownian stochastic force Fgrownian in

air. They are given as follows:

4
(6.40) Fgravity =mg= §”pab2g

1677 1677 1677
6.41 F,= + +
641 "TAvatA, T A+b2A, Y A+b2A," "
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e ds
(6.42) A_fo \/(s+a2)(s+52)(s+b2)‘

© dx
A, = ‘
fo (x+a2)/(x +a?) (x + ) (x +b?)

A, = ” il !
(6.43) fo (y+b2) \/(y+a2) (y+b2) (y+b2)

e z \
0 (2+b2) \/(z+a2) (z+52) (2 +b2)

(6.44) FBrownian = mé(t)

Here, p denotes the density of the particle and g is the acceleration due to gravity.
vy, Uy, and v, represent the velocity in x, y, z directions at the coordinate system S”,
respectively. 1 denotes the viscosity coefficient in air [5], and A, A,, A,, A, represent
the characteristic constant of the ellipsoidal particle [139]. &(¢) represents the Brownian
stochastic force per unit mass. Finally, based on the OTS toolbox [30], we can simulate

the micro-sized ellipsoidal particle’s dynamics under the CP dual fiber traps.

6.3 Results and discussions

In this section, I will quantitatively investigate the trapping size range and kinetic
properties of individual ellipsoidal particles under three different CP dual fiber trapping
schemes and compare the results with the case of spherical particles of the same volume.
To accurately predict and understand how the ellipsoidal particles dynamics change
within the trapping field, we consider the ellipsoidal droplets with 50g/L NaCl concentra-
tion (long axis 2a > 5um, short axis 2b = 5um, the refractive index ng = 1.344) as the
trapped airborne particles, and the air as the trapping environment (the refractive index
n1 = 1.000). For the trapping setup, the wavelength of the laser A = 532nm, and the
beam profile emitted from each fiber is the Gaussian beam. In addition, the two fibers’
output power is equal to 20mW. The polarization directions of the lasers emitted from

the two fibers are orthogonal.
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6.3.1 Trapping performance under well-aligned condition

First of all, we investigated the ellipsoidal particle’s trapping size range under well-
aligned CP dual fiber traps. Fig. 6.3 shows the maximum and minimum size of ellipsoidal
particles that can be captured under the well-aligned CP dual fiber traps when the SP
is 90um and 180um, respectively. We can find that the maximum trapped ellipsoid’s
long axis increases from 12um to 17um, while the minimum trapped ellipsoid’s long axis
keeps 5um constant when other trapping conditions remain the same but only the SP
increases from 90um to 180um. The trend in captured size for ellipsoids matches my
experimental results demonstrated in Section 3.3.1, which means that for ellipsoidal
particles, the confinement of larger size ellipsoidal particles can also be achieved by
varying the spacing of the dual optical fibers.

(a1) 2a_max =12pm, SP = 90um (b1) 2a_max = 17um, SP = 180um

(a2) 2a_min = 5um, SP = 90um (b2) 2a_min = 5pym, SP = 180um

Figure 6.3: The maximum and minimum size of ellipsoidal particles that can be trapped
under the well-aligned CP dual fiber traps with dual fibers’ separation SP of 90um
and 180um respectively. The maximum trapped ellipsoid’s long axis at SP of 90um is
(al) of 12um, and the minimum trapped ellipsoid’s long axis is (a2) of 5um. When only
increasing the SP to 180um, the maximum trapped ellipsoid’s long axis is (b1) of 17um,
and the minimum trapped ellipsoid’s long axis is (b2) of 5um. The green arrow lines
indicate the incoming laser rays, and the blue curves represent the trajectories of the
particle.

In addition, we noted that in Fig. 6.3, the ellipsoid’s long axis is all oriented along the
optical axis after being stably trapped in the optical trap. Since we previously defined
the initial orientation of the particles 8 as 0° (i.e., the angle between the long axis of

the ellipsoid and the optical axis of fibers, which is illustrated in Fig. 6.2(b)), in order
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to verify whether the orientation of the ellipsoid after being stably captured in the CP
dual fiber traps is related to its initial orientation, we selected the ellipsoid with long
axis 2a = 7Tum and short axis 2b = 5um, and performed the simulation by changing
the initial orientation varied from 0° to 180° in the steps of 30°, while ensuring the
other parameters remain the same. The simulation results, as illustrated in Fig. 6.4,
demonstrated that the ellipsoids will finally be stably captured with the orientation of 0°
and their long axis remains along the optical axis of the optical fiber regardless of their

initial orientation.

6.3.2 Quantifying the effect of radial misalignment

In the previous section, we have clarified the size range of ellipsoids that can be sta-
bly captured in well-aligned CP dual fiber traps, as well as knowing that the initial
orientation does not have an impact on the final trapped orientation. However, during
the actual trapping process, as we already mentioned in Chapter 5, CP dual fiber traps
usually experience two types of misalignment, namely radial misalignment (transverse
offset) and rotational misalignment (angular deviations) [42]. Therefore, in the following
sections, I will quantify the effects of radial misalignment and angular deviation in CP
dual fiber traps on the capture of ellipsoids and compare the results with the case of

spherical particles of the same volume.

