THE UNIVERSITY OF QUEENSLAND

AUSTRALIA

Ultra-fast and Ultra-stiff Optical Tweezers
Muhammad Waleed

M..S Information and Mechatronics

A thesis submitted for the degree of Doctor of Philosophy at
The University of Queensland in 2018

School of Mathematics and Physics



Abstract

This thesis describes our efforts to build an ultra-fast and ultra-stiff optical tweezers to be used for
many fundamental science, engineering, and biological applications. This thesis is mainly composed
of two sections: the first section describes the fundamental Brownian motion theories of an optically
trapped particle, the experimental challenges and new techniques to measure it at very short times
scales. The second part illustrates the structured illumination of the incident light field to enhance the

optical trap stiffness by several orders of magnitude.

In the first part of this thesis, we describe the design procedures to construct a stable and robust
customized microscope employing high numerical aperture (1.3) trapping and condenser objectives
to trap and track micro/nano-particles with unprecedented high bandwidth. We have developed a
customized mechanical design of the microscope which possess heavy structure and provides 6-axis
degrees of freedom for relative alignment of objectives having very small 160 um working distance.
The structure is stable enough to measure the motion of the particle as low as close to 1 Hz where me-
chanical vibrations are of significant concern. Finally, we demonstrate a new split-flipped waveplate
based particle tracking scheme which is capable of measuring very high 160 mW of scattered light
from the trapped particle resulting in unprecedented ultra-high position measurement bandwidth close
to 10 MHz. It allows accessing Brownian motion at very short timescales leading to instantaneous
velocity measurement of the particle. These measurements are further used to measure the unknown

viscosity of the different fluids at fast timescales.

The second part of the thesis demonstrates the spatial structuring of incident trapping light to create
interference in the particle which makes it behave like a beam-splitter. On the contrary to the regular
particle scattering phenomenon in which particle changes the direction of incident light, this new type
of interferometric technique changes the relative intensity around the optical axis due to the Brownian
motion of the particle. This phenomenon enhances the optical trap stiffness for several orders of
magnitude especially for the particles larger than incident beam wavelength. These techniques are
implemented in a holographic optical tweezers for the particle sizes ranging from 1.5 ~ 10 um particle
and achieved trap stiffens enhancement by a factor of 27.5 for 10 um particle. This ultra-fast and ultra-
stiff optical tweezers could play a vital role in testing the fundamental physics laws such Maxwell-
Boltzmann distribution, quantum ground state cooling, micro-robotics and correct viscosity of the

biological fluids, especially in the cell.
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Chapter 1

Introduction

1.1 Background of optical tweezers

Light is the form of energy which has been generally considered only as means of viewing things
in the history until the 16" century when Johannes Kepler was looking at a comet in the sky. He
noticed that the tail of the comet which comprises hot gases always points away from the sun which
led him to think that gases are experiencing some external forces from the solar radiation which was
termed as radiation pressure. However, theoretical understanding of the electromagnetic field was
quite limited at that time until James Clerk Maxwell proposed the electromagnetic theory of radiation
pressure in 1862 predicting that the light has momentum flux which is proportional to the intensity
and can be transferred to reflective or absorbing objects resulting in a radiation pressure kick along

the propagation direction of light [3]].

A few decades later, Nichols, Lebedev, and Hull in 1901 reported the initial experimental observation
of the radiation pressure torque acting on a macroscopic mirror attached to a torsion balance [4]. Later
on, in 1936, Beth observed the deflection of a birefringent quartz wave plate suspended from a thin
quartz fiber after passing the circularly polarized light through it [5]. However, the radiation force
per unit area was so small that it was hardly observable which make it impossible to apply in real life
applications. However, in 1960, the laser was invented which made it possible to concentrate large

optical power into the small area, thus opening a new era of radiation pressure studies.

In 1970, Arthur Ashkin employed a laser beam in a microscope to apply radiation pressure on micron-
sized latex particles and observed their acceleration and deceleration [6]]. Later on, in 1986, they
demonstrated that a tightly focused Gaussian beam creates a high-intensity gradient which can apply

a force perpendicular to the optical axis resulting in non-invasive trapping of the particles [7]. This
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optical trapping instrument is now called optical tweezers (OT).

1.2 Applications

From the experimental point of view, particles are dispersed in a small fluid chamber in which they
undergo free Brownian motion due to the collision of surrounding thermal energy carrying molecules.
Einstein postulated that the motion of a particle in a fluid is so random that it is independent of its
mass due to which particle undergoes free diffusive motion in a liquid and its velocity cannot be
measured at a specific instant of times, rather its mean squared displacement is measurable. In an OT,
the motion of a particle is constrained by the optical trap at longer timescales, but at relatively shorter
times scale, it diffuses freely in the medium depending upon the diffusion properties. On timescale,
this is generally called free diffusion regime. Using back-focal-plane interferometry of the optically
trapped particle, its mean squared displacement can be measured with high spatial and temporal
resolution [8, 9], therefore, trapped particles has can be used as a probe in several applications such
as in classical physics [10-12], nanotechnology [13], quantum physics [[14-19] chemistry [20], soft
matter [21], Biosensing [22-24] and imaging [25-28]].

Especially in biology, it has made possible to do precise measurements such as unbinding force and
binding probability for a virus coated bead [29]], entropy elasticity of a DNA [30], the binding strength
and activation state of single fibrinogen-integrin pairs on living cell [31] the direct observation of
base-pair stepping by RNA polymerase [|32H35]], forces unfolding muscle proteins and RNA hairpins

[36-38]] and, characteristics of myosin and kinesin motors [39-44].

1.3 Optical tweezers for fast viscosity measurement

Apart from being used as a probe for indirect measurement of many biological phenomena, OT has
also been used to do a direct measurement of complex and rare polymer structures to understand
their mechanical behaviour at different timescales better. For this purpose, several techniques have
been developed to determine the viscoelastic properties of both simple and complex fluids. The most
widely used techniques are: diffusing wave spectroscopy [435]], video particle tracking microrheology
[46], magnetic tweezers [47,48]], atomic force microscopy [49] and optical tweezers [S0-53]. For all
these cases, techniques can be categorized either active or passive, depending on whether they drive
the motion of the suspended particle or their motion is free and can be used to calibrate both position

and force in fluids.

In active calibration techniques, an external force field is applied to the particles whereas in passive
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techniques only the thermal fluctuations of the fluid’s molecules are responsible for displacing the
particles. Both types of techniques are based on relating the time-dependent trajectory of the probe to
the viscoelastic properties of the surrounding fluid and can be used for position and force calibration
both in simple and complex biological environments. Commonly used passive calibrating techniques
are based on free diffusive power spectrum [54], mean squared displacement [55]], position autocor-
relation [56]] and equipartition theorem while active calibrating techniques are based on drag force
method [57,58]. Furthermore, a combination of active and passive techniques can be employed to

extract the viscoelastic proprieties of complex fluids such as cytoplasm of the cell [59,60].

Although these techniques allow extracting intracellular information using the probe particle, there
are several active phenomena inside the cell which can affect the particle Brownian motion at long
times scales yet mimicking the particle undergoing free diffusion. Therefore, information cannot be
extracted reliably from the free diffusive motion of the particle. In particular, it has been demon-
strated that several active biological systems in a living cell such as actin-myosin interactions create
“athermal” fluctuations which take the system away from the thermal equilibrium thus changing the
localized viscosity of the fluid at fast times scales. These ‘athermal’ fluctuations can be present in
the entire cell can also influence the equilibrium dynamics of different organelles in the cell and, may

alter at different conditions and timescales [61},62].

Furthermore, several intracellular processes such as protein-protein interaction, polymerization pro-
cesses, and actomyosin contraction can alter the diffusive properties of the probe particles and can
generate active diffusion at timescales from 10—100 ms which resemble the free thermal diffusion
but with different amplitude. For example, in a dense random actin network, diffusive-like trajecto-
ries are exhibited by myosin-driven cargoes as they walk from one filament to another [63]. In this
case, the cargo motion is affected by the cytoskeleton process to which the cargo is attached, and other
cell processes can also influence the fluctuations of the cytoskeleton itself [[64]. Since the motion of
the probe particle is not thermally driven, any analysis which assumes thermal motion will return in-
accurate results. Moreover, these active diffusion phenomena are expected to increase with the probe
particle size inside the biological cell and make it even complicated to determine the localized vis-
cosity inside a cell at longer times scales [[63,66]]. Therefore, using smaller sized probe particle is

advantageous as it will create less hindrance in the intracellular transport mechanism.

Although both elastic and viscous properties can be extracted using the microrheology techniques, it
is relatively straightforward to determine the viscosity. Recently, the viscosity of different concen-

trations of polyacrylamide solutions is measured by calibrating the trap stiffness using equipartition
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theorem and then determining the autocorrelation function of the position of a particle [67]]. For this
purpose, a large sized 5 um particle is employed as it’s position can be measured without the need
of achieving measurement bandwidth in the MHz regime. Although several microns sized particles
lower the bandwidth requirement of the position sensitivity of the particle, it may not be suitable to
use in biological materials having few micron-sized volumes such as red blood and sperm cells where
smaller sized particles will be a better choice to be used as a probe. All the above techniques require
calibrating the position of the particle from volts-to-meter which changes for slight changes in laser
power, fluid localized concentration or viscosity and can be quite complicated for the fluids having

time-invariant mechanical properties [68].

All the microrheology techniques measure the viscosity of the fluid at longer timescales typically
in milliseconds where the particle is diffusing freely, and its motion is independent of the mass.
However, at very short timescale typically in microseconds, the motion of the particle is dominated
by its inertia and is not considered to be freely diffusing in the medium. This regime is called ballistic
where the position of the particle is highly correlated and can be used to measure its instantaneous
velocity which according to Einstein, is nearly impossible to measure. However, recent advances in
the detection technologies for larger sized particle has made it possible to measure the instantaneous

velocity [69-72].

Based on this principle, if faster measurements are made possible such that the motion of the par-
ticle can be measured in ballistic regime and at times scales shorter than the intracellular activities
times, where particle is only thermally driven, then it is possible to use instantaneous velocity of the
particle to measure the viscosity of intracellular fluids. This alternative and previously unexplored
approach have the potential to extract the fluid viscosity at short time-scales, faster than the dynamic

restructuring of biological cytoplasm, and without requiring a priori calibration of the position signal.

For this purpose, we have developed an ultra-fast particle position detection technique and tracked
1 um particle with unprecedented measurement bandwidth as close as 10 MHz. As the particle
displacement information is present in the light scattered by the particle, it is essential to be able
to detect as much light to acquire short times scales position measurement. The detection scheme
that we have developed can detect 160 mW of the scattered power using commercial optics and
electronic detectors. This system has made it possible to track the ballistic motion of the particle and
determine its instantaneous velocity in three different fluids using 1 um silica particles. Chapter 4 of
this dissertation explains the new detection technique to measure the ultra-fast measurement of the

position of a particle.
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Previously, the instantaneous velocity of an optically trapped particle is measured using high power
threshold customized detectors and larger sized 3.06 um silica and 5.36 um BaTiO3 particles [72].
In our OT setup while using only standard commercial equipment, we have measured instantaneous
velocity of the smallest sized particle that has been ever measured in ballistic regime, i.e. using 1
um silica particles which have ~27 times lesser volume than previously used 3.06 um particle, thus
making is more susceptible to be used in biological cell. Additionally, in the ballistic regime, the
velocity of a particle is correlated, and the velocity autocorrelation function is independent of units’
conversion from volts to meter or trap stiffness calibration. Therefore, it can be computationally fitted
to find the unknown viscosity of the fluid without knowing or calibrating the trap stiffness. Chapter
4 of this dissertation demonstrates the applicability of measuring instantaneous velocity of 1 um

particle to measure the viscosity of different fluids at short timescales.

1.4 Structured scattering for enhanced trapping of particles

In most of the optical tweezers, 1.064 um wavelength is used to trap particles due to non-invasive
nature for biological medium. Particle sizes comparable to the light wavelength are used in the exper-
iments as trap stiffness is maximum for the particles comparable to the incident light wavelength. For
a same optical system, particle and surrounding fluid properties, trapping efficiency scales inversely
as the particle sizes increase [73}74]], making it difficult to trap the larger sized particle. Fundamen-
tally, trap stiffness can be improved for larger sized particles by increasing the incident trapping beam
power; however, it induces photodamage in the sample [[75,/76] hence cannot be considered a reliable

solution to increase trap stiffness.

There are many applications where several micrometer-sized particles carry vital importance and,
non-invasive techniques to achieve higher trap stiffness and signal-to-noise ratio are required to un-
derstand and explore the fundamental science and biological phenomenon. For instance, light-driven
micro-robots are being developed recently in which several micron-sized glass syringe is manipulated
by trapping the spheroidal particles attached to the syringe, for targeted delivery of the drug. Simi-
larly, micro gears and rods which act as either active or passive handles in making micro-robots, are
usually manipulated using optical forces [77,(78|]. Moreover, OT has been used to trap the red blood

cells in vivo, to clear the blocked micro-vessels [[79]] and also for diseases identification [80,(81]].

Similarly, biological cell sorting and manipulation are often done with OT where larger sized cell,
typically greater than 10 um, are displaced [82,83]]. In addition, triggering the vestibular behavior

in zebrafish is done by applying optical trapping forces on 55 um sized otoliths where very high
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powers ranging from 50 ~ 600 mW were illuminated on zebrafish [84]. Optical levitation of several
micron-sized particles in a vacuum has also been used to better understand the particle physics and
gravitational forces [[17,/18,/85]. From these examples, it is clear that trapping of larger particles is
very crucial in many biological and engineering applications and also for understanding a wider range
of fundamental science, therefore, new tools to trap larger particles or enhance the trap stiffness are

vital.

Trap stiffness depends upon several parameters such as optical scattering, extinction and absorption
cross-section and, can be improved using several techniques either by structuring the incident beam
profile or by altering the physical properties of the trapped particle. In principle, these techniques
increase the light momentum transfer per photon to increase the resulting force due to the momen-
tum transfer. Recently, a slight improvement in the optical trap stiffness has been demonstrated for
counter-propagating trapping beams in which scattering forces is minimized resulting in the increased
gradient force [[86]]. Additionally, several techniques based on the structured light fields have been
demonstrated to improve the axial or lateral trap stiffness by 1.6 times than that for simple Gaussian

trap [87-89].

The state-of-the-art in stiffness has been increased by a factor of 2 by employing specially engineered
anti-reflection coated and high refractive index Titania particles to suppress the back-scattered light.
Coating ensures stable trapping, while the high refractive index core allows powerful interaction with
the trapping field. Using these particles in OT, back-scatter is suppressed, however, particles exhibit
forward-scatter with a similar angular distribution to homogeneous spheres, but with far stronger
scattered fields [90]], resulting in the enhanced trapping. Engineering particle properties can enhance
trap stiffness by two order of magnitude whereas; a significant improvement is expected to be achieved
by structuring the incident light such that light-particle momentum transfer is maximized. Based on
this, we have employed holographic optical tweezers and structured the illuminating light such that
the particle scatters light at wider angles than the Gaussian beam scattering. This structured scattering
not only enhances the trap stiffness by several orders of magnitude but also improves signal-to-noise
ratio significantly. Chapter 5 of this dissertation explains the methodology and implementation of
structuring the incident Gaussian beam to achieve higher trap stiffness for larger particles that can be

very useful in several fundamental science and engineering applications.
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1.5 Contents of this dissertation

Chapter 2 describes the fundamental Brownian motion theories for different sized particles trapped in
fluids of different viscosity. Chapter 3 illustrates our efforts to design and construct the robust micro-
scope and D-mirror based split detection scheme. Chapter 4 demonstrates the new flipped waveplate
based high bandwidth particle tracking methodology to determine the instantaneous velocity of the
Brownian particle in different fluids and extract the viscosity of surrounding fluid with the unprece-
dented fast rate. Finally, chapter 5 describes the concept and implementation of structured light in
holographic optical tweezers to enhance the trap stiffness and signal-to-noise ratio by several orders

of magnitude.



Chapter 2

Physics of optical tweezers

2.1 Overview

This chapter describes the theory of the optical forces applied by the incident laser beam on the
particle to trap it. The first part of the chapter explains the optical forces on the dielectric particle for
different regimes depending upon the particle size, i.e., ray optics, Rayleigh and Lorenz-Mie regime.
The second part illustrates the theories of Brownian motion of a particle in a harmonic potential. This
section includes the theoretical details of different regimes of Brownian motion of the particle from
longer to shorter timescales and transition of different regimes of the Brownian motion depending

upon trap stiffness, particle size and viscosity of the fluid.

2.2 Optical force on dielectric particle

The force acting on an optically trapped object is divided into two major components: the gradient
(Fgq) and the scattering forces Fy,. (Fyq) is directed to the gradient of the electromagnetic field and
attracts the particle towards the highest intensity region which is the focal spot. Fy; occurs as a result
of the transfer of optical momentum produced by the incident photons scattering and applies force
in the propagation direction of the incident beam. For a stable optical trap in three-dimensions, the

gradient force must be larger than the scattering force.

The optical force exerted on the particle due to the incidence of classical light can be explained in
two ways. On the one hand, it can be described as the transfer of momentum of incident photons per

second n,,P/c to the trapped object by the dimensionless factor generally represented as Q.