For all the simulations, we defined the ellipsoidal particle with a long axis 2a =
3.5um and set its initial orientation f as of 0°. Also, we set the trap with the SP of 90um.
After that, by quantitatively varying the radial misalignment d, as illustrated in Fig.
6.5(a), we can find how the trapping dynamic and orientation changes of the ellipsoidal
particle in the CP dual fiber traps with the radial misalignment. First, in Fig. 6.5(b),
we simulated the moving trajectory of the defined ellipsoidal particle in the trap with
the radial misalignment d of 5.5um, where the green arrow lines indicate the incoming
laser rays, the red ellipsoid denotes the defined particle, the blue curve represents the
trajectory, and the dark dashed cross indicates the location of the coordinate system S”.
We found that the ellipsoidal particle can still end up being captured at the midpoint
of the two fibers, but unlike the case without radial misalignment, the long axis of the
ellipsoidal particle will no longer be parallel to the optical axis (f = 0°), but at an angle (8
# 0°). In addition, Fig. 6.5(c) demonstrated snapshots of the ellipsoidal particle dynamics
during the trapping process, where Fig. 6.5(c1) to Fig. 6.5(c4) correspond to the different
positions labeled in Fig. 6.5(b), respectively. We found that the spatial orientation of
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(a1) Initial B =0° (b1) Initial B =30° (c1) Initial B = 60°

(a2) Trapping 3 =0° (b2) Trapping 3 =0° (c2) Trapping 3 =0°

(d1) Initial B =90° (e1) Initial B =120° (f1) Initial B = 150°

(d2) Trapping 3 =0° (e2) Trapping 3 =0° (f2) Trapping 3 =0°

Figure 6.4: Orientation variations of the stably trapped ellipsoidal particles in the well-
aligned CP dual fiber traps with different initial orientations of (al) 0°, (b1) 30°, (c1) 60°,
(d1) 90°, (el) 120°, and (f1) 150°, respectively. (a2) to (f2) demonstrate that the ellipsoids
will be trapped with the orientation of 0° and their long axis remains along the optical
axis of the optical fiber regardless of their initial orientation.

115



CHAPTER 6. NON-SPHERICAL AEROSOL TRAPPING DYNAMICS

(@) CP dual fiber trap with radial misalignment
Fiber 1
Fiber 2
e r - o mm e .>
Tl e |-
(b) Raidal misalignment d = 5.5pm, Orientation [3=-11.0°
(c)

(c1) (c2) (c3) (c4)

Figure 6.5: (a) Schematic diagram of CP dual fiber trapping micro-sized ellipsoidal
particle with radial misalignment d of the two fibers. (b) Simulated moving trajectories of
the ellipsoidal particle in the CP dual fiber trap with the maximum radial misalignment
d of 5.5um. (c) Dynamic snapshots of the ellipsoidal particle during the trapping process,
where (c1) to (c4) correspond to the different positions labeled in (b), respectively. The
green arrow lines indicate the incoming laser rays, and the blue curves represent the
trajectories of the particle.

the particle varies randomly and continuously in 3D, unlike the case of trapping an
ellipsoidal particle in liquids, where the particle is accompanied by periodic rotation
[36]. Furthermore, in Fig. 6.6, we present orientation variations of the stably trapped
ellipsoidal particles in the CP dual fiber traps as the increase of the radial misalignment
of the two fibers. We found that the magnitude of trapping orientation |f| is increasing
with the increment of radial misalignment d, and the fitted curve satisfies the law of

linear variation.
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Figure 6.6: Orientation variations of the stably trapped ellipsoidal particles in the CP
dual fiber traps as the increase of the radial misalignment of the two fibers. (al) to (a6)
present the spatial orientation of the stably trapped ellipsoidal particles corresponding
to radial misalignment d from 0 to 5um in increments of 1um, respectively.

Finally, we also want to quantify how the dynamics of the ellipsoidal particle will
change as the radial misalignment continues to increase (d > 5.5um). As shown in Fig. 6.7,
it shows the simulated results of dynamics of an ellipsoidal particle and spherical particle
with the same volume as the increase of radial misalignment of two fibers in the CP dual
fiber traps. For the ellipsoidal particle, when the radial misalignment d is increased to the
range of 5.6um to 6.9um, the ellipsoidal particles are in a subtrap state in the optical trap.
At this point, the spatial orientation of the ellipsoidal particle will not be finally trapped
at the midpoint of two fibers and form a stable orientation angle as when the radial
misalignment d is less than 5.5um. If we further increase the radial misalignment to
more than 7.0um, the ellipsoidal particle will directly escape from the trapping field. As
for a spherical particle of the same volume, we found that when the radial misalignment

is greater than its stable trapping threshold (0 to 5.2um) and does not increase above
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Figure 6.7: Comparison of the variation of dynamics of an ellipsoidal particle and spheri-
cal particle with the same volume (65.45um3) as the increase of radial misalignment of
two fibers in the CP dual fiber traps.

7.3um, the particle presents two other trapping dynamics in the trapping field, while
they fail to form for the same volume of the elliptical particle. Specifically, when the
radial misalignment is in the range of 5.3um to 5.4um, the spherical particle made spiral
motion in the trapping field, while continuing to increase the radial misalignment in the
range of 5.5um to 7.3um, the spherical particle would make the orbital rotation. It is
worth noting that the range of radial misalignment at this point basically corresponds to

the range of radial misalignment when the ellipsoid is in the subtrap state.

6.3.3 Quantifying the effect of angular deviations
6.3.3.1 One optical fiber tilt

After quantifying the effect of the radial misalignment of two fibers when capturing the
single ellipsoidal particle in the CP dual fiber traps, I will proceed to investigate the

effect of another misalignment factor, namely angular deviation, on trapping dynamic
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and orientation changes in the optical trapping field. First of all, as shown in Fig. 6.8(a),
we studied the case where only one fiber is tilted in the CP dual fiber traps. Fig. 6.8(b)
illustrates the simulated moving trajectory of the ellipsoidal particle in the trap with
the one fiber tilted with angle 6 of 7.0°, in which we defined two dashed crosses (black
one represents the intersection of the optical axis of the non-tilted left fiber and line of
z = 0, and the pink one denotes the intersection of the optical axis of the right inclined
fiber and line of z = 0) as references to locate the position of the trapped particle. We
found that the particle was eventually captured at the position to the right of the middle
of the two dashed crosses, which is similar to the trapping position of the spherical
particle investigated in Chapter 5 under the same trapping conditions. For the trap-
ping orientation B, like the result when trapping with radial misalignment, it is not
equal to zero as well. In addition, as shown in Fig. 6.8(c), snapshots of the ellipsoidal
particle dynamics during the trapping process demonstrated that the spatial orientation

of the particle kept changing randomly in 3D until it reached the stable trapping position.

Furthermore, in Fig. 6.9, we present orientation variations of the stably trapped ellip-
soidal particles in the CP dual fiber traps as the increase of the one fiber tilted angle 6.
We found that the magnitude of trapping orientation |f| is increasing with the increment
of one fiber tilted angle §, and the fitted curve also satisfies the linear variation law,
which is the same as the case of trapping with radial misalignment. However, it is worth
noting that the maximum magnitude of trapping orientation |f| is of 13.9° when trapping
with one fiber tilted angle 6 of 7.0°, while in the trapping with radial misalignment, the
maximum magnitude of trapping orientation || can only reach 11.0° when the radial

misalignment d is of 5.5um.

Also, we further explored the trapping dynamics of a single ellipsoidal particle corre-
sponding to the increase of one fiber tilt angle 6 in the CP dual fiber traps. According
to Fig. 6.10, we found that for ellipsoidal particles, when the single fiber tilt angle 6
increases to the range of 7.1° to 8.4°, the ellipsoidal particles are in the subtrap state as
well, which is same as the trapping dynamics when trapping with radially misalignment
d in the range from 5.6um to 6.9um. When we further increased the one fiber tilt angle 6
to more than 8.5°, the ellipsoidal particles will directly escape from the trapping field.
For the same volume of spherical particles, we found that when the one fiber tilt angle 6
is between 7.7° and 7.9°, the spherical particles did spiral motion in the optical trapping

field, while continuing to increase the one fiber tilt angle 6 between 8.0° and 9.3°, the
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(a)
CP dual fiber trap with one fiber tilt

Fiber 1 Fiber 2

(b) One fiber tilted angle & = 7.0°, Orientation [3 =-13.9°

(c)

(c1) (c2) (c3)

Figure 6.8: (a) Schematic diagram of CP dual fiber trapping micro-sized ellipsoidal
particle with one fiber tilt. (b) Simulated moving trajectory of the ellipsoidal particle in
the CP dual fiber trap with the maximum one fiber tilted angle 6 of 7.0°. (c) Dynamic
snapshots of the ellipsoidal particle during the trapping process, where (c1) to (c4)
correspond to the different positions labeled in (b), respectively. The green arrow lines
indicate the incoming laser rays, and the blue curves represent the trajectories of the
particle.
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Figure 6.9: Orientation variations of the stably trapped ellipsoidal particles in the CP
dual fiber traps as the increase of the one fiber tilted angle. (al) to (a6) present the spatial
orientation of the stably trapped ellipsoidal particles corresponding to one fiber-tilted
angle 6 from 1.0° to 6.0° in increments of 1.0°, respectively.

spherical particles made the orbital rotation. The range of one fiber tilt angle at this
point basically corresponds to the range when the ellipsoid is in the state of the subtrap.
In addition, by comparing Fig. 6.10 and Fig. 6.7, we found elliptical particle is more
tolerant to radial misalignment than a spherical particle of the same volume, ensuring
stable capture in the trap despite larger radial misalignment, while a spherical particle
of the same volume exhibits better capture tolerance to greater angular deviation caused
by the tilt of the single fiber.

6.3.3.2 Two optical fiber tilt together

In this section, we further investigated the case of two optical fibers tilted together at
the same angle 6 in the CP dual fiber trap to understand the trapping dynamics of the

ellipsoidal particle, and the schematic of this trapping scheme is shown in Fig. 6.11(a).
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Figure 6.10: Comparison of the variation of dynamics of an ellipsoidal particle and
spherical particle with the same volume (65.45um?) as the increase of one fiber tilted
angle in the CP dual fiber traps.