F= —Q”C’”P, @.1)

where n,, is the refractive index of the medium, P is incident light power and c is the velocity of the
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light. For a perfectly absorbing particle with plane wave approximation, Q = 1 which means that all
the momentum of incident photons is transferred to the particle in the direction of the incident light
propagation while Q = 2 for a perfectly reflecting particle. For particles smaller than the incident
light wavelength, Q ranges from 0.03~0.1 [91]]. This formula describes how force is generated due
to light-matter interaction. When optical force is exerted on the particle to trap it, this force can be
approximated as a harmonic potential having trap stiffness k¥ which displaces the particle from the

trap center by a distance x. This position dependent force can be can be written as

F = —xx, 2.2)

where the negative sign describes the direction of the applied optical force is always towards the

equilibrium position.

2.2.1 Rayleigh Regime

For particles having sizes much smaller than the trapping beam wavelength, i.e., r < A, the electro-
magnetic field is considered uniform across the trapped object and can be thought of as an induced
point dipole. This regime is called the dipole or Rayleigh scattering regime. Then, the force Fyy ,

applied on the dipole by the electric field is given by [91,92]

1
Fea.r = 50| V(E?), (2.3)

wheredE is the electromagnetic field and «, is polarizability of particle that satisfies the Clausius—Mossotti

equation [93]]

e—1
ap=r3{8T2}, (24)

where r is the particle radius and € is the dielectric permittivity. On the other hand, the scattering and
absorbing forces can be described using absorbing and scattering cross-section of small particles as

follows:-

2
E]

E
F = %(aabs + ascat)k/ ’k‘ 5 (25)

where o,,; and Q4 are the absorbing and scattering cross-section of the particle respectively and, k



2.2 Optical force on dielectric particle 10

denotes the light vector. A computational toolbox to calculate forces in Rayleigh regime can be found

in ref. [94].

2.2.2 Ray optics regime

When the trapped particle is much larger than the trapping wavelength (> 1), the interaction of light
with the particle can be described by the ray optics method. In this analysis, the incident light field is
considered as a ray of light having zero wavelength which can change its direction when reflected or
refracted through a medium of the uniform refractive index. On changing its direction, the change in
the momentum occurs which results in optical forces on the dielectric particle and these forces on the

spherical particle can be calculated using Fresnel formulas [95].

Force Down

Force Right Force Left

Figure 2.1: Schematic of optical forces on the particle in ray optics regime. It shows the ray optics
diagrams of four different cases when light is impinged on the particle at four different incidence
angles having force components F, and F;, which results in a net force F' on the particle in different

directions and displaces it accordingly.
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Hence, gradient Fg, ,,, and scattering forces Fy ,, in the ray optics regime are given by

P (. T?[sin(26; — 26,) + Rsin26;]
Fogro = 27 ) Rsin26; — 2.6
gdro =" { S 1+ R?+2Rc0s20, (26)
nmP T?[cos(26; —26,) + Rcos26;]
Fyro = Y {l + Rcos26; — I+ R2 7 2Rc0s26, 2.7

where 6; and 60, are the angles of incidence and refraction respectively. As it is evident from the for-
mulas, both gradient and scattering forces are dependent on transparency 7" and reflection coefficient
R of the particle, and on 6; and 6,. A computational toolbox to calculate the optical force in the ray
optics regime is available at the ref. [[74]. A schematic diagram of applied forces based on the ray
tracing method is shown in figure [2.1] It shows that the applied force on the particle is different for

different angles of incidence and refraction.

2.2.3 Lorenz-Mie Regime

The particle in both Rayleigh and ray optics regime has several fundamental science and sensing
applications. However, in biology, particle comparable to the wavelength of trapping beam is mostly
employed as the trapping force per mW of optical power is larger when these parameters are close to
each other. For the particles, between Rayleigh and Mie scattering region, the applied optical forces
are described by classical electrodynamics. The time-averaged net radiation pressure force F;, on the
object can be calculated by taking integral of the dot product of the unit vector pointing in the normal

direction 71 and Maxwell’s stress tensor, for an enclosed surface s 7 [96-98].

Frp=( f{ AT ds) 2.8)

The computational toolbox to calculate forces in Lorenz—Mie Regime can be found in ref. [99]. It can
be used to investigate the forces in OT as functions of several parameters such as r, A, n,, and NA.
The corresponding values of these parameters can be chosen, and resulting forces can be calculated

for a given system.
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Figure 2.2: Lateral trapping efficiency of different sized particles in Lorenz-Mie regime. Q, is a
dimensionless normalized force factor in the lateral direction and r is the particle radius in the units
of incident light wavelength. The slope of the graph near the central axis shows the trap stiffness
which is larger for 1 um silica particle when trapped in water n=1.33 using 1064 nm laser and 1.3 NA

objective.

Figure shows the lateral trapping efficiency of different sized optically trapped silica particles
when trapped using circularly polarised 1064 nm laser beam. The slope of the graph near the center
exhibits the trap stiffness which larger for particles closer to the trapping beam wavelength (1um).
The peaks show the maximum force which is experienced by the particle when its displacement from
the optical axis is close to the radius of the particle. At distances larger than r, trap efficiency starts
decreasing until scattering forces are dominant and the particle is no longer trapped in the harmonic

potential of the laser beam.
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Figure 2.3: Axial trapping efficiency of different sized silica particles. Q. is a dimensionless
normalized force factor in the axial direction and r is the particle radius in the units of incident light
wavelength. The slope of the graph near the central region describes the axial trap stiffness. It is
higher for particle sizes closer to the trapping beam wavelength. Due to the scattering forces in the

axial direction, the particle is in equilibrium at a position slightly away from the optical axis.

Similarly, figure shows the axial trapping efficiency of different sized optically trapped silica
particles when trapped using circularly polarised 1064 nm laser beam. Trap stiffness is larger for
particles closer to the trapping beam wavelength (1um). The particle is trapped slightly away from
the trap center due to scattering forces, and therefore, maximum axial trap efficiency and stiffness are
slightly smaller than lateral. However, a trapping region of displacement of a particle from the center

of the trap is slightly larger in the axial direction than lateral.
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Figure 2.4: Lateral trap stiffness for different sized silica particles calculated using Lorenz-Mie
Theory. Trap stiffness is maximum for 0.7 um diameter particle when trapped using 1064 nm laser

and 1.3 NA objective, in water of refractive index=1.33.

Based on the axial and lateral trap efficiencies, most of the optical tweezers based probe experiments
utilize lateral forces especially for biology as it governs higher force per mW than axial forces. Figure
[2.4] shows the lateral trap stiffness calculated for different sized silica particle, trapped in water using

1064 nm laser. The stiffness is calculated using OT computational toolbox.

2.3 Optical trapping in liquid

Optical forces on the micro/nano-particles can be described based on the models mentioned above.
In most of the applications, particles are dispersed and trapped in a liquid, though there are studies of
trapping in a gas [|69]] and vacuum [14,/100] as well. For stable trapping in the fluid, main condition
of the trapping is that refractive index of the particle should be higher than that for surrounding fluid.
When a particle is dispersed in a fluid, it undergoes the Brownian motion which can be measured using

OT. Following paragraphs describe the theories of Brownian motion and how it can be measured and
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analysed.

2.3.1 Free Brownian Motion

The Brownian motion of a particle in a fluid is the random motion of the particles as a result of
trillions of collisions of the fluid molecules. This motion was first discovered by Robert Brown in
1827 who observed the random motion of the micron-sized particles under the microscope [[101].
Later on, in 1905, Einstein described the Brownian motion as the amplification of the statistical
fluctuations of the surrounding fluid molecules. He postulated that the average position fluctuation
of the Brownian particle is equal to 0 while the average distance explored by the particle, generally
called Mean Squared Displacement (MSD), increases with time depending upon the diffusivity of a

particle in the medium.

MSDg = ((Ax(t))?) = 2Dt (2.9)

where D is the diffusion constant given by:

kgT
D="8" (2.10)
Y

where T is the temperature, kp is the Boltzmann constant and ¥ is the Stokes’ damping coefficient. At

such timescales the Stokes’ damping coefficient is given by:

y=6nnr, (2.11)

where r is the radius of the particle and 1 is the viscosity of the fluid. Einstein proposed that it
will not be possible to determine the instantaneous velocity of a Brownian particle due to its very
rapidly changing and randomized motion due to the kicks from the surrounding molecules. As such,
displacement of the particle due to the random kick from fluid molecules is considered as a motion
which is differentiable anywhere [[102]]. Therefore, the instantaneous velocity of a Brownian particle

is undefined; however, in time interval ¢, the root-mean-square velocity is given by [103}/104]

Vrms = \/ <(AX([>)2>/I =V 2D/t' (2.12)

This result is valid only at long timescales, where statistical approach can be used, and particle mo-

mentum can be averaged to zero. At long timescales when ¢ > 7, the particle motion lies in the
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diffusive regime where 7, = m, /7y is known as the momentum relaxation time of the Brownian parti-
cle having mass m,. At very short timescales (f < 7,), the dynamics of a particle is dominated by its
inertia, the motion is the ballistic and instantaneous velocity of the particle can be measured simply
as v; = Ax(r) /t. In this regime, MSD of the particle is dependent upon the mass, and it maintains in
velocity for a certain time. In contrast to the free diffusive regime, MSD of the particle scales as the

square of the time. Hence, it is given by the following expression

kT
B2

MSDL —
E mp

(2.13)

In 1908, Paul Langevin deduced a stochastic force and derived Einstein’s mean squared displacement
expression from Newton’s second law. Langevin’s approach is more intuitive than Einstein’s, and the
“Langevin equation” has been used widely in stochastic physics [[105]]. He described the motion of a

Brownian particle having mass m,, as a function of time.

mpi(t) = —yi(t) + F(t).. (2.14)

Taking the Fourier transform and solving for the displacement in the frequency domain, it is given by

(2kpTy)!/2

LA 2.15
—mp0>+ iy .15)

x(w) =

Now the power spectrum of the motion of a particle P, which describes how much amplitude of

displacement is present at specific frequency @ is given by

2YkpT
P = (Ix(@)]*) = a)znyjnf,a)‘" (2.16)

As the MSD of the particle is correlated in the ballistic regime and can govern its velocity, the am-
plitude of velocity at given frequencies can be seen on the velocity power spectrum P,, obtained by

multiplying position spectrum to ®?.

2’)/](BT

= 5. 2.17
P+ mia? (2.17)
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Moreover, time domain expression of the velocity of a particle is given by

—t/7p
V(1) = voe % + S
Mmp

t /
/ ¢/ E,(t)dr. (2.18)
0

As in ballistic regime, the velocity of a particle is correlated, it can be described in terms of its
autocorrelation function which provides a measure of the time it takes for the particle to “forget” its
initial velocity. When the particle motion is diffusive, the velocity correlation is zero while in the
transition from diffusive to ballistic; it increases exponentially. In the ballistic regime, the velocity

correlation is very high and has a finite value. The velocity autocorrelation is given by:-

Cy(t) = /0 w\?(t’ +1)9(t") (2.19)

where the bar represents a time average. Mathematically, it is calculated by taking the Fourier trans-

form of the velocity power spectrum.

Co(t) = LI %, (2.20)

mp
where 7, is the momentum relaxation time T, which defines the timescales at momentum of the
particle is relaxed and can be considered zero. At timescales shorter than 7, particle maintains its
momentum and can be considered as a boundary of transition of free diffusion to the ballistic regime

or vice versa. Time-dependent position fluctuation of the particle can be calculated by integrating the

velocity of the particle.

t
(1) =x0+ / v(t')dr' (2.21)
0
Now MSD is given by
2kpTTy (¢ e
MSD, = —F<— —(1=¢€'%) 5. (2.22)
mp Tp

All the equations mentioned above are for free Brownian motion when no external force is influencing
it. In OT, the motion of the particle can be very well analyzed using the velocity autocorrelation
function and power spectrum, therefore, we are including their analytical expression to describe the
Brownian motion theory and will compare our results in following chapters based on these analytical

expressions.
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2.3.2 Brownian motion in an optical trap

When a Brownian particle is trapped in an OT, its motion is in a dynamic equilibrium where the
thermal noise from the surrounding molecules tries to push it out of the trap, but optical forces drive
it towards the center of the trap. The timescale 7; at which the restoring force of the optical trap acts
on the particle is given by the ratio of Stokes drag coefficient y and trap stiffness x i.e 7, = y/k.
Normally, 7; is significantly larger than the momentum relaxation time 7, for particle size of few

microns trapped with few hundreds of mW optical power.
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Figure 2.5: Power spectrum of an optically trapped 1 um particle at different trapping stiff-

ness. Optical trap confines the motion of the particle at lower frequencies however, it undergoes free

Brownian motion at higher frequencies larger than f,

The Langevin equation of the Brownian particle in an optical trap is given by

mpX (1) = —yx(t) — kx(r) + F(t), (2.23)

(2kgTy)'/?

2.24
—mp0?>+i0y+ K’ (224

x(@)* =
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2’}/kBT
pr— , 2.25
Y0P +mi(0f — 0?)? (2:29)

where @y = /Kk/m,, is the trap resonant frequency. Figure shows power spectrum of optically
trapped 1 um particle at different trapping strengths. Optical trap confines the motion of the particle
depending upon corner frequency f, = k/2my and particle cannot undergo free Brownian motion

until it is free from the effect of the optical trap.
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Figure 2.6: Power spectrum of an optically trapped 10 um particle at different trapping
strengths. At lower frequencies shown in black and green color, particle has overdamped harmonic
motion. However, if trap corner is higher, particle undergoes underdamped harmonic motion and a

resonant peak appears at the resonance frequency.

In Eq. when @y < 1/27,, the harmonic potential effects the motion of the particle only in the
diffusive region and behaves like an overdamped system. When @y > 1/27,, the optical trap will
force the particle to oscillate until the damping from the fluid make the motion damped out. In this
case, the motion of the particle will be underdamped, and this effect will appear as a resonant peak in

the power spectrum near@y which will be stronger for lower damping. This resonance effect is shown

in Figure[2.6|
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In most the optical trapping experiments, the trap corner frequency is lower than the resonant fre-
quency, and particle has overdamped harmonic motion as shown in the figure For this case, the

velocity power spectrum P is given by

20> ykpT
P* = . 2.26
VT o2y? +m§(a)§—w2)2 (2.26)

And normalized autocorrelation function C(7) is

v(t)v(0)) 1 oy 1 oy
() = ! = i e 2.27
Y=y T e e (&27)
where

/ 2Tp

T, =— 2.28

= 1+21) 0 (228)

where @, = a)g — (21,) 2 is the trap corner frequency. Normalizing the autocorrelation function by

C,(0) = (v*) = kgT /m, makes the correlation function independent of the volts-to-meter conversion
factor and scales between zero to one. Therefore, time is the only independent variable which can
be measured accurately with the detection system. As the velocity autocorrelation function describes
the time-dependence of velocity fluctuation of the Brownian particle, it makes it much easier to see
whether temporal and spatial resolution of the measurement system is enough to measure the velocity

of the Brownian particle.

At shorter times scales where the motion of the particle is ballistic, its velocity has high correlation
and can be seen in the velocity correlation graph in figure The particle has a higher correlation
at timescales shorter than 0.1 ws and this correlation decays at longer timescale until it reaches zero.
To measure instantaneous velocity of 1 um particle with high correlation, the temporal resolution of
the OT measurement system must be larger than 0.1 s, though it can be measured with even higher
correlation if higher measurement bandwidth can be achieved. For 7; < 7, velocity of the particle is
not influenced by the optical trap. Similarly, MSD of the particle incorporating the trap dynamics is

described as

2T R 1

MSDE(t) = 1-— e
L) m,,a)g[ 2| @] T, 2| @] 7

e /. (2.29)

As shown in the figure the motion of the particle is confined by the optical trap at longer
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timescales. Higher the trap stiffness, longer the time the particle remains in a harmonic potential.
At shorter timescales when it is no longer under the effect of the trap, particle undergoes free Brown-

ian and ballistic motion depending upon 7).
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Figure 2.7: Normalized velocity autocorrelation of an optically trapped 1 um particle at differ-
ent trapping stiffness. This graph shows that for most of the optical tweezers which utilize 1 um
silica/polystyrene particles at <10 kHz corner frequency, the velocity auto-correlation function of the

particle is unchanged and not influenced by the trap if 7, >> 1), .
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Figure 2.8: Double logarithmic plot of means square displacement of an optically trapped 1 ym
particle at different trapping stiffness. This shows that the particle undergoes Brownian motion for
a longer time for a weak trap, while for a strong trap, its motion is confined by the trap at relatively

shorter timescales depending upon trap stiffness.

2.3.3 Brownian motion with memory

Brownian motion of a particle in a gas is a random collision of gas molecules with the particle in
a reversible manner where particle experiences random collisions of gas molecules and do not have
any back-action effect on the gas. However, in case of liquid, the inertia of the surrounding liquid is
as much significant as the particle because of the relatively higher density due to which the particle
experiences more collision from surrounding molecules at a similar temperature. There are some
specific timescales associated which help to understand the different regions of the Brownian motion

better.

The full Brownian motion of a particle over different timescales is described in figure[2.9] The motion
is free diffusive and ballistic respectively, at timescales much larger and shorter than 7,. At longer
times scales, MSD is proportional to ¢, the motion of the particle is random and, independent of both

mass of the particle and surrounding fluid displaced by the Brownian particle. This regime is called
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free diffusive. After this region, the motion of the particle is in between ¢ and > of the proportionality,
called the transition/intermediate regime. In the transition regime, the surrounding fluid dragged by
the particle retains the fluid vorticity created due to the particle motion due to which particle motion
is influenced by this displaced mass which appears as an added mass to the particle mass. This total
displaced mass is called the effective mass m, and is equal to the sum of the mass of the particle and

half the mass of the surrounding fluid [[106,/107].