When we defined the two fiber tilted angle of § to be 11.0°, Fig. 6.11(b) demonstrated
the simulated moving trajectory of the ellipsoidal particle until it was stably captured in
the trapping field. We can find that the ellipsoidal particle was trapped in the position
directly below the intersection of the optical axis of the two tilted fibers, which is con-
sistent with the trapping position of the spherical particle studied in Chapter 5 under
the same trapping conditions. As for the particle’s trapping orientation g, it is almost
equal to zero (in this study, g is 0.20°), which is similar to the result when trapping
under well-aligned conditions. Regarding the spatial orientation of the ellipsoidal particle
before it was stably trapped, the particle still maintained the random 3D variations

during the trapping process, which can be demonstrated in Fig. 6.11(c).

To quantify the orientation variations of the stably trapped ellipsoidal particle in the
CP dual fiber with two fibers tilted together at the same angle, we conducted a series

of simulations with the tilt angle § increasing from 1.0° to 10.0° in increments of 1.0°
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(@) CP dual fiber trap with two fiber tilt together

Fiber 1 Fiber 2

(b) Two fiber tilted angle & = 11.0°, Orientation B = 0.20°

(c)

(c1) (c2) (c3) (c4)

Figure 6.11: (a) Schematic diagram of CP dual fiber trapping micro-sized ellipsoidal
particle with two fiber tilt together. (b) Simulated moving trajectory of the ellipsoidal
particle in the CP dual fiber trap with the maximum two fiber tilted angle § of 11.0°. (c)
Dynamic snapshots of the ellipsoidal particle during the trapping process, where (c1) to
(c4) correspond to the different positions labeled in (b), respectively. The green arrow
lines indicate the incoming laser rays, and the blue curves represent the trajectories of
the particle.

to clarify whether the two fiber tilted angle does not have an impact on the trapping
orientation of particle in this trapping scheme, i.e., the final trapping orientation of the
ellipsoidal particles always remain zero with very tiny error. According to Fig. 6.12, we
found that the trapping orientations for all the trapped ellipsoidal particles under the
trapping condition of different dual fibers’ tilted angles are all almost equal to 0°. The

fitted curve also aligned with the line of trapping orientation § = 0°. We argue that the
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Figure 6.12: Orientation variations of the stably trapped ellipsoidal particles in the CP
dual fiber traps as the increase of the two fiber tilted angle. (al) to (a6) present the
spatial orientation of the stably trapped ellipsoidal particles corresponding to two fiber
tilted angle 6 from 1.0° to 10.0° in increments of 1.0°, respectively.

tiny errors in these simulations should originate from the interference of noises rather

than the effect of optical forces.

Finally, we quantified how the dynamics of the ellipsoidal particle will change as the
two fiber tilted angle continues to increase (6 > 11.0°). According to Fig. 6.13, we present
the simulated results of dynamics of an ellipsoidal particle and spherical particle with
the same volume as the increase of two fiber tilted angle in the CP dual fiber traps. It is
worth noting that for an ellipsoidal particle and a spherical particle of the same volume,
in this trapping scheme (two fibers titled together at the same angle), when the tilt angle
exceeds the maximum trapping threshold at which stable trapping can be achieved,
both particles will escape the trapping field directly. Unlike the cases when trapping

with radial misalignment or angular deviation originating from one fiber tilt, for the
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Figure 6.13: Comparison of the variation of dynamics of an ellipsoidal particle and
spherical particle with the same volume (65.45um?) as the increase of two fiber tilted
angle in the CP dual fiber traps.

ellipsoidal particle, there exists dynamics of subtrap, while for the spherical particle,

there are two extra dynamics of spiral motion and orbital rotation.

6.4 Conclusion

We quantified the trapping size range, dynamics, and orientation variation of ellipsoidal
droplets under three different CP dual fiber trapping schemes by numerical simulations,
and compared the results with the case of spherical droplets of the same volume. First,
we developed computational models to calculate the optical forces and torques applied to
ellipsoidal droplets in the trapping field by vector ray tracing and rotational coordinate
transformation, and then simulated the dynamics of single ellipsoidal droplets in the
trap by using the OTS toolbox. Next, through quantitative investigations, we found that
the ellipsoidal droplets trapped size range showed the same trend as that of spherical
droplets when trapped under well-aligned CP dual fiber traps, i.e., the trapping size
range increases with the increase of the dual fiber separation, and the spatial orientation
of the stably trapped ellipsoidal droplets always satisfied that the particle’s long axis
is parallel to the optical axis of the trapping fiber and was not affected by its initial
spatial orientation. As for traps with radial misalignment, we found that when the radial

misalignment is within the threshold that can guarantee the stable capture of ellipsoidal
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droplets, the trapped position is still in the middle of dual fibers. But under this trap-
ping scheme, the trapped particle’s spatial orientation shows a linear increase with the
increase of radial misalignment. As the radial misalignment continues to increase, the
ellipsoid will experience a subtrap state in the optical trap before eventually escaping. In
this case, the range of radial misalignment when the ellipsoidal droplet is made to be
in the subtrap state is almost aligned with the range of radial misalignment when the
same volume of the spherical droplet is made to undergo spiral motion as well as orbit

rotation.