1
me = mp + Emf’ (2.30)

where m, = (4/3)7rp,, is the mass of the Brownian particle and m; = 4 /377> p; is the mass of fluid
and m, is the effective mass. This equation does not depend upon the shape of the particle; rather the
displaced mass is the important factor. In this case, particle mass in the Equipartition theorem will be

replaced by the effective mass.

1 1
Eme<v2> = EkBT, (2.31)

and effective root-mean square velocity of the Brownian particle vy, will be

ksT
Vs =1/ - (2.32)

The fluid mass displaced by the particle has the exciting feature of the particle position memory. For

example, if the moving Brownian particle is suddenly stopped, the fluid flow vortices caused by the
previous motion of the particle will drag the particle to keep it moving along the fluid. Thus the
presence of dense fluid displaced by the particle or the fluid vortices, create a memory effect on the
motion of the particle. Therefore, future particle positions are not completely random but dependent
upon the history of its position due to fluid vorticity. This phenomenon was first observed in 1945 and
termed as hydrodynamics memory effect which is significantly dominant on the Brownian motion at
short times scales. The fluid vorticity interacts with particle for a certain amount of time and the time
over which fluid vorticity propagates a distance equal to the size of the particle is generally called
characteristic fluid-particle interaction decay time 7. For the particle and fluid density denoted by
pp and py respectively, Tr = 97,p7/2p, . These hydrodynamic memory effects are presents for the

timescales shorter than 7.
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Figure 2.9: Brownian motion from long to shorter timescales. At longer timescales, the motion of
the particle is free diffusive and ballistic at very short timescales. In the transition from diffusive to
ballistic, particle motion is affected by hydrodynamics and particle starts to drag some fraction of the

surrounding fluid for all shorter timescales.

At timescales shorter than 7, the motion of the particle is not random and it depends upon the effective
mass of the particle. For timescales shorter than 77, the position of the particle is highly correlated
and can be used to determine the velocity of the particle in the fluid. In the case of 1 um particle in
water, hydrodynamic memory effects extend the time for the particle to become ballistic where MSD
of the particle is proportional to 2. Particle motion is purely ballistic when its velocity correlation
reaches the plateau. In the complete MSD graph, fluid mass is added into the particle mass for all
the timescales shorter than 7,. However, if the fluid is considered compressible then at timescales
T, = d/cs, where d and c; are particle diameter and speed of sound in the fluid, the particle motion is
decoupled from the surrounding fluid. In this situation, fluid is compressed rather than dragging with

the particle; therefore, the particle will move with its own mass m,, rather than effective mass m,.

Presence of the fluid vortices or hydrodynamic memory effects creates damping force on the particle

and can be included in to the generalize Langevin equation for the complete description as follows:-

mex(t) = —yi(t) —6r*\/Tpsn /_;(t—t')_l/z)'é(t')dt’— kx(t) + Fp(t). (2.33)
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Eq. [2.33] describes the complete Brownian motion theory in an optical trap which also includes
hydrodynamic memory effects. The term on the left-hand side is the accelerating force of the particle.
Terms on the right-hand side: the first term describes the Stokes’ friction force, the second term
illustrates the hydrodynamic memory effect of the fluid, the third term depicts the harmonic trap
force, and the last term is the Brownian stochastic force. Detailed description and calculation of

hydrodynamic memory term can be found in references [70, 108, 109].

10° 10 10°
Frequency (Hz)
Figure 2.10: Hydrodynamic power spectrum for different sized particles trapped in water for
equal trap stiffness. Smaller particle sizes have higher amplitude of the displacement while larger
sized particles undergo shorter distances for same trap stiffness. Ballistic motion for the 10 um
particle starts earlier than that for 1 and 5 um. The spectrum becomes flat at higher frequency due to

shot noise.

An analytical expression of the power spectrum of optically trapped particles undergoing the hydro-

dynamics effects is given by [54, 110].

(P = —2 L+ //20; , (2.34)
! T f2 [0/ f— T 207 — f10p — /90512 + 1+ /[ /265
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where ¢ , r = 1/(277 , r). For simple Brownian motion case neglecting the hydrodynamic effects,
power spectrum of the particle rolls of 1/f2 in diffusive and 1/ f* in ballistic regime. When hydrody-
namic effects and included it takes rather a complicated form and particle undergoes 1/ f2 in diffusive
and 1/£3* in ballistic regime. Figure shows power spectrum of optically trapped particle where

its motion includes the hydrodynamic effects.

Another important parameter which influences the Brownian motion is the viscosity of the fluid. Fig-
ure [2.11] shows power spectrum of an optically trapped 1 um particle for fluids of different viscosity
but same density. After the trapping region, particle undergoes Brownian motion which rolls off as
1/f? until T — 7y and then the transition region scales differently for different viscosity until ballistic

motion is reached where it scales as 1/ 3 for all different viscosity.

Now expression for the power spectrum and velocity autocorrelation function is as simple in the hy-
drodynamic case as described by Eq. [2.25|and [2.29|rather they take complicated form first calculated
by Hinch for free particles from the original Langevin analysis [[108] and then by Clercx and Schram
for a Brownian particle in a harmonic potential [[109]. These expressions can adequately describe the

Brownian motion of an optically trapped microparticle in a fluid [[71, 111}/112].
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Figure 2.11: Hydrodynamic power spectrum for different viscosity fluids as compared to wa-
ter. Particle motion scales identically both at short and longer timescales, but scales different in the

intermediate region due to hydrodynamic effects.
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Normalized hydrodynamic VACF is given by:-

(€)= v(t)v(0)) _ Setlerfe(c) /1)
kgT /me  ci(c1—c2)(c1 —c3)(c1 —ca)

cgecgt erfc(can/t)
ca(ca—ci)(ca—c3)(cr—cq)

c%ecg’erfc(q V)
c3 (C3 —C1 ) (C3 — C2) (6'3 — C4)

ciecézl’ erfc(cqn/t)
ca(cg—c1)(ca—c2)(ca —c3)’
where ¢y, c>, c3 and ¢4 are the four roots of the equation.

_|_
(2.35)

1 1
(7, + §rf)c4 — /Tt + —=0 (2.36)
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Figure 2.12: Hydrodynamic normalized velocity autocorrelation for different sized particles
trapped at fc = 10kHz. Larger size has a relatively higher correlation in velocity than for smaller,

at a given time. The velocity correlation decay rate is also slower for larger sized particle than for

smaller.

Moreover, the mean square displacement of a trapped microparticle including hydrodynamic effects
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in a liquid is given by

MSDE(r) = 2kgT N 2kgT ec%’erfc(cl\/f) N
K me ci(c1—c2)(c1 —c3)(c1 —ca)
eerfe(coy/7)
C2(Cz — Cl)(Cz — C3)(C2 — C4)
eSterfe(czv/7)
Cc3 (C3 — C1)(C3 — Cz) (C3 — C4)
e“ilerfe(cav/T)
C4(C4 — C])(C4 — Cz)(C4 — 63) ’

+
(2.37)
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Figure 2.13: Hydrodynamic normalized velocity autocorrelation for 1um particle trapped in
different viscosity fluids relative to water, at f. = 10kHz. The decay rate is faster for fluid having

viscosity double than for water and smaller for the fluid with lower viscosity.

Figure [2.12] shows velocity autocorrelation with respect to lag time for different particle sizes. The
correlation is very high at the short time and decays at longer time scales until it becomes flat. This
decay rate is steeper for smaller particles and slower for a larger particle which means that the velocity
of the smaller sized particle is lost quickly as compared to the larger sized particle. The thermal veloc-

ity of the particle is vy,,s = \/kDT /m, which means that larger particles have lower thermal velocity.
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The required position resolution with 10% uncertainty is Ax = Tj ¢ Vs /100. Increasing the particle
size for the same material increases the product of T, .v,us, hence decreasing the requirement of po-
sition resolution to measure the instantaneous velocity, with increasing the particle size. Similarly,
the required sensitivity s < Axv/Ar decreases with increasing the particle size. Therefore, it is easier
to measure instantaneous velocity of larger sized particles and has been a good choice for measuring

instantaneous velocity in water and acetone [72].

Figure [2.13| shows the hydrodynamic velocity autocorrelation for different viscosity fluids relative to
water keeping the same density. It shows that velocity decays faster in relatively higher viscosity fluid

and require higher temporal resolution to measure instantaneous velocity in viscous fluids.
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Figure 2.14: Hydrodynamic Mean Squared Displacement for different sized particles trapped
in water at same trap stiffness. Smaller particle will have larger corner frequency than larger size
particle. For smaller sized particle, MSD will be flat for longer time than for larger particle. Larger

sized particle has larger 7, which means its ballistic region will arrive earlier than for smaller sized

particles.

Figure 2.14]shows the analytic hydrodynamic MSD of various sized trapped in water with same corner
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frequency. MSD is flat at longer time scales but undergoes for 7 < 7. The smaller sized particle has
relatively larger displacement than for larger, at a given time. Additionally, larger sized particles also

drag larger fluid which means hydrodynamic effects are also higher for the larger sized particle.

Similar to velocity autocorrelation analysis, the viscosity of the fluid can be analyzed using MSD of
the particle trapped in the specific fluid. Figure describe the MSD for various viscosity fluids
relative to water. MSD is flat at a longer timescale and has different hydrodynamic effects after the
particle is away from the influence of the trap. Higher viscosity fluid has increased hydrodynamic
effect and MSD of the particle is larger than for lower viscosity at a given time. It also means that
larger spatial resolution is required to measure MSD in lower viscosity medium for given temporal

resolution.
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Figure 2.15: Hydrodynamic MSD for different viscosity fluids at constant trap stiffness relative
to water viscosity. Particle undergoes relatively smaller displacements in denser medium than in
lower viscosity fluid. Viscous fluid couple strongly with the particle and hydrodynamic effects are

also higher for the viscous medium.



2.4 Conclusions 31

2.4 Conclusions

Light carries momentum and can apply forces on micro/nano-sized particles to trap them. Trapping
forces can be accurately described by three different models depending upon the relative size of the
particles. In practice, optical forces are applied to the particle which is usually trapped in a fluid and
undergoing the Brownian motion. This motion of the particle undergoes free diffusion, transition and
ballistic regimes from longer to shorter timescales and it confined by the optical trap depending upon
trap stiffness. In the transition from free diffusive to ballistic motion, hydrodynamic effects of fluid
interaction with the particle start occurring which increase its effective mass. Based on these effects,
the motion of the particle can be analysed by measuring its position and velocity power spectra, mean
square displacement and velocity autocorrelation function to differentiate between different sized

optically trapped particle in different viscosity fluids.



Chapter 3

Construction and calibration of optical

tweezers

3.1 Overview

This chapter describes our efforts to construct optical tweezers that can achieve high stability and
state-of-the-art precision. The first part consists of construction and the second part describes the
calibration techniques. The main goal of building a customized OT setup is to apply higher trapping
forces using 1.3 NA objective and collect the scattered light with the identical objective. The micro-
scope should be stable enough to track the position of the particle at lower frequencies close to 1 Hz,
and it should have all the capabilities of easy optical alignment and quick sample change over. Finally,
the OT should be able to trap and track a range of particle size typically from a hundred nanometer to

several micron sized particles with high temporal and spatial resolution.

For optical trapping, light is tightly focused on a sample specimen using high NA objective and the
scattered field is collected using similar or lower NA objective. Higher NA objectives are used to
apply and measure larger forces in an optical trap. There are commercially available microscope
structures that can be used to mount high NA objective for trapping purpose. However, perfect align-
ment of 1.3 NA objective (to collect the scattered light) with trapping objective still need customized
mechanical design. Correct alignment of 1.3 NA trapping and collection objective (generally called
condenser) is a more significant challenge, and at least 5-axis degree of freedom is required for their

proper alignment.

There are also commercially available 5-axis travel objective mounts; however, they carry small
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weight, typically 500 g or less and are often sensitive to thermal drifts and mechanical vibrations
especially when working with higher NA objectives. For these reasons, we have constructed a home-
made design of the microscope to mount trapping and condenser objectives with 5-axis degree of
relative freedom for easy and robust alignment. The structure is also made heavy for more stability,
and design is moderately compact for easy sample change over. This design is mainly inspired by
the atomic force microscope (AFM). To track forces and displacements of the trapped particle, a cal-
ibration of the detected optical signal is required. The particle is trapped using a 1064 nm laser, and
its position is detected using the D-mirror based split detection system. Calibration of OT is done by

fitting the power spectrum, including hydrodynamic effects (See Chapter 2).

This optical tweezers can stably trap and track the particles with few A spatial and less than a js
temporal resolutions. Additionally, it is also capable of measuring the position of the particle at larger

frequencies close to 1 Hz.

3.2 Construction of optical tweezers

3.2.1 Overview of experimental setup

To optically trap the particle in three dimensions, a high-intensity gradient is required to apply forces
in all directions with net force pointing towards the focus of the beam. For this purpose, We will utilize
a continuous wave Gaussian beam, as is the most common choice for OT, but other beam shapes such
as Bessel [113]] and pulsed Gaussian beam [114]] can also be employed for trapping purpose. The
schematic of our optical tweezers setup is shown in figure In this setup, the laser source is a 1064
nm wavelength Nd: YAG Innolight Prometheus. This laser has a maximum output power of 850 mW
and 1.3 mm. 1/e? beam diameter in the fundamental TEM(y mode. The trapping objective (Nikon
Plan Fluorite, NA1.3, oil immersion) has a back aperture of 6mm, so a 5x beam expander is used to

enlarge the beam waist at its back-focal plane.

A combination of half waveplate and beamsplitter is used to control the power going into the objective.
It is slightly overfilled to achieve a planer wavefront and a tight focal spot for higher trap stiffness
[115]. After the beam expansion, a dichroic mirror is used to direct the laser towards the trapping
objective which traps the particles in the sample. Scattered light is collected from another objective,
and then the scattered light is directed towards a D-mirror based split detector. A 532 nm diode laser

is used to illuminate the sample for visual observation of the particles in the sample.
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Figure 3.1: Schematic of optical tweezers setup. TEM(y Gaussian mode is emitted from an Nd:

YAG laser, half waveplate and PBS is used to control power going into the microscope, then a beam
expander expands the laser beam to slightly overfill the back-aperture of trapping objective. Scattered
light is collected from similar specs objective as for trapping. The back-focal plane of the condenser is
imaged on a D-shape mirror using a relay lens, and light is then focused on the balanced photodetector

to measure the position of the particle.

3.2.2 Microscope Design

The microscope of optical trapping experiments mainly consists of four parts: trapping, collection,
illumination, and detection. A stable microscope is very important for particle tracking experiments.
We designed the microscope based on the principle that all the parts are mechanically coupled with
each other and the optical table so that mechanical vibrations are minimized. For trapping purposes,
both water and oil immersion lenses can be used. A water immersion lens has better refractive index
matching with water-based sample than an oil immersion lens thus avoiding the spherical aberrations

associated with oil immersion objectives. However, there is a disadvantage of water evaporation dur-
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ing longer measurement. On the other hand, the oil immersion lens has relatively shorter working
distance but have better resistance to thermal drifts and evaporation, and are suitable for measure-
ment which requires more time to set-up. Recently, silicone immersion objective lenses have been
introduced which have both better refractive index matching, longer working distance and smaller
aberrations which could be a better but expensive choice a water immersion lenses with oil that has

n=1.33 can also be used. Details of the design are mentioned in the following paragraphs.

Lower part

A customized 25.4 mm thick and 40 x 40 cm sized rectangular shaped aluminium plate is made
which has three mounting holes in a triangular fashion, i.e. two holes near the two corners and one
held in the middle of opposite side. A dichroic mirror is mounted underneath this plate using a right
angle kinematic mount to direct the laser into the trapping objective. This plate is mounted firmly on
51.4 mm thick steel posts using brackets (Thorlabs, C1515/M). One end of the steel post is bolted
on the optical table, and the other end has customized structures whose purposes are described in the

next sections.

A nanopositioner (MAD City Labs: Nano-F200S) which has 200 um travel distance and 0.2 nm
resolution is mounted in the middle of the rectangular plate and trapping objective in tightly screwed
on it. This nanopositioner is used to adjust the focus of the trapping objective. Then a motorized
two-axis microstage (MAD City Labs: MCL-MOTNZ, 25 x 25 mm travel distance) is placed on the
rectangular plate for coarse lateral movement of the sample and another 2 axis nanopositioner (MAD
City Labs: Nano-Bi0S200) having travel distance 200 x 200 pum and 0.4 nm resolution is mounted

on this microstage.

The sample is placed on the two-axis nanopositioner for experiments. Initial characterization experi-
ments used silica particles (Bang Laboratories Inc, SS04000) dispersed in between two coverslips of
thickness 85~120 um and then sealed with commercially available fast drying (~ 1 min) super glue.
It is essential that objective and condenser combined working distance should be larger than sample

thickness; therefore, care should be taken on selecting the coverslip and sample total thickness.
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Upper part

Figure 3.2: Condenser holder plate design. A triangular shaped heavy aluminium plate is designed
to hold condenser. Each corner of the plate is equipped with vertical movement micrometers for

angular alignment of the objective.

The scattered light from the particle is collected using 1.3 NA condenser. In our case, it is identical
to trapping objective and is mounted on a ~ 5 kg heavy custom-made holder which have threads
for axial movement of the condenser like a vertically mounted microstage. It is made of aluminium
which is a smooth material for machining fine threads. It is further attached to a triangular shaped
plate whose design is similar to AFM stages for holding AFM scanning tip. In this design, a high
load carrying and high precision manual micrometer (Newport: BHC30.10, 40 kg, 4 um) is attached
on each corner of the triangular plate for angular alignment control of the condenser. At one corner,
the ball-bearing head of the micrometer is placed in between three coinciding steel balls such that it
is touching each ball at only one point. The steel balls are made fixed on the custom steel plate which
is mounted on two single axes high load (90 kg) carrying capacity, lockable microstage (Newport:

M-UMRS.4) for lateral movement of the triangular plate and hence condenser.
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Figure 3.3: Condenser plate holder design. The triangular plate is placed on three custom designed
base plates. One corner consists of firmly fixed 4 mm steel balls on which one corner of the plate
is placed. This corner is equipped with lateral movement stages for lateral alignment of condenser

objective. The second corner consists of fixed rails, and the third side is a flat surface.
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Figure 3.4: Longer times measurement of the trapped particle. Green dots are the experimental
raw data, and blue is the least-square curve fit which governs trap corner equal to 30 +3 Hz. This
spectrum shows that position information can be extracted for a long time as close as 1s which deter-
mines the stability of the OT setup. Measurements are taken for 50 mW optical power on the sample

which gives a relatively weak trap stiffness.

Second, axially fixed, micrometer of the plate is placed on steel rails (5 mm x 10 mm ) such that its
head makes a single point contact. Finally, the third-micrometer head is placed on the flat surface of
the steel post making one point contact, which serves as a freely moving point in the lateral direction
for the alignment of triangular plate or condenser. The design of the triangular plate holder is shown
in figure[3.3| This design of the upper plate provides robust sample change as it can be mounted and
unmounted easily and makes the relative alignment of the objectives simpler which is challenging in
case high NA objective and condenser. On the same plate, a fiber-coupled LEDs (Thorlabs: M530F2)
based illumination system is set-up imaged on a CCD camera (AVT Manta G-031B). The mechanical

design of the condenser holder plate with illumination system is shown in figure[3.2]

For particle tracking, firstly a sample containing particles in prepared and kept on the sample holder.
Then the triangular plate is placed, and the alignment of the condenser is performed using the manual

stages as mentioned previously. This OT design is quite robust as it provides quick sample changeover



3.2 Construction of optical tweezers 39

and realigns the microscope easily, stable optical trapping is achieved until some external perturbing
force tends to take particle away from the optical trap. From the power spectrum of the trapped
particle (which is described in detail in later sections), the motion of the particle can be measured for

the frequencies as low as 1 Hz as shown in the figure[3.4]

3.2.3 Interferometric particle detection scheme

To track the position of a particle from the trap center, generally, two types of schemes are used. First
one is CCD camera based image processing and the second is interferometric. In-camera tracking,
multiple particles can be observed and tracked simultaneously; however, the particles tracking speed
is limited by the camera frames per seconds (fps) which is usually at most few thousands of frames
per second for a commercial camera. Thus the tracking bandwidth is limited to a few kHz. For
fast cameras, the large onboard buffer memory is required to capture and process the acquired im-
ages hence limiting the recording time. High-speed cameras or smart cameras can also be employed
which are based on center-of-mass tracking, but they are quite expensive and still require large buffer

memory [|116].

An alternative and relatively cost-effective technique are based on detecting the interference or phase
shift in the scattered light of the trapped particle due to its displacement from the trap center. The
scattered light from a trapped particle contains information about its displacement from the trap center.
The displacement of the particle can be measured by detecting the interference or deflection of light
depending upon the size of the particle. In the Rayleigh regime in which particle sizes are smaller
than laser wavelength, the particle behaves like a dipole. Light is scattered as a new dipole wave
that interferes with the light which has not interacted with the particle. In ray optics regime in which
particle sizes are larger than laser wavelength, light is instead deflected at an angle depending upon the
particle displacement. In both cases, scattered light is collected by the condenser, and either angular

change in the transmitted light or interference pattern are present at the back focal plane.

When a trapped particle is displaced from the trapping axis, the intensity pattern is changed at the
back-focal plane of the condenser. Therefore, by imaging the back-focal of the condenser, its possible
to track the three-dimensional motion of the particle with high-resolution [9,/42,117,/118]]. To do this,
usually transmitted light from the condenser is shined on a quadrant photodiode for three dimension
particle tracking. In quadrant photodetector, four diodes are placed in the vicinity such that light is

shined on all the diodes. The difference of the sum of diode current governs the lateral movement of
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the particle:-

Sy = (D1+Dz) — (D3 + Da), (3.1)

Sy = (D1+D3) — (D2 + Dy), (3.2)

while the sum of the current of all diodes determine the axial position

S; =D1+Dy+ D3+ Dy, 3.3)

where Sy, Sy and S, are the detector signal in X, y and z-direction respectively and Dy,D,,D3,D4
are four diodes of quadrant photodetector. Commercially available quadrant detector have ~ 1MHz
measurement bandwidth. In our setup, the transmitted light is instead directed towards a D-shape
mirror, placed at the back-focal plane of the objective using a relay lens and mounted on a linear axis
stage for the lateral alignment. D-shape mirror can be used to cut the incident beam into two halves
where one half is reflected, and the other half is passed through. Then these light sections are focused
on a balanced photodetector which has two well-separated photodiodes joined in an electronic circuit
such that resultant current is the subtraction of two diodes and is generally called a balanced detector.
This is equivalent to the subtraction current recorded with a quadrant eq. and facilitates to
use high-bandwidth and low electronic noise commercially available detectors. Hence it can provide

greater particle tracking bandwidth and sensitivity than a commercial quadrant detector.

As the resultant current from the two diodes is subtracted, only the difference current goes into the
inbuilt current amplifier circuit which minimizes the capacitance and saturation requirement of the
detector, hence increasing the measurement bandwidth. It can also measure the z-axis motion of the
particle based on the similar principle of quadrant detector in which z-axis particle motion changes
the focusing diameter of the scattered beam on to the photodiode which can be measured according
to Eq. 3.3] In our experiment, we are only tracking x-axis motion of the particle. Data from the
detector is recorded using high speed and resolution digitizer (Infinitum DSOS204A, 10 Bit, DC to
2 GHz). Using back-focal-plane interferometry based detection system, particles can be tracked with
Angstrom spatial and microsecond temporal resolution. Apart from this detection system, particles
can also be tracked using digital video microscopy with millisecond and nanometer resolution [119]

120]. Schematic of optical tweezers with D-shape mirror based detection is shown in figure[3.1]
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There is another type of particle position and force detector called position sensitive detector (PSD)
whose signal is proportional to the position of the laser intensity centroid on the detector element, and
this is directly proportional to the applied optical force. Unlike quadrant style photodiodes, PSDs are
independent of beam size and shape. As long as the scattered light is hitting the detector, centroid
position can be tracked using PSDs. In contrast to QPD, a PSD possesses several electrical contacts.
This results in a distribution of the photocurrent among the contacts, depending on the position of the

laser spot

3.2.4 Optical Tweezers calibration

In OT, the position of the particle is detected using a photodetector which governs signal in the units
for volts instead of physical units. Therefore, it is necessary to do volts-to-meter conversion to mea-
sure the applied force and trap stiffness in physical units. This calibration can be performed using
active or passive techniques. In active calibration techniques, an external force field is applied to
the particles whereas in passive techniques only the thermal fluctuations of the fluid’s molecules are
responsible for displacing the particles. Both types of techniques are based on relating the time-
dependent probe particle trajectories to the fluid properties and can be used for position and force

calibration both in simple and complex biological environments.

Both types of techniques govern the same calibration parameters; however, active techniques require
a motorized or piezo-stage to displace trap the particle relative to trap center and require more instru-
mentation yet they are more reliable for calibration in complex biological environment [50]. On the
other hand, passive techniques are relatively easy to implement and can be used for OT calibration in
a pure solvent like water. Calibration of both trap stiffness and determining volt-to-meter conversion
is required to further calibrate applied optical force on the particle in physical units. Following is

some discussion about methods to calibrate OT.
Equipartition theorem analysis

The Equipartition theorem is a fundamental theorem of thermodynamics which states that each degree

of freedom in a physical system at thermal equilibrium possesses %kBT of energy. As the optical trap

2

gives a harmonic potential, the trapped particle contains %Kx energy where x is the displacement

from the trap center. At thermal equilibrium with temperature T, the average energy of the trapped
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particle will be equal to the thermal energy.

1 2 1
— = —kgT 34
ZK(X> 3 B1, (3.4)

where (x?) is the mean square displacement of the particle which is caused due to random collisions
of the fluid molecules with the particle. Once the displacement is normalized into physical units,
trap stiffness can be measured with high precision. This method of determining the trap stiffness
requires a calibrated position sensing device in units of a meter, but does not require calculating the
viscous drag coefficient y of the trapped bead or knowing the viscosity of surrounding medium 7 and
hence can be used in an unknown viscosity environment. However, it requires a position calibrated
detector in physical units which can be done by scanning the laser over a stuck particle for a known

displacement [121},122].

Although trap stiffness can be measured accurately using this method, it involves two steps: first
determining the detector sensitivity, i.e. volt-to-meter conversion using stuck particle in the same
sample and then trapping another freely floating particle in the sample. This adds up the complexity
of calibration when the particle needs to be trapped inside the biological cell where making the particle
stuck is not easy. Additionally, this method is not suitable for calibration at higher trapping power
and as compared to other following methods, offers smaller reliability in determining the stiffness at

higher power typically larger than few hundreds of mW [123]].
Power spectrum Analysis

Apart from equipartition theorem, the motion of the particle in an optical trap can be given by
Langevin equation from which power spectrum, MSD and position autocorrelation function are de-
duced and can be used to calibrate the OT. In this regard, the power spectrum analysis of a trapped
particle provides a robust way of determining trap stiffness and the volt-to-meter conversion factor.
A freely moving particle in water exhibit Brownian motion, which has a mechanical power spectrum
that scales with the inverse square of the frequency. The optical trap suppresses low-frequency mo-
tion, resulting in a spectrally flat region at low frequency. The corner frequency f. quantifies the
transition between these two spectral regions and is directly proportional to the trap stiffness. The

power spectrum of the particle can be described using Eq. [54,/]110]:-

D 1
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Therefore, by measuring the power spectrum of the position of a particle, analytic eq[3.5] can be
used to fit the spectrum using least-square methods with f,. as an unknown fitting parameter and trap
stiffness can be determined from the expression K = 27y f.. Additionally, volts-to-meter conversion

factor can also be determined by the following equation:-

D
cf= g"’, (3.6)

where D and D, are theoretical and experimentally measured diffusion constants respectively. After
determining the calibration factor in the units of V /m and trap stiffness from the corner frequency,
displacement signal is divided by the ¢ to determine the applied forces F', MSD and C, etc in physical
units. This method governs the highest sensitivity for change in trap stiffness due to particle size
variation and also provides information about the presence of classical noises of the OT system.
Additionally, it can also give information about the drag coefficient of arbitrarily shaped trapped

particles [121].
Mean square displacement analysis

Another useful characterization of the Brownian particle is determining its mean squared displace-
ment which quantifies how much it has displaced from the equilibrium position. For an optically

trapped particle, it can be determined using the following equation [55]:-

Msp(z) = 28T {1 - e*“W"x} 3.7)

Kx

At short timescales in the free diffusive regime, the motion of the particle is linear while at longer
timescales, it is constrained by the optical trap. By measuring the MSD of the particle, Eq.
can be computationally fitted using the least square method with trap stiffness k and 7 as the fitting
parameters to determine their values accurately. Hence, optical tweezers can also be calibrated using

this MSD method.
Position Autocorrelation Analysis

Position autocorrelation function calculates the autocorrelation of the randomly fluctuating position
signal. In an OT, it determines how much the position of the particle is correlated with the successive

position at a given amount of time or how much time the particle takes to reach a new position. From
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the Langevin equation, it can be given by:-

kT

—ltly/x
¢ (3.8)

Cy(t)

Experimental particle position autocorrelation function can be computationally fitted using the least
square method with trap stiffness k and 7y as the unknown fitting parameters. Calibration using po-
sition autocorrelation function is straightforward and easy to implement as compared to other tech-
niques. Moreover, this method is particularly suitable for the presence of non-spherical particles and
non-conservative effects in the sample. It has been used to measure the unknown viscosity of different

water-based solutions [67]].

3.2.5 Calibration including the hydrodynamic effects

All the above-mentioned calibration techniques are valid for timescales much longer than the fluid-
particle interaction time Ty. As described in the previous chapter, when a particle undergoes free
Brownian motion, the particle drags fluid with it, but the dragged mass does not influence its future
position. However, at shorter times scales, the dragged fluid retains the current position information of
the particle which influences its next position which is like the position memory effect and is generally
called the hydrodynamic effect. Therefore, a complete theory including hydrodynamic effects is
essential to be used for OT calibration which could be used for both timescales shorter or larger than
Tr. Additionally, it has been shown that neglecting the hydrodynamic memory effects in the Brownian
motion measurement causes an underestimation of more than 10 % in detector sensitivity and traps
stiffness for particles as small as 0.27 um and sampling frequency larger than 200 kHz. Therefore, it
is essential to include the hydrodynamic memory effects and use the expression of the power spectrum

and mean square displacement which includes the memory functions [[109,/110].

Figure[3.5| shows the powerspectrum of 1um particle trapped with 330 mW of optical power on the
sample, having a corner frequency of 5.06 kHz which shows a very stiff optical trap. The averaged
powerspectrum shows an excellent agreement with hydrodynamic theory. Generally the particle mo-
tion is influenced by the fluid properties however, there are other factors which can affect the Brownian
motion of the particle. For example, boundary effects are present when the particle is very close to
the surface of coverslip typically for less than 2 um and are very minimal beyond this distance. In
our experiments, 1 um particle has been kept at a distance of 6 um from lower coverslip and 15-20
um from upper coverslip in the sample chamber. Therefore, for small changes in the particle or fluid

parameters, boundary effects are very minimal in our experiments and haven’t been accounted for,
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although including these effects will give more accurate results [54]. Additionally, the number of par-
ticles in the sample are kept very low and usually, 1 y m particle is present per 500 um. Therefore,
Casimir forces which arise due to the presence of other particles in the vicinity usually at a distance

less than 200 nm, are negligible.
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Figure 3.5: Position power spectrum of optically trapped particle. Green dots show the position
amplitude of the particle averaged over 10 successive points and the blue color line shows the theoret-
ical least square curve fit which includes hydrodynamic memory effects given by Eq. [2.3.3] The flat
region shows the confinement of particle by the optical trap at lower frequencies while it undergoes

free Brownian motion at higher frequencies

Similarly in time domain, MSD of the particle can also be calculated. In practice, its MSD has the
contribution from the laser noise. Therefore, it is not an independent measurement of MSD; rather it
is the sum of MSD of trapped particle and MSD of the laser noise. This laser noise is uncorrelated
to the motion of the particle and appears only as an offset in the measured MSD. Therefore, MSD of
laser noise which is measured in the absence of trapped particle should be subtracted from total MSD

to govern MSD from particle alone [[71].

MSD,(t) = MSD;(t) — MSD,(7) (3.9)
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Figure[3.6]shows the MSD of the trapped particles. MSD of laser noise is subtracted from the particle

signal to determine the MSD of the particle from the total signal. It has an excellent agreement with

MSD theory including hydrodynamic effects.
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Figure 3.6: Hydrodynamic MSD of the trapped particle. The flatline at longer timescale shows

particle is optically trapped while at shorter timescale, particle undergoes free Brownian motion.

Measured MSD of trapped particle agrees well with hydrodynamic theory.

3.2.6 Spatial and temporal resolution of Brownian particle

Once OT and particle tracking systems are set-up, it is important to characterize it in terms of spatial

and temporal resolution of the measurement system. For Brownian motion measurement, this reso-

lution can be described as the minimum mean square displacement that can be measured in an OT

system at a minimum measured time. At longer timescales, MSD is flat due to trap potential confine-

ment while at short time, it scales with power one or two until the laser noise becomes dominant. The

minimum point where MSD of the particle is larger than for the laser noise determines the spatial and

temporal resolution of OT. Based on this, we have achieved 0.1 ps temporal and 3.1 A resolution for

1 um.
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3.2.7 Conclusions

We have constructed a stable microscope using a 1.3 NA objective to trap the particle and similar
1.3 NA condenser objective to collect the scattered light. Mechanical design of the microscope is
quite robust and, provides angular and lateral controls for easy alignment of high NA objectives for
fast-tracking of the trapped particles. Calibration is done using hydrodynamic theory based power
spectrum of the trapped particle to determine the trap stiffness and detector position measurements

conversion factor from volts-to-meter.

Then, using the mean square displacement analysis, spatial and temporal resolutions of the system
is determined which are the important parameters to observe the Brownian motion of a particle at
fast times scales typically in ballistic regime. Stability of the microscope is assessed from the power
spectrum which shows measurable particle signal for as long as 1s. Additionally, we are also able
to determine the position of the particle at timescale as small as 0.1 s and 3.1 A for 1 um silica
particle. This optical tweezers setup can be employed for several biological and fundamental physics

applications.