For traps with angular deviations, in the trapping configuration with one fiber tilt,
the trapping dynamics and orientation variation of the ellipsoidal droplets demonstrate
the same changing trend compared to the results when trapping only with radial mis-
alignment in the CP dual fiber traps. While in the trapping configuration with two fiber
tilted together at the same angle, the spatial orientation of the stably trapped ellipsoidal
droplets shows the posture in which their long axis is almost aligned with the optical
axis of the fiber without tilt, and their trapping dynamics are simpler, with only two
states of trapped and escape. The works in this chapter provide some new insights into
how the trapping dynamics of ellipsoidal droplets vary under three different CP dual
fiber trapping schemes. It also gives a quantitative analysis that helps to determine the

parameters of the current trapping system to guide future experimental validation.
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CHAPTER

AEROSOL TRAPPING WITH BEAM SHAPING

ne very specific challenge faced when trapping single liquid aerosols based on

CP dual fiber traps is that for a random sample of aerosols, the surfaces of

the trapping chamber and fiber facets will be coated in droplets or possibly
absorbing particles. This causes scattering of the light into the chamber and will, at
best, diminish trapping efficiency and, at worst, destroy any chance of trapping anything.
Here, in Chapter 7, I optimized the trapping field required to manipulate an aerosol
within a targeted trapping geometry with the help of beam shaping technique achieved
by spatial light modulator (SLM) . Based on this method, the transmission matrix can
be calculated for the Multimode fiber (MMF) in our experiments. We demonstrated the
momentum transfer from the MMF with individual output modes to a single droplet.
This attempt paves the way for beam shaping-assisted CP dual beam traps to capture

single aerosols with higher stability in dynamic processes.

7.1 Introduction

In previous studies, we have demonstrated the use of two SMFs as two trapping arms to
construct the CP dual beam trapping system to quantitatively investigate the capture
and manipulation of individual liquid aerosol particles in air. However, in practical
implementation, the SMF-based CP dual beam trap has limitations in terms of the stable
trapping location and the number of traps that can be formed, the type of manipulation
that can be controlled, and the trapping stability that can be maintained. Specifically,
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for the number and trapping position under the SMF-based CP dual beam trap, only
one trapping position can be formed at the midpoint of two SMF's in most cases, and
if two trapping points located near two SMF facets are to be constructed, they need to
be realized by shortening the separation distance between two SMF's. Regarding the
manipulation types, there are three main controllable manipulations for the SMF-based
CP double beam trap, including guiding, spiral motion, and orbit rotation. Among them,
guiding is achieved by tuning the ratio of the relative output power of the two SMF's
to move the captured individual aerosol particles along the optical axis. The latter two
types of manipulation are performed by quantitatively adjusting the misalignment of
the two SMF's to control the spiral motion and orbit rotation of the captured individual
particles in the trapping field. In terms of trapping stability, a very specific challenge
faced when trapping single liquid aerosols is that for a random sample of aerosols, the
surfaces of the trapping chamber and fiber facets will be coated in droplets or possibly
absorbing particles. This will lead to scattering or distortion of light, which will reduce
the trapping efficiency of the formed trap or even lead directly to the failure of trapping
anything.

To overcome the above-mentioned limitations, beam shaping techniques implemented
by using SLM to generate targeted trap beam geometries have demonstrated a very
promising capability to solve these problems [81, 83, 106, 123, 150]. Currently, in free
space, Porfirev et al. have experimentally demonstrated the performance of using SLM
to trap the single or multiple absorbing aerosol particles at any defined locations as
well as conduct the controlled manipulations of single or multiple aerosol particles in
one-dimensional, 2D, and 3D space, respectively [123]. Moreover, Burnham et al. also
demonstrated the developed HOTSs can capture trap water droplets in air in a matrix
fashion, and also showed controlled manipulation along the x, y, and z directions, which
ultimately led to the coagulation of the droplets [25]. While, in our experiments, we are
more interested in shaping the light through optical fiber, and finally contributing to
achieving the stable trapping and arbitrary holographic manipulation of aerosol particles
in air. However, to the best of our knowledge, fiber-based optical trapping and manipula-
tion experiments assisted with beam shaping technique so far are all demonstrated in
liquid environments [81, 83, 106, 150]. Specifically, Mosk et al. demonstrated 2D optical
manipulation of sixteen polystyrene microparticles through an MMF [106]. Subsequently,
Leite et al. demonstrated the real-time holographic manipulation of multiple micropar-

ticles through a lenless MMF [83]. Except in the case of using a single optical fiber
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to form traps, Kreysing et al. demonstrated the adaptive manipulation of living-cells
rotation under the CP dual few-mode fiber trap [81]. Furthermore, Sun et al. recently
demonstrated arbitrary axes cell-rotation in 3D using one multi-core fiber (MCF) and one
SMF as two trap arms to form the CP dual beam trap [150]. As a result, CP dual fiber
traps assisted with beam shaping technique will play a significant role in developing a

toolbox for controlling optically trapped aerosol particles.

In this chapter, the aim is to optimize the trapping field with the help of beam shaping
through an MMF implemented by SLM to manipulate aerosols in the target trapping
geometry, so that this attempt would pave the way for beam shaping-assisted CP dual
fiber traps (one MMF and one SMF) to capture single aerosols with higher stability in
dynamic processes. First, we explain the principle of using an SLM to shape the light
passing through the MMF. We then progressed to introduce the optical setup that we
developed for our experiments. Subsequently, we show the results of shaping the light
passing through the MMF to generate a single output mode and also demonstrate the
momentum transfer from the shaped MMF with individual output mode to a single
droplet. Finally, we discuss the development plan for future experiments to engineer an
aerofluidic chip, which will allow the more powerful and functional in situ control and

measurement of the optically trapped single aerosol particle.