Chapter 4

Ultra-fast optical tweezers for viscosity

measurement

4.1 Overview

In this chapter, an elegant technique is described which could allow measurement of the Brownian
motion of a particle in the ballistic regime for standard biologically compatible optical tweezers. The
chapter starts by giving an intuitive explanation of how the filter works. It is shown theoretically that
up to 82.7 % of the signal can be transmitted while not detecting the trap field. The experimental
setup is described and the experimental results are presented. The spatial filter allows a reduction
of 10% to 10* in optical power, thereby allowing the full signal from a high power optical tweezer
to be detected on a standard commercial detector. In the experiment we achieve bandwidths up to
~ 10.75+ 0.46 MHz for a 1um silica particle in water, surpassing state-of-the-art. We explore the
options for extracting further information from the acquired data and show that we can extract the

viscosity of the liquid around the particle.

4.2 Split-flipped waveplate based detection scheme

In standard OT, the quadrant photodetector or the D-mirror based balanced detection scheme is em-
ployed for particle tracking. In both techniques, all the scattered light is illuminated on the detector
which saturates the commercial photodetector at reasonably low power < SmW. In principle, only
the fraction of light carries the displacement information of the particle and detecting all the scattered
light is not required except collecting enough light to overcome the electronic noise of the system.

However, in standard detection techniques, all the scattered light is detected and this principle is the
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major limitation in acquiring higher measurement bandwidth as it saturates the detector.

Typically, particles are trapped with few hundreds mW of optical power to acquire higher trap stiff-
ness; however, commercial detectors are not designed to detect this enormous amount of light to
acquire higher bandwidth and can only handle few mW of power, thus limiting the possible effec-
tive measurement bandwidth. Recently, higher bandwidth has been achieved using customized high

power damage threshold photodetector which can detect 140 mW power [[72].

However, this still has not been sufficient to detect ballistic motion of standard particles under stan-
dard conditions, such as 1um silica in water. Additionally, electronic design of the detector is quite
complicated and may not be readily accessible to wider optical tweezers community. Therefore, an
alternative technique is required to filter out the more substantial portion of scattered light possess-
ing more than 99% of light having no displacement of the particle information, so that fraction of
scattered light with useful information can be detected with commercially available fast measurement

detectors.

Here we develop a technique based on a spatial filter which separates the optical signal from a trapped
particle from the unscattered light. The spatial filter allows a reduction of 10% to 10* in optical power,
without attenuating the signal. Thereby the spatial filter solves the problem of detector saturation,
and a commercial detector can be used to detect the full signal. The filter is constructed using a split-
waveplate and a single mode optical fiber. The split-wave plate turns even optical modes into odd
and vice verse. The single mode fiber only allows the even fundamental mode to enter. The filter can
thereby suppress even modes, while it can transmit light from an odd mode. The trap field is in an
even mode and is thus heavily suppressed. The signal from a displaced particle is in an odd mode,

and the filter is optimized to maximize transmission of this signal.

The optical mode of light scattered from 1um silica is a combination of dipole scattering and geo-
metrical scattering as described by Lorenz-Mie theory. To get an intuitive understanding of the filter
process, assume that the trap field is in the fundamental Gaussian mode and that the particle scatters

fundamental and other Gaussian modes. The trap field can be written as

Eyser ~ Ae™% /"%, 4.1)

where x will be the coordinate of trap center and A is a normalization constant depending upon the
particle, medium and incident wave parameters. Under the above assumption, when a trapped particle

is moved from the center of the trap at a small nano-metric displacement, the scattered field from the
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particle can be approximated

Eye ~ Be™ 00/, 42)
where Ox is the particle displacement, and B is proportional to A and the particle scattering cross
section. Figure shows the simple Gaussian function when displaced by a small distance dx.

E(x)
~ = Centered TEMoo Mode

=== Displaced TEMo Mode

Figure 4.1: Scattered field from the trapped particle. When the particle is in the center, then the
Gaussian mode is also in the center. When the particle is displaced by dx, the Gaussian field also

displaces accordingly. The x-axis units are normalised by the beam waist.

The scattered field can be further expanded into smaller amplitude terms using Taylor series as

22 2Bx(e” /M) 8x

Egt ~Be™ 5
"o

+ 0[8x%]. (4.3)

The first term in Eq. [4.2]is independent of the particle displacement. The second term which is
proportional to dx will, therefore, contain all the information of small displacements. In terms of
optical modes, the first and second term can be called as Transverse Electromagnetic TEMyy and
TEM ;¢ modes. These modes are displayed in figure[4.2] where it can be seen that the 01 mode (green)
is antisymmetric around the origin. This means that the optical mode which carries the information is
an odd mode while the optical modes of the trap field and scattered field, from the particle which do

not carry information, are symmetric.
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Figure 4.2: Scattered field modes. Scattered Gaussian mode can be expanded in terms of other

higher order TEMgy and T EM;y modes.The x-axis units are normalised by the beam waist.

As an approximation, higher order terms O can be neglected for nanometer-sized displacement as
they have a very low amplitude (< 10%) as compared to first two modes; therefore, the scattered
field can be approximated to first two terms in Eq. {.2] This expression is an approximation to
understand the basic principle of governing techniques; however, full electromagnetic theory based
on Mie Scattering can describe more accurate electric field profile. In the scattered field, almost all
the light is present TEMy mode and the only fraction of light usually in femtowatt is present in other
modes. The information of the particle displacement is present only in higher order odd modes mainly
in TEM1(, which means that collecting and detecting TEMg mode is not useful except generating

enough current to overcome the electronic noise.

To do this, we have developed an alternative technique using a split-flipped waveplate (SFWP) which
is very simple and robust to use. It can be made by taking a commercially available half-waveplate,
cut into two halves, flip one half of the plate along the vertical axis and then join the two cut sections.
When half of the light is passed through the un-flipped section and another half from the flipped
section, then there will be a 7 phase shift between two halves. This 7 phase shift on one half will
reverse the mode shapes of scattered light. Therefore, one half of light will be passed unchanged, and
another half will have opposite mode shapes, converting the even modes in odd and odd modes into

even as shown in figure We called these modes as flipped TEM( and flipped TEM ¢ modes.

When these modes are focused on the single-mode fiber, the trap field flipped TEMqg which is now

in an odd mode are entirely suppressed as it has zero overlap with the even fundamental mode of the
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fiber. However, the symmetric flipped TEM ;g mode which carries the information of the particle will

have a limited overlap with the fiber as shown in figure
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Figure 4.3: Flipped modes. When the waveplate is introduced in the center, it flips the mode only in
one half, converting odd mode into even and vice versa.The x-axis units are normalised by the beam

waist.

This overlap can be optimized by changing the waist of the flipped TEM¢ mode using lenses, and
maximum efficiency of 82% can be achieved for 0.54A. The intensity of flipped TEM;o modes can
be described by

wo

2 eI\ xSx ?
L= { / (Ae™ MO)(&gn(B%))dx} , (4.4)

where A and B are normalization constants for Gaussian and flipped TEM{y mode. sgn function acts
on TEM ¢ mode and flips one half of the electric field to convert it from being an odd mode to even

mode.

Using this spatial light filtering technique, even Gaussian modes, which carry most of the light and are
the primary reason for saturation of the photodetector, are filtered out. Therefore, the only a fraction of
light carrying particle displacement information is shined on the photodetector. This greatly enhances
the capability of the detection system to put more light on the detector and acquire larger signal-to-
noise ratio which in turn will increase the measurement bandwidth depending upon the flipped TEM

mode coupling efficiency.
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Figure 4.4: Coupling Flipped TEM o mode to the fiber. The flipped HG 01 mode is even mode and
can couple into the single mode fiber mode which can be approximated as the fundamental Gaussian

mode. The x-axis units are normalised by the beam waist.
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Figure 4.5: Coupling efficiency of flipped TEMy mode. It depends upon the waist of the flipped

HG 01 modes which can be changed experimentally using set of lenses. The maximum coupling

efficiency of 82.7 % is achieved for beam waist equal to 0.54A.

It is notable that the waveplate based detection method does not remove information of whether the
particle direction. This method detects the amplitude of the asymmetric mode, which can be both

positive and negative. In the current setup, one-dimensional position information is extracted. But,
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the overall method does not have the limitation of three-dimensional particle tracking and a more
complicated optical setup can be constructed to do three-dimensional particle tracking using flipped
waveplate. Similar techniques of modes flipping have been employed recently for high-resolution

imaging. Ping Koy Lam supplied the flipped split waveplate for our experiment.

4.2.1 High bandwidth particle tracking measurements

Based on the idea mentioned above, the waveplate is placed in the optical setup as shown in figure 4.6
Scattered light collected from the condenser is passed through a half-wave plate and polarizing beam-
splitter which transmits some light < 0.5mW towards D-shape detection platform where a balanced
photodetector (Newport, 1807-FC) is placed. The rest of the light having 6 mm diameter is directed
to the SFWP detection platform. SFWP is placed at the back-focal-plane of the condenser-objective,
same as a D-shaped mirror. It is mounted on linear and rotational microstages, which are perpendic-
ular to the laser beam axis. The diameter of the beam transmitting from the SFWP is decreased from
6 mm to 2 mm using collimation lenses of 150 mm and 75 mm respectively to increase the coupling
efficiency in the fiber. Then the beam is directed towards the single-mode fiber using a combination
of mirrors and focused on the fiber tip using an aspheric lens having 4.1 mm focal length which is
fixed on a rotational mount. The position of this lens is carefully changed to maximize the coupling

efficiency.

The waveplate can now be aligned for maximal suppression of the trapping field, typically giving a
suppression down to 10™*. To do this, firstly, all the scattered modes are passed through one half
of the flipped plate and then it is displaced towards the beam center using linear microstage until
maximum suppression is achieved. This suppression is highly sensitive to vibrations but is typically
stable for ~1 minute. To enhance the signal in the flipped mode so that a more significant signal is
acquired to overcome the electronic noise, a phase reference field is required. This field needs to be
phase locked with the signal field, but independent of the particle position. Conveniently this local
oscillator is obtained by displacing the waveplate a little from maximum suppression to allow 1 mW

power to enter the fiber.

The output light from the single mode fiber is illuminated on to a photodetector (Thorlabs, PDA10A).
The photo-current is high-passed with a 100 kHz filter, amplified, low passed at 32 MHz and then
digitized with a fast 12-bit oscilloscope sampled at 100 MHz. The high pass filter is used because
the 12 bits are insufficient to digitize the full signal. The amplifier reduces the influence of electronic

pick-up from the cables. The low-pass filter avoids aliasing from frequencies above the Nyquist
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frequency.

With 1 mW of power, the detector has around 6 dB of clearance between electronic noise and shot
noise. 1| mW is used to stay clear of saturation (at 1.4 mW) and at the same time maximise clearance
to the electronic noise. With 1 mW of power, the laser is shot-noise limited at frequencies greater
than ~ 4 MHz. Below this frequency, a noise-eater in the laser creates some high frequency excess
classical noise. To reduce this noise contribution at lower frequencies, we record a reference beam
on an identical photodiode before the microscope. This reference beam is separated from the optical
before going into the microscope using a polarising beam splitter and delivered to the second single-
diode photodetector using free-space optics. This reference beam is digitalized in the same way as
the signal field and can be subtracted in post-processing. This procedure eliminates the classical
noise same as the balanced detector does and signal approaches the shot-noise. As this is not an
interferometric measurement, therefore, reference and particle signal beams are not required to be

phase-locked.

It is important to note that a balanced detection approach is used in both techniques which allows par-
ticle position measurement only in one direction. Although, three-dimensional position information
can be acquired using the quadrant photodetector most of the commercially available quadrant de-
tectors are not high-bandwidth detectors. On the other hand, commercial balanced detectors provide
high measurement bandwidth, but they usually have low saturation power typically less than 500 u W.
As our purpose is to compare our proposed detection scheme with previously available fast detection
scheme, therefore, we used a balanced photodetector instead quadrant photodetector. For both types
of detection schemes, the more complicated optical setup can be constructed to separate the scattered
beam into four halves and then adding/subtracting them in the same manner as quadrant detector does

to acquire three-dimensional particle information.

The experimental procedure is as follows. The sample is placed in the microscope, and the light is
aligned with the single mode fiber without the waveplate. The waveplate is then moved to maximum
suppression and then moved to allow a 1 mW local oscillator. The measurement is taken after this
procedure and repeated for every measurement. The data is binned in 5 and then plotted as shown in
the figure. Here 160 mW was sent on to the spatial filter. This data is distinguishable from normal
Brownian noise as it looks like it has been low-pass filtered at around 1.6 MHz. This is, however
not the case; instead, the momentum of the particle dominates the thermal noise, as is the main

characteristic of ballistic motion.



4.2 Split-flipped waveplate based detection scheme 56
Single-Mode

g Illumination
Fiber

ﬁ' '+\ D- Shape Mirror
= =
T T

Cond Balanced
onaenser Detector

Particle Signal = Trap_ped
Trapping Particle
Objective Polarizing Beam
Splitter
ccb \ M2 Waveplate 1064 nm
Camera Beam Laser
Expander
\ .
3 PN | — —
Reference
Post-processing Beam

subtraction Reference Signal

Figure 4.6: Schematic of complete optical setup. This schematic includes both D-mirror and wave-
plate based detection schemes. The scattered light from the trapped particle is distributed towards
both detection systems using a combination of a half waveplate and a polarizing beam-splitter. The
waveplate is placed at the back-focal-plane of the objective similar to the position of the D-mirror.
Then the light is focused into a single mode fiber using a combination of lenses. The output from
the fiber is illuminated on a single diode detector. The reference beam has similar ImW power as
for the particle signal on the detector, is illuminated on another detector. Data from both single-diode

detectors is recorded on oscilloscope and subtraction is done computationally using MATLAB.

Experimentally, fiber output is connected to a power meter to check how much light is passing. When
SFWP is brought in to the beam path using linear stage, modes start to flip, and transmission efficiency
starts to drop. Based on this, mode suppression of more than 99.95 % is achieved. For example, for
100 mW scattered light on the waveplate, light with an intensity lower than 50 uW is transmitted
through the fiber at full suppression. However, in practice, 50 uW is not enough to overcome the
electronic noise of the detectors. Therefore, the waveplate is slightly displaced to pass through some

amount of the Gaussian modes which acts as a local oscillator to enhance the particle signal that is
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coupling into the fiber.

4.2.2 Comparison of D-mirror and split-flipped waveplate detection schemes

Based on this scheme, the particle is optically trapped, and simultaneous measurements of positions
of the particle are made using both detection schemes. Data is sequentially acquired for both schemes,
and the power spectrum is analyzed to observe the trapped and Brownian motion of the particle. For
the D-shape mirror based balanced detection schemes, maximum 0.5 mW of power is illuminated
on D-shape mirror and balanced detector, while for SFWP scheme, up to 160 mW is passed through
SFWP, but only 1 mW is illuminated on single diode photodetector which is enough to acquire all
the particle position information in 160 mW of transmitted power. In our OT, ~ 500 mW of power
is going into the microscope, and only 160 mW is coming out due to transmission losses into the

objective and sample.

The position of a trapped particle is tracked, and similar trap stiffness/corner frequency was found
with both techniques when measured without the high-pass filter. As shown in the power spectra in
figure 4.2.2] the motion of the particle is constrained by the optical trap at lower frequencies < f,
and at a higher frequency, the amplitude of power spectrum rolls off with 1/f% and/or 1/f3- until it is

limited by the laser or digitization noise of the oscilloscope.

In these measurements, the corner frequency is around 5.25 kHz and means that both detection
schemes are recording the Brownian motion of the optically trapped particle. The high trap stiff-
ness retains higher position amplitude for longer time which saturates the detector quickly, and we
do not have the higher dynamic range to acquire data. Additionally, powerspectrum of the waveplate
detection scheme seems to deviate from the flat behaviour slightly. This is because mode suppression
at 160 mW scattered power on the waveplate is more sensitive to mechanical and echo vibration in
the room, than 500 uW scattered power on the D-mirror. The noise at low-frequency region seems to

be increasing with noise in the experimental room.

The particle Brownian motion intersects with a noise floor at ~ 1 MHz, and displacement of the
particle at higher frequencies are not accessible. For this reason, we have used 100 kHz high pass
filter so that higher voltage amplitudes at lower frequencies are suppressed, and we have the more
dynamic range to acquire the signal at frequencies higher than 1 MHz. Moreover, 32 MHz low-pass
filter is also used to avoid aliasing of high-frequency noises in the low frequency where the motion of

the particle is dominant.
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Figure 4.7: Power spectra of trapped particle using both D-mirror and waveplate based detec-
tion schemes. (a) and (b) are the power spectra acquired using D-mirror and split-flipped wave-
plate based detection schemes respectively. Trap corner frequency was acquired 5.45 +0.37 kHz and
5.2540.23 kHz respectively. SFWP based detection method is more sensitive to mechanical vibra-

tions of the optical setup, therefore, power spectrum in (b) has non-flat response at lower frequencies.

Based on this, reference and particle signals are acquired from separate detectors using the oscillo-
scope, and computational subtraction of the reference signal is done from the particle signal. Figures
M.8| and [.9] show the reference, particle and subtracted signal for 20 mW and 160 mW power on
waveplate. This subtraction is necessary to minimize the classical laser noise shoulder from the par-

ticle signal at lower frequencies. In our measurements, this subtraction reduces classical laser noise
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by approximately 20 dB. At higher bandwidth, the contribution of classical laser noise is lesser than

at lower bandwidth.