7.2 Principle

In Fig. 7.1, the input field of the MMF is modulated using the SLM to create an optimized
focus at an arbitrary output position. Initially, we sequentially scan the MMF’s input
facet using a diffraction-limited spot, modulated by a specific SLM grating. Each scanned
point generates a distinct speckle pattern at the MMF’s output. These output speckle
patterns are overlaid with an externally collimated Gaussian beam from an SMF to
create an interference pattern. By varying the phase of the scanned point across a
271 range, all interference patterns collected at each phase step are utilized to extract
optimal phase and amplitude for the probe’s position. This process is repeated for all
scanned points, yielding optimal phases and amplitudes for the probe’s positions. These
values are then employed in generating an optimized hologram through Fast Fourier
Transform (FFT) of the MMF’s measured transmission matrix (TM). Ultimately, the
optimized hologram is sent to the SLM to produce a shaped field at the input side of the
MMEF, resulting in the creation of the optimized focus at the MMF’s output.
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Figure 7.1: The principle of using SLM to shape the light passing through the MMF
to produce an optimized focus. (a) The MMF input facet is sequentially scanned by a
diffraction-limited spot, which is modulated by using an SLM applied with a specific
grating. In addition, in each spot, the phase is also subsequently shifted over 27 range.
(b) The MMF output field is a speckle pattern when scanning each spot at the MMF input
facet. (c) The interference pattern generated by superimposing the MMF output field
with an externally collimated Gaussian beam transmitted through the SMF is captured
by a CMOS camera. After phase shift over 27 range, the optimal phase and amplitude at
the probe position can be extracted at the current scan spot. (d) When all the scans and
the corresponding phase shifts are completed, we can obtain all the optimal phases and
amplitudes at the probe position, which are used to generate an optimized hologram. (e)
The optimized focus at the MMF output is created by sending the optimized hologram to
the SLM to generate the shaped field to the input side of the MMF.
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7.3 Experimental setup

Fig. 7.2(a) illustrates the experimental setup for shaping the output field of MMF into
an optimized focus, which is based on an off-axis holography configuration. A CW 532nm
laser (Torus Laser Quantum 891mW) is used for all experiments. After passing laser
beam through an isolator (Thorlabs I0-3-532-LP), the beam is split into two beams by
the HWP and the PBS, where two beams’ power ratio can be controlled by rotating the
HWP. One of the divided beams is coupled into a SMF (Thorlabs P1-460AR-2) as the
reference beam, and the other one is utilized as the signal beam. The signal beam is
then expanded by a telescope to overfill the short axis of the SLM (Holoeye LCR-2500)
with a small incident angle, in which the HWP is used to align the polarization between
the SLM and signal beam. Next, the SLM is applied with a series of specific gratings to
achieve the sequential scanning of the input facet of the MMF (Thorlabs M92L01) by a
diffraction-limited spot. Specifically, the first 4f system (L1 and L2) is used to image the
SLM onto the back aperture of the MO1 (Olympus RMS20X), and the second 4f system
(L2 and MO1) is used to image the selected diffraction limited spot into the MMF input
facet, where the APT (Thorlabs SM1D12D) is used to select the first diffraction order, the
CMOSI1 (Basler acA1920-150um) is used to monitor the modulated signal beam, and the
QWP1 and QWP2 are used to control the signal beam’s polarization state propagated in
the MMF [122]. Finally, the speckle pattern from the output side of the MMF interferes
with the collimated reference beam, and the resulting image is captured by the CMOS2
(Basler acA2040-120um), which will finally be used for TM measurement.

In addition, before TM measurement, SLM must be calibrated for phase modulation
for a given wavelength to keep SLM working correctly in subsequent experiments. Fig.
7.2(b) shows optical setup to calibrate SLM for phase modulation. The linearly polarized
Gaussian beam passes through a pre-designed mask with two holes to generate two
coherent beams that finally hit the centers of two independent halves of SLM. Reflected
beams will be superposed with each other at the focus and resulting interference fringes
will be captured by CMOS camera via a MO. By displaying 256 gray-level patterns
sequentially on SLM, we can capture a set of fringe measurements for later analysis.
After that, there are two methods available to make the correction for SLM by using
captured fringe measurements. One is to generate a Look-Up-Table (LUT), and the other
one is to create a compensate hologram. The former method has been carefully detailed

in these two references [26, 80], and the latter one can be found in Richard et al. [72].
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Figure 7.2: (a) Experimental setup for shaping the output field of MMF into an optimized
focus through an off-axis holography configuration. M: mirror: L: lens; BS: beam splitter;
APT: aperture; MO: microscope objective; PBS: polarizing beam splitter; HWP: half-wave
plate; QWP: quarter-wave plate; SMF: single mode fiber; MMF': multi-mode fiber. SLM:
spatial light modulator. (b) Optical setup for SLM phase modulation calibration, in which
256 gray-level patterns will be sequentially displayed onto the SLM to modulate the
phase, and the COMS camera will capture the resulting interference fringes.
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7.4 Preliminary result
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Figure 7.3: (a) The schematic of the momentum transfer from the MMF with individual
output modes to a single droplet. (b) The scattering image of a single droplet propelled
by the MMF is shaped with an optimized output single focus.

Fig. 7.3(a) shows an experimental schematic of momentum transfer to a single droplet
in air by using an optimized MMF to produce a single output mode. What can be seen is
that the shaped beam emitted by the MMF converges first and then diverges in space.
However, due to the small NA of the MMF itself, the scattering force dominates at this
point compared to the gradient force, and it is not possible to form a 3D trapping of a
single droplet directly around the focal position. Instead, individual droplets will achieve
momentum transfer under the scattering force and be instantaneously pushed away from
the outlet surface of the MMF. Fig. 7.3(b1) to (b3) demonstrates the scattering images
of a single droplet propelled by the MMF shaped with an optimized output single focus.
We should note that the patterns of fringes are visible in the scattering image, which
likely stems from the phenomenon termed "Mie scattering." This phenomenon arises
due to the interaction between coherent laser light and aerosol particles. Mie scattering
takes place when particle dimensions approach the wavelength of the incident light. This

interaction gives rise to alternating patterns of constructive and destructive interference,
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manifesting as fringes within the scattering image. We also can find that individual
water droplet is pushed along the optical axis by the scattering force, which proves that
the optimized single focus generated by the shaped MMF can achieve the momentum
transfer to the individual droplet particles in the air and thus lead to the corresponding
motion generated by the single droplet. In addition, the scattering images serve two
functions in the subsequent trapping experiments: firstly, it assists in determining the
location of the emitting point of the dual fibers so as not to introduce radial misalignment
during the alignment of dual fibers; Second, the scattering images can be used to resolve

the size and refractive index of the aerosol particles.

7.5 Future development

In our current findings, we have taken the initial step of employing beam shaping tech-
nology to manipulate aerosol particles. However, to effectively address the concern raised
by the examiner, our objective is to pioneer innovative iterative feedback solutions. These
solutions will utilize beam shaping, achieved through spatial light modulation within
the evolving field of complex photonics. This field involves calculating the transmission
matrix for specific scattering objects, including delicate diffusers, optical fibers, and in
our case, a surface featuring droplets. Detailed technical insights can be accessed in this

paper [106].

In addition, we propose a development plan for future experiments as shown in Fig.
7.4. First, Fig. 7.4(a) shows the schematic of beam shaping-assisted CP dual beam traps
with one MMF and one SMF to capture single droplet in air. We will use short-length
bare fibers to replace the patch cables used in previous experiments, i.e. SMF (Thorlabs
P1-460AR-2) and MMF (Thorlabs M92L01) to form two trapping arms. The advantage of
this replacement is that the single focused beam produced by the shaped MMF will not
be affected by the fiber bending due to the long length, thus making the profile and power
of the outgoing focused beam not significantly degraded, which is the key to ensure the
successful and robust trapping of the single droplet in this trapping scheme. However,
a tricky problem of this capture scheme is the alignment of the two bare fibers. Unlike
the use of patch cables, we designed special holders to facilitate the clamping of the two
trapping arms, and followed the calibration protocols I described in Chapter 3 to align

the two fibers, ultimately ensuring stable trapping of the single droplet in air.
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Figure 7.4: (a) The schematic of beam shaping-assisted CP dual beam traps with one
MMF and one SMF to capture a single water droplet in air. (b). Beam shaping for on-chip
aerosol trapping. By application of an optimized correction hologram, the beam passing
through the PDMS waveguide can be shaped to enable a focused beam to form a CP dual
beam trap with a divergence beam emitted from an SMF so as to form an aerofludic chip.
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To this end, we further propose a beam shaping for the on-chip aerosol trapping
scheme as shown in Fig. 7.4(b). By using Polydimethylsiloxane (PDMS) as the substrate
material for the chip structure [117], various channels and waveguides used for trapping
are created by laser writing [146]. By application of an optimized correction hologram,
the beam passing through the PDMS waveguide can be shaped to enable a focused
beam to form a CP dual beam trap with a divergence beam emitted from an SMF so
as to form an aerofludic chip. By designing and developing such aerofludic chips, no
complex alignment is required for aerosol particle capture and on-chip experiments can
be implemented easily and flexibly. Moreover, by developing real aberration correction
algorithms, it is possible to optimize the capture field for arbitrary aerosol particles
in dynamic processes. In addition, we can also integrate spectroscopy measurement,
temperature and humidity control, and aerosol launch control. on this aerofluidic chip,
which will allow the more powerful and functional in situ control and measurement of

the optically trapped single aerosol particle.