Based on this computational method, power spectra of the trapped particle for different scattered
power on the waveplate are shown in figure #.10] The acquired bandwidth for this power scaling is
shown in figure .11} and comparison of bandwidth acquired using both detection methods is shown
in figure @.12] In our experiments, we have acquired one- dimensional particle motion, however,
three-dimensional particle tracking can also be done using a more complicated optical set-up. As per
the basic principle of the SFWP detection technique, it detects the amplitude of the asymmetric mode,
which can be both positive and negative and therefore, does not remove the directional information

of the particle.

100k ) ) _ .
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Figure 4.8: Power spectrum of particle, reference and subtracted signal at 20 mW scattered
power on waveplate. Laser classical noise has a shoulder which has significant contribution in the
particle signal. Computational subtraction of reference signal from particle signal minimizes this

noise and particle dynamics are acquired.
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Figure 4.9: Power spectrum of particle, reference and subtracted signal at 160 mW scattered
power on waveplate. Higher bandwidth is achieved at higher power and laser classical noise has
small contribution in the particle signal. This small classical noise is also diminished by computa-

tional subtraction of particle and reference signal.
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Figure 4.10: Power spectrum for optical power scaling on the SFWP. Bandwidth increases with

increasing detection power on the waveplate. The little hump on the laser noise is due to the laser

relaxation noise.
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Figure 4.11: Measured bandwidth of 1 um for optical power scaling on the SFWP plotted on
linear scales. Circles are the mean bandwidths of three experimental measurement for a particle and
error bars are calculated from . The first point is 6.13 MHz at 10 mW power which in the ballistic
region and it scales with root power 3.5 for increasing power. The measured bandwidth is lower at

higher power as it becomes difficult to acquire > 99.95 % mode suppression with increasing power.
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Figure 4.12: Bandwidth comparison of the D-mirror and the SFWP detection schemes plotted on log-
arithmic scales. Stars and circles are the mean bandwidths of three experimental measurements for
a particle and error bars are calculated from standard error. The D-mirror detection scheme saturates
at 0.5 mW of scattered power and bandwidth is limited to 1.36 +0.51 MHz. For the SFWP detec-
tion scheme, 160 mW of the scattered power is measured and bandwidth of ~ 10.75+ 0.46 MHz is

measured.

4.3 Ballistic motion of the Brownian particles

According to definitions of ballistic motion mentioned in ref. [70L[71]], particle motion is called ballis-
tic when MSD is proportional to #,. For 1 um silica particle, motion starts to become proportional at
timescales shorter than 0.1 7, .. Using larger sized particle and lower viscosity medium, this require-
ment to approach ballistic regime is relaxed. Therefore, it is easier to measure the ballistic motion of a
larger sized particle in lower viscosity medium such as acetone. Additionally, at timescales 7, . in the
region where the transition from free diffusive to ballistic happens, particle undergoes hydrodynamic
effects which extend the region of particle transition from free diffusive to ballistic. In our results,
we have measured particle motion at timescale close to 0.187, , which means that we are close to

measuring the ballistic motion of the particle, yet haven’t the region where MSD is proportional to £2.
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Figure 4.13: MSD of 1 um particle in different fluids. Motion of the particle has been measured at
timescales shorter than 7,. Least-square curve fit of data has been fitted with hydrodynamic theory

with roots of the equation @ as fitting parameter.

Figure. [4.13] shows the MSD of 1 um silica particles measured using the SFWP based detection
scheme. The minimum time for which the minimum displacement of the particle is measured can
define the temporal and spatial resolutions of our system which are 9.08 ns and 0.35 A respectively.
The acquired temporal resolution is 0.187, which means that we are close to the ballistic regime. As
mentioned in the previous section, we have used an electronic high pass filter due to limitations of
measurement bandwidth of oscilloscope, its effect in MSD appears similar to trap corner at the cut-off
frequency and at longer timescales. For the data in the figure f.13] the cut-off frequency of 45 kHz

fitted the MSD at longer timescales.

4.4 Particle instantaneous velocity and fluid viscosity measure-

ment

When the particle is measured in the ballistic regime, then its inertia is no longer negligible and

instantaneous velocity can be determined by measuring the change in displacement measured over
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specific interval i.e. v = Ax/At where Ax is the measured displacement in time Ar. In the ballistic
region, velocity is highly correlated and this correlation increases with increasing the measurement
bandwidth as given by Eq. in chapter 2. Experimentally, the instantaneous velocity is affected
by the presence of electronic or laser noise at a higher frequency, but with sufficient averaging of
successive position measurement, velocity can be extracted reliably [[71,72]. In our experimental
data, 5 successive position data points are averaged and the velocity is acquired by v = Axye/Atyy,

and then its numerical correlation C, is computed as shown in figure 4.14]

To measure the instantaneous velocity with 10% uncertainty, the required temporal resolution of the
detection system should be better than At = 7, /10 where 7, , = m, /67N is the effective momentum
relaxation time calculated with effective mass m,. The average displacement of the particle during this
time At is equal to Tj (V,ms/10. Therefore, the displacement uncertainty of the measurement system
should be better than Ax = T, ,V,s/100. In the case of 1 p m silica particle in water, required tem-
poral and spatial resolutions are 0.14 ns and 2.45 pm while the required sensitivity is 0.28 fm/\/Hz.
These calculations show that measurement sensitivity requirements are relaxed for larger sized par-
ticles, and instantaneous velocity can be measured at relatively lower bandwidth. The accuracy of
the measured velocity can be quantified by how well the measured velocity approaches the thermal
velocity V¢, . = \/W. The standard error in the velocity measurement can be found by taking
repetitive measurements, calculating average histogram and then dividing the standard deviation of

each velocity point by square root of the number of measurements for each point.

As we have used a high pass filter due to the limitation of the available bandwidth of the oscilloscope,
it is mandatory to incorporate the filter effects in the theory so that experimental data can be fitted with
the theory to extract unknown parameters. To do this, we recorded a white noise spectrum from the
function generator including the high-pass filter. From the white noise spectrum, the filter function
and cut-off frequency is found and are included in the theoretical hydrodynamic simulation of the

particle to use it for analysis for experimental data.

Then the velocity correlation of the experimental data is found, and it fitted with the theory which
includes this filter effect. The figure .14 shows the velocity correlation of 1um particle in differ-
ent fluids. The amplitude of the correlation shows that we have measured the instantaneous veloc-
ity of 1 um particle with high correlation in three different fluids: pure water, 20% v/v AGEPON
(AgfaPHOTO) solution in water, and 0.1 mg/ml L-tyrosine (T3754 SIGMA-ALDRICH) amino acid

solution in water.

As these experiments give access to the velocity of the particles with correlation C, given by Eq.
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[2.3.3] the velocity damping which is the viscosity of the fluid, is directly accessible. As a proof of
principle demonstration, we have measured the viscosity in 3 fluids. These measurements are done
by tracking 1 um particle at timescales shorter than 1 ps where biological activities in the cell do not
influence the Brownian motion of the particle, and hence, the trapped particle can be used as a probe
for viscosity measurement. These fast measurements make our OT biologically compatible as we are
using small sized 1 um silica particle which is relatively easy to trap other higher refractive index

Barium titanate, gold or polystyrene particles.

Experimentally, 5 points from 100 million samples of the position data for each fluid were binned
and differentiated to obtain the velocity. The correlation function of the velocity was then calculated.
Theory curves including the high-pass filter were then fitted by least-square curve fitting using the
volt to meter conversion and viscosity as free parameters. The results are shown in figure We
see that we get distinct traces for each fluid and the fitted viscosity are 0.97, 1.79 and 2.49 um? /s for
water, amino acids and AGEPON solutions. Figure .14 shows our preliminary results of the C, of 1
um particle measured in different solutions. For these three solutions, a clear difference in the C, can
be seen. Marker points show that experimentally measured data and lines are the C, from theoretically

simulated particle position including hydrodynamic and high pass filter effects.

Velocity autocorrelation does not explicitly give the measurement of instantaneous velocity; rather
it tells how much average velocity points are correlated to each other. To measure velocity with
10%uncertainty, required 8¢ can be estimated by measuring the time interval on autocorrelation graph
for 10% change in the velocity correlation region where correlation changes fast. Itis 2 ns for I um
silica particle. During this time interval, the particle displacement is 3.53 pm, and position uncertainty
will be 0.35 pm. Based on this, our achieved spatial and temporal resolution of 0.35 A and 9.09 ns

are close to measuring the instantaneous velocity in the ballistic regime.

The theoretically simulated C, governs identical correlation as given by Eq. [2.3.3]in chapter 2 and
therefore, can be matched to the experimental data with C, amplitude and fluid viscosity as free
parameters. In the figure the viscosity of the fluids is independent of the amplitude of C, and
governs same viscosity result for the different amplitude of C,. This means that viscosity measurement
is calibration free, and we do not need to do volts-to-meter conversion to find viscosity of the fluid.
Additionally, Using C, of the particle has the advantage that its velocity timescales are far from the

biological activities primarily in the cell and can be used as a probe for microrheology measurements.
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Figure 4.14: Semilogarithmic plot of velocity Correlation Function of 1 um particle in pure
water, 20% v/v AGEPON solution and 0.1 mg/ml L-tyrosine amino acids. Marker points shows
that experimentally measured data and lines are the C, with viscosity and volts-to-meter conversion

factor as the fitting parameters.

4.5 Conclusions

We have described a new particle tracking scheme in optical tweezers based on split flipped waveplate
which filters the even modes of the scattered field and detects the odd modes which have information
about the displacement of the particle and enables to extract the information at very high powers. This
technique has enabled us to measure the motion of 1 um silica particle at an unprecedented ~ 10.75+
0.46 MHz bandwidth. On the contrary to the D-mirror based detection scheme which saturates at a
few mW optical power, it has enabled us to measure 160 mW of scattered light collected from the
condenser and extracting position information of the particle. If we have access to high-power laser
and high transmission objectives, this technique can measure even higher power and hence increased

measurement bandwidth.

The mean squared displacement of the particle shows that we have observed the free diffusive motion,

hydrodynamic effects and most importantly, the ballistic motion of the particle. The instantaneous
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velocity of the particle is measured, and its correlation function is used to determine the ultra-fast
viscosity measurement in pure water, 20% v/v AGEPON solution and 0.1 mg/ml L-tyrosine amino
acids. By using high transmission objectives, it is possible to measure even higher optical power
which would give even higher bandwidth and acquiring C, at even shorter timescales. This high
bandwidth and ultra-fast optical tweezers will be very helpful to test the Maxwell-Boltzmann distri-

bution and viscosity measurement in a relatively complex environment such as a biological cell.



Chapter 5

Ultra-stiff optical tweezers

5.1 Overview

In this chapter, a new type of interferometric-based phenomenon is demonstrated in which a particle
can be made to behave as a beam-splitter when phase structured light is incident on the dielectric
particle. On contrary to the standard deflection based optical force exertion phenomenon, this new
type of interferometric enhanced optical trapping technique produces constructive and destructive in-
terference of the incident light field over the wide range of angles around the optical axis which can
enhance the trap stiffness by several orders of magnitude for the particles in Mie regime. This chapter

is based on the following publication:-

Michael A. Taylor, Muhammad Waleed, Alexander B. Stilgoe, Halina Rubinsztein-Dunlop and War-
wick P. Bowen, “Enhanced Optical Trapping via Structured Scattering”, Nature Photonics 9, 669—673
(2015) [1].

5.2 Introduction

In standard optical tweezers (OT), optical forces are exerted on a dielectric particle when propagation
direction of the incident light field is altered by the particle due to refraction at the surface of the
particle. Due to redistribution of incident light by the spherical particle, it experiences a restoring force
towards the focus of the field, remains trapped until some other external forces tend to dominate. This
trapping phenomenon is based on the deflection of incident light by the dielectric particle in which
light is deflected at displacement dependent angles which also governs the position of a particle in

the optical trap. However, for the Gaussian distributed intensity pattern, the trap stiffness can only
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be increased by increasing the incident optical field intensity. Increasing optical intensity is highly
unsuitable for a wide range of applications especially in biology where damage due to localized

heating effects is quite cumbersome and also changes the dynamics of system.

The trap stiffness is maximum only for the particle sizes comparable to the incident laser beam wave-
length and loses stiffness with increasing diameter (see fig. of chapter 2). Consequently, few
experiments have explored trapping with larger diameter particles. Although most of the biophysics
experiments employ smaller sized particles, the regime of the larger sized particle is less explored,
however, there are several areas of studies in which larger particles or objects are of considerable im-
portance. For instance, light-driven micro-robots which provide targeted delivery of drugs, are being
developed in which few micrometer sized glass syringe is manipulated by trapping the spherical parti-
cles attached to the syringe [124]]. Similarly, microgears and rods which act as either active or passive
handles in making micro-robots, are usually manipulated using optical forces [77,78]. Moreover,
infrared laser beams are transparent or non-invasive to biological samples at lower power, it has been
used to trap the red-blood cells in vivo which are larger than A, to clear the blocked micro-vessels [[79]

and also for diseases identification [80,[81]].

Similarly, biological cell sorting and manipulation are often done with OT where larger sized cell, typ-
ically greater than 10 um, are displaced [82,83]]. In addition, optical trapping forces are used to trigger
vestibular behavior on 55 um sized otoliths where very high powers ranging from 50 ~ 600 mW were
illuminated on zebrafish [84]]. Furthermore, optical levitation of several micron-sized particles in vac-
uum has also been used to better understand the particle physics and gravitational forces [17,|18,85].
From these examples, it is clear that trapping of larger particles is very crucial in many biological and
engineering applications and also for understanding a wider range of fundamental science, therefore,

new tools to trap larger particles or enhance the trap stiffness are vital.

Performance of the optical trap is usually determined by the optical trap stiffness which depends
upon several parameters such as optical scattering, extinction and absorption cross-section and, can
be improved using several techniques either by structuring the incident beam profile or by altering
the physical properties of the trapped particle. For instance, a slight improvement in the optical trap
stiffness has been demonstrated for counter-propagating trapping beams in which scattering forces is
minimized resulting in the increased gradient force [86,125-127]]. Secondly, several studies based
on the structured light fields have been demonstrated to improve the axial or lateral trap stiffness by
maximum 1.6 times than that for a simple Gaussian trap [87-89]. The state-of-the-art in stiffness

has been increased by a factor of 2 by employing specially engineered high refractive index and anti-



5.3 Upper limit on optical trap stiffness 71

reflection coated Titania particles to suppress the back-scattered light. The coating ensures stable
trapping, while the high refractive index core allows very strong interaction with the trapping field.
While the back-scatter of such particles is suppressed, they exhibit forward-scatter with a similar

angular distribution to homogeneous spheres, but with far stronger scattered fields [[90].

As mentioned in chapter 2, dipole approximation and ray optics models are for the particles sizes
much smaller and greater than A and for particle size close to A, the extended Mie or Lorenz-Mie
theory is used for full description of electromagnetic field, although it also governs correct solutions
for particle sizes in ray-optics regime. In all the above-mentioned techniques, the deflection of light

incident light happens which governs a measure of the trap stiffness.

In this work, we demonstrate a new type of light-particle interaction in which it is shown that spatial
structure of light in Mie scattering can be altered to create and enhance the interference fringes. In
this way, instead, particle being deflecting the incident light, it creates an interference pattern in the
scattered field. It means that the structured incident light can make spherical particles behave like
a beam-splitter which separate a phase-structured input field into distinct output fringes. The Mie
scattering of low contrast microparticles separates the light from each incident angle into a collection
of scattering fringes. These fringes combine the fields from a range of incident angles and therefore
allow the particle to act as an effective beam-splitter between different incident angles which enhances

the optical trap stiffness by orders of magnitude than a simple Gaussian trap.

5.3 Upper limit on optical trap stiffness

Light consists of tiny energy packets photon whose energy is given by U = hc/A where A is the light
wavelength, £ is the Plank constant and c is the speed of light in vacuum, and momentum p = h/A7,
where 7 is a unit vector describing the direction of motion of photon. When a photon is elastically
scattered by an object, no change occurs in its energy rather a change in momentum happens which
applied a recoil force on the object. The magnitude of the optical forces fundamentally depends upon
the momentum flux transferred per unit area and is given by n,,P/c, where n,, is the refractive index

of the surrounding medium, c is the speed of light and P are the incident optical power [128]].

When light-matter interaction occurs, all the momentum is not transferred to the object instead a
fraction of the momentum is transferred which is generally described by a normalized force quality
factor Q (see chapter 2). In case of complete reflection of light in which a propulsion force is applied
by the light on the mirror in the direction of propagation of light, the applied force F is equal to

2n,,P/c# and the quality factor Q has a maximum value of 2. For trapping application, light is not
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completely reflected rather it is deflected and stable optical trapping is achieved when the range of

applicable forces is powerspectra about zero.

S.D

where K is the optical trap stiffness. If measured force uncertainty is § F then the associated measure-

ment uncertainty is then given by:-

se=F (5.2)
K

Consequently, the largest achievable trap stiffness kappamax is constrained by the quantum limits to

both position sensitivity and optical force noise, with

6Fmax

5xmin

(5.3)

Kmax =

In the case of ideal detection with perfect coherent light, the optical force noise is limited by radiation

pressure shot noise given by

8 Fmax = (nmh/A)VN (5.4)

where N = %t is the number of photons included in the measurement time ¢, and / is Plank’s constant.

In this case, the standard lower limit to measurement precision is given by [129].

A
OXmin = , 55
min 47[nm\/N ( )
Substituting these into Eq. the upper limit to trap stiffness is given by
AwnZihN _ AmnZP 5.6)

K = =
max A‘z CA, 9

where P = Nhc/A. in principle, this trap stiffness kpax corresponds to the highest stiffness which is
achievable for classical far-field optics. Trap stiffness basically depends upon the minimum resolvable
distance Sxy;,which could possibly be minimized further using non-classical states of light resulting

a measurable increase in the trap stiffness.
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5.4 Spherical particle as a beam-splitter

In the present work, particles having a size greater than A are used and the light scattering profile from
the particle is described using Mie scattering theory. For a near-collimated incident Gaussian beam,
the Mie scattering profile comprises concentric rings of positive and negative scattering amplitude. If
the light is incident over a broader angular range, the collective scattering can be described by com-
bining the Mie scattering from each individual incident angle. In this case, the Gaussian illumination
i1s homogeneous over a broad angular range such that the neighbouring positive and negative scatter-
ing fringes overlap and are suppressed via interference. As a consequence, Mie scattering fringes can

usually be ignored in optical traps [130].

However, by using a highly structured illumination, it is possible to strengthen these fringes with
constructive interference between the Mie scattering from different incident angles. The structured
optical field can populate the fringes with fields having near-orthogonal phase, such that any small
phase shift can lead to constructive or destructive interference; and similar to the beam-splitter anal-
ogy, particle transforms the field into well-separated output fringes which leads to a higher trapping
force. Even small particle displacements can alter the phase completely, governing a stable optical
trap. This new beam-splitter-like optical trapping can be termed as ’enhanced trapping via structured

scattering (ENTRAPS)’. The schematic of this concept is shown in the figure
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Figure 5.1: Schematic of trapping via Mie interference. (a) shows the deflection of light from
spherical particle, the calculated polar plot of the transmitted intensity with fields and particles shown
in blue for a centered particle and orange for a displaced particle and force vs displacement curve
for the particle. (b) similar things for planar beam-splitter and and (¢) shows that structured incident
light on the particle can govern structured scattering similar to beam-splitter. Figure [5.1]is taken from

ref. [1]]

Optical traps function by redirecting light as the trapped particle moves. In typical optical traps this is
achieved via deflection of the incident field, as shown in (a) both schematically and with a calculated
polar plot of transmitted intensity. When the particle is displaced, the transverse momentum of the
light (as plotted in the lowest panel) is changed thus inducing an optical force. Trapping can also
be achieved via interferometry at a beam-splitter as shown in (b). Here, the motion of the beam-
splitter causes relative phase shifts that reroute light between the outputs without deflecting them.
This achieves far stiffer trapping forces though with a far smaller trapping range. ENTRAPS achieve
a similar force using a scattering microparticle instead of a planar beam-splitter. For a trapped particle
via beam-splitter phenomenon, a structured trapping field is split into distinct scattering fringes via
Mie scattering, with particle position the power in each fringe, rather than the propagation direction,

dependent on particle position as shown in (c).
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5.5 Optical force on a beam-splitter

When two fields are incident on a beam-splitter, the intensity at the two outputs is determined by their
relative phase ¢. Since the two output fields propagate in different directions, any imbalance in the
powers leads to an optical force on the beam-splitter. The mean difference in the output powers is

given by:-

(AP) = Psin(47n,x/2) (5.7)

with a resulting optical force of

P
F=—"""Gin6coso (5.8)
c
with ¢ the speed of light and 0 the incident angle on the beam-splitter. Lateral movement of the
beam-splitter by a distance x causes the relative phase between the input fields to change by A¢ =
4nn,(x/A)sin6. By examining Eq. (5.8) one can see that this phase shift will change the force on
beam-splitter, and that if the phase is set to ¢ = 7/2, the force achieves a stable trap of the form

F = —xx. For normally incident light (6 = 7/2), the trap stiffness reaches:

Ann2 P
Kmax = - (5 9)
cA

This represents the upper limit on the achievable stiffness for beam-splitter phenomenon based optical
trapping and corresponds exactly to the maximum trap stiffness achieved in deflection based optical
trapping [131]. Consequently, the trap stiffness derived for this system corresponds to the highest

stiffness which is achievable for propagating coherent light.

5.6 Modeling of electromagnetic field using Mie theory

The scattering of light can be thought as the redirection of light that takes place when an electromag-
netic (EM) wave is incident on a homogeneous material such as a scattering particle in this case. As
described in chapter 2, the electromagnetic field modeling using extended Mie theory can be used
to accurately describe the scattered electric field in terms of the far-field angular profile which can
fully describe the electric field at every point in the space, with the assumption of isotropic homoge-

neous particles and plane wave illumination [[132]. In this framework, the electromagnetic field can
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be decomposed into orthogonal vector spherical harmonic functions VSWFs ® and ¥

mc Z Z an, mPn, m( ‘P)‘f‘bn,mlpn,m(Q,(])), (5.10)

n=0m=—n

where a and b are the beam shaping coefficients for incident wave VSWFs and, n and m are the prin-
cipal and azimuthal mode indices which describe integer orbital and angular momentum respectively.
Representation of a three-dimensional vector field strictly requires three separate vector functions;
however, these functions are defined in the far-field where the radial polarization component is as-
sumed to be zero. Each of the VSWFs is an eigenmode of the scattering interaction when the light is
incident on a homogeneous spherical particle which is powerspectra at the origin and this scattered

field can be written as

E(0,¢ scat Z Z Pn, mPn, m( ¢)+Qn, m%,m(ea(p) (5.11)

n=0m=—n

where p and q are the beam shaping coefficients for scattered field VSWFs & and ¥ and these coeffi-
cients can be connected to each other via a multiplicative matrix which is generally called as T-matrix
T. This matrix is basically a description of the scattering properties of a particle where the incident

and scattered fields can be expanded in series of discrete basis functions.

=T x . (5.12)

The T-matrix completely describes the scattering process and can transform between arbitrary input
and output fields. When the incident and scattered fields are modelled for a given system, the applied
optical radiation pressure force Fgp can be determined by calculating the change in momentum of the

field as follows

Frp = 8/2/|E ¢)[>idA, (5.13)

where € is the material permittivity, # is the normal unit vector and dA is the area element calculated
in the direction (6, ¢). This calculation forms the basis of calculations presented here, with the imple-
mentation relying on functions from the OT Computational Toolbox (OTT) [99]. In this framework,
the number of modes n and m with which a spherical particle of radius r will interact strongly, is

given approximately by (kr)? in the limit that » > A. For a Gaussian beam optical trap, the beam
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has homogeneous intensity profile over wide angles, the first order modes are dominant in Rayleigh

regime and higher trap stiffness is achieved for particle size close to the wavelength as shown in figure

2.4] of chapter 2.

However, for larger particles, scattered light is populated into higher order VSWFs modes which have
qualitatively different spatial structure, with both positive and negative amplitudes at different angular
positions. This allows the interference to have a non-trivial spatial structure that is not possible for
n = 1 modes and consequently allows new characteristics in the applied optical force. For 1064
nm wavelength, particles larger than 1800 nm, the first order modes are no longer dominant in the
scattering terms in the T-matrix, and the particle interacts more strongly with higher order modes. As
the particle size increases, the most strongly scattering VSWFs modes become even higher [99]. For

instance, a 10 um diameter silica particle interacts most strongly with the n = 38 modes.

Therefore, by structuring the incident field, the scattered light can be populated into the strongly in-
teracting higher order modes. However, simply populating light into these modes is not adequate to
achieve strong trapping. Strong trapping requires not only strong scattering but also efficient interfer-
ence between the different modes to maximize the radiation pressure force F'. Because the high-order
modes exhibit considerable spatial structure, the interference can vary strongly with angular position
and, with appropriate structuring, this can be used to achieve well-controlled interference in the output
field. This spatial control over the interference pattern is not possible with n = 1 modes, and therefore

the resulting force can be engineered with quantitatively different characteristics.

5.7 Algorithm to locally optimize trapping profiles

To calculate the trapping profile for ENTRAPS, we performed an iterative optimization routine to
maximize the trap stiffness. In principle, incident beam can be optimized for combined phase, am-
plitude and polarization. However, demonstrating such control in experiments is technically very
difficult, and non-uniform polarization is expected to reduce interference visibility and may not im-
prove trap stiffness. In ENTRAPS, the optical force is based on interferometry, and it is the phase of
the light which determines if the interference is constructive or destructive, therefore, interferometry
can be performed with phase-only control, though full-wavefront control might give even higher trap
stiffness. In the experiment, phase control of the trapping light is straightforward to achieve with a
spatial light modulator and is used widely in holographic OT and we find allows orders of magnitude

enhancement in the trap stiffness.

The trap stiffness can be efficiently optimized when the particle interacts strongly with a large number
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of spatial modes of light, as this allows greater control over the scattering interaction. Larger sized
particles can interact with a higher number of optical modes, and consequently, allow greater levels of
control over the scattered field. The algorithm is basically based on the calculation of scattered field
and radiation pressure force described by the Mie theory which is quite complex. These T-matrix

based calculations have been simulated in ref. [99]].

As described earlier, an incident field in expanded as the sum of VSWFs whose amplitude is controlled
by the beam shape coefficients a and b which are further decomposed into integer angular and orbital
momentum mode parameters m and n respectively with a condition that | m |< n. The VSWFs can be
expanded into infinite sums of mode field amplitudes a and b which is not favourable computationally,
therefore, n needs to be truncated at an arbitrary value N,,,, where it should be large enough to be

able to describe enough details of the trapping field.

For a specific value of N, , the total number of modes included in the calculation are 4N,,,, + 2N,%mx.
Based on this simple expression, there are 8710 modes N, = 65 and 20400 modes for N, = 100.
Similar phase profiles for the scattered field are observed for Ny, > 65 however, choosing smaller
values of Ny, is lesser computationally expensive. In OTT, the optical field is calculated over an
angular grid of points which makes it computationally in-efficient, therefore, it is better to describe
them in terms of angular field distribution E(6, ¢) at angular co-ordinates 6 and ¢. Two matrices A,
and B, are introduced which implicitly contain the angular grid and can be used to convert between

the bases by simple matrix multiplications which makes computation faster [[133]].

E(6,9) = A,xa+B;xb (5.14)
a = A7 x(E(6,9) dA) (5.15)
b = B x(E(6,9)-dA), (5.16)

where the superscript ¢r indicates a complex transpose. To control the trapping light, an iterative
phase optimization routine is performed to maximize the trap stiffness. For this purpose an arbitrary
phase (or amplitude) plate with 8000 modes y; is defined, where the spatial frequencies describe the
modes decomposition. Here i denotes the mode number, and the phase plate can be fully described
by the coefficients ¢; of these modes. The phase plate is applied to a Gaussian trapping field in the
angular field basis, and the field converted back to the spherical harmonic basis and the resulting
force is determined using calculations adapted from the OTT [99], with modifications mentioned
above. Then the trap stiffness defines the fitness F; of the phase plate, which is the variable to be

maximized in this algorithm.



5.7 Algorithm to locally optimize trapping profiles 79

To structure the incident field, firstly, change in trap stiffness for small changes in each of the coeffi-
cients ¢; of the phase plate is calculated. Once this is known, a collective mode W of the phase plate

is defined which can most strongly improve fitness, defined as:-

OF
\P:Z(S—ley/i. (5.17)

This collective mode is added to the phase plate with varying amplitudes until a local optima in fitness
is found. The phase plate is then updated, and the optimization algorithm then repeats as many times
as necessary. The phase plate is deformed towards the local minima for each iteration of the algorithm
and different optimization solutions are found for different starting values. Therefore, the algorithm

does not locate the global optimum for the best achievable trap stiffness, yet governs reasonably close
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Figure 5.2: Calculated phase holograms for a range of silica particles that are implemented in
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experiments using SLM. The stripy lines are due to the constructive and destructive interference of
Mie scattering fringes. As the particle size increases, scattering modes become more complex due to

interference. Phase profiles are scaled to the back aperture size of the objective having NA=1.25.
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8.5 pm 9 pm 9.5 pm 10 pm

Figure 5.3: Polar plots of the transmitted intensity at the focal plane when using the calculated
holograms for silica particles. Blue and red curves respectively show the intensity when the particle
is power spectra, and displaced 150 nm right. The characteristic beam-splitter-like trapping of EN-
TRAPS is observed over the entire size range. For 1 pum particles this effect is somewhat weak and
provides minimal enhancement. As the size increases, the interference fringes become more well de-
fined and the ENTRAPS effect more pronounced. Further increasing the particle size results in many

more fringes, and an increasingly complex transmission pattern. The figure is taken from ref. [EI]

This optimization algorithm is not limited to optimizing only phase profile rather it can also be used
to full wavefront control with both phase and amplitude structuring for even better trap performance.
Amplitude control can be simply included in the above algorithm in the same way as phase control,
with an amplitude plate perturbing the default Gaussian intensity profile. To incorporate this, the al-
gorithm can be alternated between optimizing phase and amplitude until both reach a local optimum.

It is noted that the Optical Eigenmode method can find the global optimum for the case of amplitude
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and phase control which is described in detail in later studies [[131]. As the implement-
ing both amplitude and phase structured profile is technically quite challenging, only phase control
is demonstrated in the current experiment which still provides significant enhancements in trap per-
formance. Using this method, phase profiles or generally called holograms which optimize the trap

stiffness for any particle size can be found.

Figure [5.2] shows the phase profiles for silica particles ranging from 1-10 um in diameter and this
profile is displayed on the SLM to implement ENTRAPS. The stripe patterns in the phase hologram
are the Mie scattering interference fringes which are weaker for smaller and stronger for larger sized
particles. These phase holograms convert the incident Gaussian beam into a structured beam whose
intensity profile about the focal plane is shown in figure [5.3] Again, these fringes are suppressed for
smaller sized 1 um particles and therefore, large fringe patterns are present over the wide angles.
As particle size increases, more interference fringes can be incorporated in the particle and fringes

becomes more distinct and sharper. This algorithm is written by Michael Taylor in MATLAB , and a

later improved version is available online
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Figure 5.4: Intensity profiles at the back-focal plane of the trapping objective. These are calcu-
lated for a range of silica particles that are implemented in experiments using SLM and imaged at
the back-focal plane of the objective. Intensity profile is Gaussian but after interaction with the parti-
cle, light is separated into its discrete fringes in the far field which is measured at the PSD. Intensity

profiles are scaled to the back aperture size of the objective having NA=1.25.
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5.8 Holographic Optical Tweezers to implement ENTRAPS

To demonstrate ENTRAPS experimentally, a holographic OT setup was employed. Briefly, in holo-
graphic OT, a reflective spatial light modulator (SLM) (Holoeye HEO-1080P) is employed which
spatially modulates the phase and resulting amplitude of an optical wavefront in two dimensions and
is placed on the plane conjugate to the back focal plane of the trapping objective using relay lenses to
allow arbitrary phase control of the trapping light. SLM can be programmed to generate light beams
with various optical waterfronts and can be used as mirrors, lens, and gratings [136]]. However, it
is inefficient in terms of modulation power to do simultaneous modulation of phase and amplitude,
therefore, SLMs are mostly used only as a phase control devices. To modulate ENTRAPS, home-
made programs written in MATLAB are used to map the calculated hologram on the SLM, along
with a blazed grating to eliminate zero-order reflections, and an aberration compensation pattern for
better implementation of phase profile, which is determined in advance using similar scheme used in

ref. [[137].

As the hologram phase profile is present in the first-order mode, therefore, a mechanical aperture is
used to eliminate all the diffraction modes except the first order which is then directed towards the
back-focal plane of an oil-immersion objective , employed for trapping the particles. Calculations
of the holograms are done in spherical coordinates (60, ¢) while holograms are mapped on the SLM
in cylindrical coordinates (p,¢) which are more convenient to program the SLM. Therefore, it is
necessary to map the cylindrical coordinates into spherical coordinates and Abbe’s sine condition is
used to do this as it describes how the phase pattern propagates from the SLM to the far-field of
the particle [138]. When the objective focuses the incoming field, the phase shift on the SLM is
mapped to the far-field profile from the objective focus. This maps the SLM coordinates to far-field
angular coordinates (6,¢) around the focus. This can be described simply if the SLM coordinates
are represented in the polar form (p, ). In this case, the mapping preserves ¢ unchanged, while the
radial position p maps to the angular position 6 according to Abbe’s sine condition n,, sin(6) = p /C,

where C is the radius of the objective back aperture.
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D(0,0)

SLM ®(p,d)

Figure 5.5: Representation of Abbe’s sine condition for this experiment. The pattern on the SLM
applies a phase pattern & at the back-focal plane. It is most convenient to use cylindrical coordinates
(p, @) to represent this. Propagation through the objective then maps this profile to the far-field of a
converging spherical wave, which is represented in spherical coordinates (6,¢). The sine condition
describes how the phase pattern propagates from the SLM to the far-field of the particle. Figure is
taken from ref.

After correctly mapping phase-profile on to the SLM, a sealed sample using two coverglass is pre-
pared in which silica particles float in water and light is then focused on silica particles with high
numerical trapping objective. As for a standard single-beam OT, lateral trap stiffness increases with
increasing NA [[I33]]. Therefore, higher trap stiffness is expected with this structured illumination
because higher order modes which are also spread towards the edges in angular profile can be col-
lected and focused on the particle with higher NA objective which will govern improved coupling of
modes and hence higher trap stiffness and accurate scaling of trap stiffness enhancement with trapping

objective NA can be studied further.
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Figure 5.6: Layout of the experiment. ENTRAPS is implemented in standard holographic optical
tweezers, with an SLM used to apply the calculated phase-profile for structured scattering and, is
mapped to the back focal plane of the trapping objective. Using this configuration, the trapping field
has an engineered phase and a Gaussian intensity distribution. After interaction with the particle, the
light is separated into its discrete fringes. The phase and intensities shown here are calculated for
3.48 um diameter particles and are scaled to the back aperture size of the objective having NA=1.25.