7.6 Conclusion

In conclusion, we have proposed to use the optimized trapping field with the help of
beam shaping through an MMF implemented by SLM to trap and manipulate aerosols
in a target trapping geometry. The concept is to shape the output beam profile of the
MMF with the help of the measured TM, which can be solved by using an off-axis
holographic configuration. We have demonstrated momentum transfer from a shaped
MMF with a single focused beam to a single water droplet, where the corresponding
individual droplet is pushed away along the optical axis of the shaped MMF. Based
on the current experimental results, we further propose two CP dual beam trapping
schemes for future practice, which will enable more powerful and functional in situ
control and measurement of optically trapped individual aerosol particles on the basis of

an engineered aerofluidic chip.
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8.1 Conclusion

The focus of this thesis is to develop an advanced single aerosol trapping and manipula-
tion platform based on fiber-based optical traps. The main contribution and outcomes of

my Ph.D. work are summarized as follows:

In Chapter 2, I provide an overview of optical trapping and the use of this technique
to study aerosols. I first present the theory and basics of optical trapping so that the
novices can have a general understanding of how trapping forces are generated and
how the dynamics of trapped aerosols vary. Then, I summarize four types of aerosol
optical trapping configurations and point out the characteristics of each of them. Finally,
I describe in detail the aerosol trapping considerations involved in the construction of

optical aerosol traps.

In Chapter 3, I systematically described the strategies, development, and implemen-
tation related to the successful trapping and manipulation of individual aerosol particles
based on the CP dual fiber traps. The loading method of the liquid aerosol sample I used
in the experiment and the strategy to manage its evaporation was described in detail,
and a salt solution with a concentration of 50g/L was chosen as the sample to be used.
Next, the design, construction, and calibration of the experimental system are described

in detail, pointing out the key technical details of the CP dual fiber trapping system used
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to trap and manipulate individual aerosol particles. The basic experimental results are
shown to demonstrate the successful trapping and manipulation of a single droplet in

air.

In Chapter 4, I present the results of the developed theoretical model of light-matter
interaction of optically trapped aerosols to quantify the trapped aerosol size range within
the trap under different dual fiber separations. We build the size area plot for stable
aerosol trapping through a parameter analysis that allows the tolerance of such traps to
trap fluctuations to be understood. The findings contribute to the repeatable quantitative

results of aerosol trapping under the CP dual fiber trapping setup.

In Chapter 5, I present results exploring the effect of angular deviations on the
dynamics of trapped single aerosol particles, quantifying the trapping viability as the
function of misalignment, and how particle dynamics change when interacting with
displaced fibers. In addition, I investigated how four main factors (including beam diver-
gence, fiber separation distance, fiber output power, and aerosol radius) affect the single
aerosol particle trapping performance and dynamic changes in the tilted CP dual fiber
traps. These findings provide insight into the development of optical fiber-based traps as

well as a novel approach to managing light-induced rotation in air.

In Chapter 6, I present the results of the trapping size range and kinetic properties of
individual ellipsoidal particles under three different CP dual fiber trapping schemes by
numerical simulations, and compared the results with the case of spherical droplets of the
same volume. The developed new model provides a more accurate understanding of the
droplet trapping dynamics in the CP dual fiber traps, and also helps interested parties
to explore some parameters that are difficult or impossible to obtain experimentally in

the short term, which in turn can provide some insight for future experimental validation.

In Chapter 7, I present the result of optimizing the trapping field required to ma-
nipulate an aerosol within a targeted trapping geometry with the help of beam shaping
technique achieved by an SLM. The findings pave the way for beam shaping-assisted CP
dual beam traps to improve the single aerosol trappings stability for arbitrary aerosol

undergoing dynamic processes.
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8.2 Outlook

The research works presented in this thesis can be further developed to provide insightful
knowledge and additional functionality for the optical trapping and manipulation of

single aerosol particles. Here I list the potential research directions:

8.2.1 Beam shaping for multiple aerosols trapping and control

Beam shapes and trapping beam geometries will play a significant role in developing
a toolbox for controlling optically trapped aerosols. In Chapter 7, I only demonstrate
the capability of this technique to generate one optimized single focus emitted through
an MMF. However, in practice, once we get the MMF’s TM, we can actually generate
multiple optimized focuses while we can design and change their spatial distribution
in real-time. On this basis, it will allow holographic 3D trapping and manipulation of

aerosol particles by carefully engineered fiber-based optical traps.

8.2.2 Metasurface-based aerosol trapping and manipulations

In recent years, with the rapid development of nanotechnology, the use of ultrathin
metasurfaces composed of subwavelength elements to shape the optical field behind the
fiber output facet has allowed for more compact and flexible modulation and tailoring
of the beam at the interface. One of the particular example is that researcher has
demonstrated the design and printing of an ultra-high NA metalens onto the output
facet of an SMF, thus enabling the trapping and manipulation of the silica bead and
Escherichia coli bacterium in the liquid environment with higher stability [121]. I
believe that this kind of Metasurface-based optical fiber trap can also be a powerful and
promising tool to trap and manipulate aerosol particles, which will eliminate the need to
use the SLM to do the wavefront shaping for the MMF, and make the trapping setup

more compact, and the trapping process easier to perform.

8.2.3 On-chip design and optofluidics system

A more ambitious plan is to put the trapping, manipulation, and characterization of
aerosol particles all on a single chip. For this chip, as I mentioned in Chapter 7, PDMS
will be used as the substrate material for the chip. Laser writing techniques will be
employed to fabricate the chip structure. The developed beam shaping algorithms will be

applied to optimize the trapping field for arbitrary aerosol particles undergoing dynamic
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processes. Integrated spectral measurements, temperature and humidity control, and
aerosol loading control will enable the characterization of trapped aerosol particles.
That is to say, the developed optofluidics system will benefit for investigating contact,

condensation, and immersion freezing mechanisms for model secondary organic aerosol

particle types.
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