Figure modified from ref. [1]]

Afterwards, the scattered light is collected using similar objective which is generally called a con-
denser, it is directed towards a home-made position sensitive detector (PSD), which is mapped on the
back-focal plane of the condenser, to determine the change in optical momentum, and consequently,
the applied optical force. Unlike a quadrant photodetector (QPD), the PSD provides a signal which is
proportional to the position of the laser intensity centroid on the detector element, and this is directly
proportional to the applied optical force. Provided the particle stays within the linear region where
F = —xx. The back-focal plane imaging and PSD based detection system have been considered as an
accurate method to measure the trapping force and particle position [[139]. Trapped particles are also
visually monitored using a Charged Coupled Device (CCD) with LED illumination. A simple layout
of the holographic OT is shown in the figure. [5.6



5.9 Experimental Measurements 85

5.9 Experimental Measurements

5.9.1 Power Spectrum of Trapped Particles

For experimental verification of trap stiffness enhancement by structured illumination four differ-
ent sized silica particles 3.48 um, 5.09 um (CV=10-15 %, Bangs Laboratories), 7.75 um (CV=3.7
90Cospheric), and 10.0 um (CV=10 %Microparticles-Nanoparticles) are trapped in water at room
temperature with 250 mW optical power at the back-focal plane of the trapping objective. Particles
are firstly trapped with Gaussian beam and then with structured incident light, and scattered light is
measured on PSD. Then the power spectrum method is used to determine the trap stiffness by fit-
ting the spectrum with the Brownian motion equation [2.25]to find the corner frequency and relative
enhancement in the trap stiffness is measured by comparing the corner frequency for both types of

incident beams.

For each particle size, data is averaged for four different measurements to reduce the laser intensity
fluctuation noise and averaged spectra are fitted to the theory [54] using non-linear regression (nlinfit)
function and its uncertainty is estimated using non-linear regression parameter confidence intervals
(nlparci) function in MATLAB. Based on this measurement procedure, measured corner frequencies
and trap stiffness enhancement factors are described in the table, and most noticeably for 7.75 um
particle, the corner frequency measured with ENTRAPS is 73.24+2.8 Hz, while the Gaussian trap only
achieves 2.66 4+ 0.38 Hz. This constitutes an increase in the trap stiffness by a factor of 27.5+4.1.

Given the simplicity of the system, this is remarkably close to the predicted enhancement of 25.

Figure shows the power spectra for each of the above-mentioned particle both for a Gaussian
and structured scattering illumination. It can be seen that there is a significant enhancement in the
trap corner frequency using ENTRAPS. Figure [5.8] shows predicted and experimentally measured
stiffness enhancement factor for both types of illumination. The graph in the inset shows that trap
stiffness, for a Gaussian trap, decreases for particle sizes larger than 1 um. However, it increases
for ENTRAPS illumination until ~ 8 um particle. In the main graph, experimentally measured trap

stiffness enhancement factor is compared with a theory which has an excellent agreement.
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Figure 5.7: Experimentally measured spectra of motion for all four particle diameters. Particle
sizes are 3.48, 5.09, 7.75, and 10.0 um , as indicated for each trace. Left column: spectra measured
with Gaussian traps, right column: spectra measured with ENTRAPS. The corner frequency is indi-
cated within each plot. In every case, the use of ENTRAPS provided a clear increase in trap stiffness.
Additionally, it improved the SNR, as can be seen from the increased amplitude in the characteristic

1/ £? roll-off region. Figure is modified from ref.
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Figure 5.8: Trap stiffness of ENTRAPS. Stiffness enhancement factor as a function of particle
size. Grey points, simulations; orange points, experiment. Error bars were determined statistically
(Supplementary Information). Inset: simulated stiffness of Gaussian (black curve) and ENTRAPS
(grey points) traps. Grey band: three-parameter polynomial fit to the ENTRAPS simulation, with
width equal to 5% of the stiffness defining a rough uncertainty window for the simulation. The grey

band in the main figure is derived from this band. Figure is modified from ref. [/1]

5.9.2 Force vs. Displacement Curve

As a robust comparison and verification of stiffness enhancement, force vs displacement curves is
considered to be the accurate method. The slope of this curve governs the trap stiffness according to
the relation k¥ = F /x, provided that particle displacement is comparably small optical forces are in the
linear regime [99]. Therefore, after measuring power spectra of the particles, the trapping power is
reduced to approximately 1 mW such that the particles sink in the sample and are almost immobilized
on the glass coverslip by gravity. Particles are scanned through the laser beam and the scattered light
is measured on the PSD. Since the PSD provides an accurate estimate of the applied optical force,
this calibration curve accurately maps the force at different displacements. Then this experimentally
measured force vs. displacement curve is converted into normalized force units Q by fitting it with
the theatrical curve as calculated from the OTT which shows excellent agreement for the Gaussian

trapping profile.

Using this, the force could be characterized for ENTRAPS profiles and compared with theoretical

predictions made without any fitting parameters. This shows good agreement, though there is a slight
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asymmetry in displacement which could be due to the minor relative movement of the particle because
of the very weak trap at 1 mW or positioning uncertainty of the nano-stages. Conventionally, particles
are immobilized on the coverslip by keeping them unattended for few hours such that they settle
down due to gravity, however, it is expected that some changes in their morphology happen near
the coverslip and force vs. displacement curve do not show significant enhancement as the structured
light field is very sensitive to the shape of the particle and slight deformation could give quite different

results as discussed in detail in section[5.10.2)
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Figure 5.9: Force-displacement curves measured and compared to theory predictions. (a) The
Gaussian trap shows excellent agreement between theoretical predictions (thick line) and the mea-
surement from the PSD (dark curve); data taken with 10 um particles. This profile was used to
normalize the signal from the PSD into the unit Q, which is defined as the proportion of the radiation
pressure that is applied as a force. The shaded regions indicate the axes of (b), which compares the
force-displacement curve for a Gaussian trap to ENTRAPS. The increase in trap stiffness is evident
here, with ENTRAPS drastically increasing the trap gradient over a small range. (c¢) Similar results
are also found for 7.75 um particles, with the increase in stiffness over the use of the Gaussian trap
clearly visible. The theory curves are calculated with no fitting parameters. The figure is modified

from ref. [|1]]

In addition to improving the trap stiffness, it is noted that ENTRAPS has also provided a dramatic
improvement in the measurement signal-to-noise ratio (SNR). Laser tracking in OT is based on a
measurement of the deflection of the trapping light, with a signal that is proportional to the applied
optical force F. Within the linear trapping region, this can be considered a position measurement

because of F' = kx. Since ENTRAPS increases the trapping spring constant k, it also increases the
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Diameter ENTRAPS Gaussian Enhancement | Prediction SNR
Corner Corner improvement
348 um | 132+7.5Hz | 2477£2.2 Hz 5.33£0.57 7.5 22.8
5.09 um | 132.3+£5.6 Hz | 10.0+£1.5 Hz 13.3+2.1 14.8 111
7775 um | 73.2£2.8 Hz | 2.66+0.38 Hz 27.5+4.1 26.1 249
100 um | 684+49Hz | 34+£0.7Hz 20.1+4.4 24.1 107

89

Table 5.1: Predicted and experimentally measured ENTRAPS features. The characteristics of the
spectra shown in Fig5.7] The corner frequencies and enhancements are shown here, together with

the predicted enhancement. Table modified from ref. [[1].

measured signal for a small particle displacement. In principle, enhancement in the SNR ratio (SNR)
is determined by comparing the relative amplitudes of position spectrum for both types of incident
beams and for 7.75 um particle, ENTRAPS has improved SNR by a factor of 249. For clarity, all

parameters associated trap stiffness enhancement and SNR are tabulated in Table [5.1]

5.10 Factors affecting ENTRAPS performance

5.10.1 Optical Aberrations and SLM phase-flicker

There are a number of complicating factors which could could limit the trapping stiffness and prevent
the experiment from achieving the full factor of predicted enhancement. In particular, previous char-
acterization of the SLM shows that it does not apply a constant phase, but the phase instead flickers
with the video refresh rate with a peak-to-peak flicker amplitude of 15% the applied phase, which
corresponds to 1 radian of flicker when applying a 2 & phase shift [140]. The effect of this is to

reduce the efficiency with which the SLM generates the desired profile.

It is also important that all the fields be aligned correctly to ensure that the hologram shifts the phase
of the trapping light in the manner predicted. This requires the trapping light to be centered on both
the SLM and the objective, while the hologram needs to be generated with the correct radius and
any aberrations in the system need to be eliminated. In the experiments reported here, aberrations
are compensated with the SLM to visually optimize the point spread function of the Gaussian field
using a procedure similar to ref. [[137]]. This procedure approximately eliminates the aberrations,
though it is likely that some aberrations remained in the system. Despite these technical limitations,

the demonstrated enhancement in trap stiffness is in excellent agreement with theoretical prediction.
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This shows that ENTRAPS is remarkably robust and can be applied with relatively basic trapping
equipment. Improvements in the holographic OT technology can decrease the particle’s variance and

therefore, can further increase the trap stiffness [[141].

5.10.2 Parameters of particle

One potential challenge to using ENTRAPS is that it relies on pre-calculation of the Mie scattering
profile, and this can be inaccurate if the particle size, shape, or refractive index differs from the pa-
rameters assumed in the model. ENTRAPS exhibits relatively tight tolerance on the particle diameter,
such that the trap stiffness would become zero for 4% change in diameter or refractive index, though
the refractive index is determined more precisely by most of the suppliers. Beyond this tolerance limit,
trap stiffness is predicted to be of the negative sign which means particle will experience a repulsive
force from the trap instead gradient trapping force which pulls the particle towards the equilibrium

trapping position.

N
o w

o

, Stiffness (mN/m/W)

9.5 10 105 14 1.45 1.5
Diameter (pum) Refractive Index

Figure 5.10: Dependence of the trap stiffness on (a) particle diameter and (b) refractive index,
for the 10 um ENTRAPS hologram. The particle is centered at the focus, and the trapping field is
the same as that used in the main text. The curve is dashed where the trap stiffness falls below zero,
as this denotes an anti-trap feature with the particle repelled from the beam center. The trap stiffness
can be seen to vary strongly with both the particle diameter and refractive index. Figure is taken from

ref. 1]

As shown in the figure [5.10] changing particle size by ~ 2 % reduces the trap stiffness by a factor of
2 and altering refractive index does the same by a similar factor. For 10 pum particle, 0.4 um diameter
and 0.066 refractive index n change can alter the optical path length through the particle by ~ A /2

which reverses the sign of scattering fringes.
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Experimentally, it is observed that applying hologram calculated for perfectly 10 pm particle to par-
ticles with more than 4 % uncertainty do not exhibit a significant increase in the trap stiffness. There-
fore, for good efficiency of ENTRAPS, it is necessary to use particles which have very good spherical
geometry and have < 1% uncertainty or tolerance in the diameter and refractive index. Although
the tolerance on particle size is tight, it is possible to compensate for small changes in the particle
diameter with a linear rescaling of the angular phase profile in the far field and, in X-axis direction

while maintaining y-axis scaling.
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Figure 5.11: ENTRAPS is implemented based on accurate recalculation of the scattering profile.
This introduces tight tolerances in the particle diameter, as shown in Fig[5.10] However, small changes
in the particle diameter can be compensated by rescaling the x axis of the phase hologram (plot (a)),
as shown for the 10 um particle hologram. This allows the size tolerance to be broadened by over
an order of magnitude, which makes experimental demonstration far easier. Large regions of this
plot show no stable trap (dark blue, k¥ = 0); in these regions, the trapping phase is mismatched to
the particle size such that it is repelled from the optical focus (k < 0). Higher order trapping sites
are evident where the change in the transmitted phase approaches 27 such that stable trapping can
once again become possible. (b) We tested the dependence of the stiffness enhancement on the
rescaling parameter for a 9.8 um diameter particle and compared the data to theory. This shows good
agreement around the over the peak trapping range, though at very small rescaling parameter we
observed stable trapping even when this was not predicted. This is because the trapping field features
multiple trapping sites, and when the central trapping site becomes unstable the particle can remain

in secondary trap sites. Figure is taken from ref. [1]

Using such a linear rescaling, the phase hologram which is calculated to optimize trapping of 10

um particles could be used to generate an efficient trap over a 2 um range, which makes it rela-
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tively straightforward to implement in experiments with a promise of getting higher trap stiffness (see

Figl5.11).

5.11 ENTRAPS Features

As the holograms are optimized for one dimension only i.e. x-axis and considering particle is trapped
at the focus, it is important to observe the lateral forces at different axial height as particle could
be trapped at an axially higher position due to large scattering forces, or at lower position due to
the gravity weight of the particle. For this purpose, 10 pum particle is scanned through hologram at
different axial positions to get force vs. displacement curves and at 2.54 um axial height, it is observed
that lateral trapping force transforms into the repelling force which pushes the particle away from the
trap. As slope of force vs. position determines the trap stiffness, it can be seen in the figure that strong
trap stiffness is achieved at zero axial height while at 2.54 um, the slope is mirrored around y-axis
which means reveal of the optical spring force on the particle, though the axial position dependence

of this anti-trap phenomenon is not precisely described in this work.

0.01F . . , . | -
. a: Near focus

-0.01

0.01
b: 2.54pum
above focus
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Displacement (um)

Figure 5.12: Force-displacement curves measured with the PSD, with a 10 u particle (a) near
the focal plane, and (b) 2.54 1 above the focus. The trapping field is the same as used for the exper-
imental results. Near the focus the calibration curve shows a strong trapping feature, while above the
focus this changes into an anti-trap feature. This data also shows some asymmetry between positive
and negative displacements in x, which suggests that optical aberrations were not fully compensated

for this set of data. Figure is taken from ref. [1]]

Another interesting phenomenon of this structured illumination is the existence of several stable trap-
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ping positions as shown in force vs. displacement curves. ENTRAPS achieves significantly higher
trap stiffness for small displacements of the particle, however, for larger displacement, multiple equi-
librium positions are observed and particles can also be trapped at the slightly different lateral position
from the beam axis, with a relatively lower trap stiffness which is also predicted from the theory. As
it can be seen from the figure [5.12] 5 trapping positions can be possible for 10 um particle with

relatively lower trap stiffness.

5.12 Limitations of ENTRAPS

Although ENTRAPS governs huge increment in trap stiffness and SNR, there are a few limitations
of this method. ENTRAPS is based on populating the lower order Mie-scattering fringes in to higher
order modes and, these modes and interference fringes increase with increasing size of the particle.
Therefore, ENTRAPS is particularly suitable for larger sized particles and doesn’t give any improve-
ments for the particles having a size smaller or comparable to the wavelength of incident beam.
Hence, ENTRAPS can barely give any advantages to microrheology measurements in which smaller
sized particles are mostly employed [[142,|143]]. Furthermore, phase profiles have been optimized
in one direction only and therefore, trap stiffness and SNR is enhanced only in one direction. This
might not be useful for the applications in which a trapped particle is used as a probe to acquire three-
dimensional information from the surroundings [26,|144], however, it might be possible to achieve

such enhancements in three dimensions by calculating the three-dimensional optimal phase profiles.

Another limiting factor of ENTRAPS is the reduced trapping region which means that ENTRAPS
apply high trapping force for very small particle displacement in an optical trap. For instance, a force
vs. displacement curve for a 10 um particle is around 500 nm which is quite small as compared to the
simple Gaussian trap which has a trapping region almost equal to the particle size. In principle, the
scattering force on an optically trapped particle scales linearly with displacement in proportion to the
trap stiffness. As the momentum transfer of light on the particle cannot exceed 7, the trapping range
cannot be exceeded indefinitely with an increase in trap stiffness. In the current experiments, the
momentum transfer per photon in 7k /7 which means that the trapping region can be further increased

by 7 times, keeping the traps stiffness constant.

The approach taken here to calculate optimized phase profiles was very computationally expensive.
For instance, it took 120 hours on a 4-core 3.4 GHz processor with 16GB of RAM to calculate a
hologram for 10 um particle with N, = 65. This potential bottleneck has since been lifted with an

improved phase optimization algorithm [[131].
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Experimentally, ENTRAPS is implemented using electronic controlled phase-only SLMs which have
phase-flicker. However, by carefully calculating the phase profiles, hologram patterns can be engraved

on an optical phase plate which could give higher efficiencies in all perspectives.

5.13 Conclusions

In this chapter, a new interferometric type optical trapping technique is presented which creates an in-
terference pattern in the particle similar to beam-splitter. In this technique, the Mie scattering fringes
from the spherical particle are tailored to produce the strong interference which governs constructive
and destructive interference of fringes instead deflecting the light as in the standard optical tweezers
(OT). This interference makes the particle behave like a beam-splitter and results in the greater en-
hancement in optical trap stiffness and signal-to-noise ratio, for particle sizes typically greater than
the incident light wavelength. This is achieved by structuring the phase-profile of Gaussian beam and
an algorithm is written to run the phase-optimization routine based on the OT computational toolbox
(OTT). This structured illumination to enhance the trap stiffness and SNR could have broad range of

applications in both both engineering and fundamental science.
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