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1. INTRODUCTION

The concept of being able to grab onto a particle with light, and manipulate
it in three dimensions, is very exciting. In recent years, the exploration of the
possibilities of optical tweezers in the fields of (bio-)physics, chemistry and col-
loid physics, has only added to that excitement. The applications are numerous,
as both manipulation of dielectric and metal particles, and force measurements
employing them, have been demonstrated. Possibilities seem endless, but there
are of course also some limitations. In this introductory Chapter, we will shed
light on the optical forces involved in trapping, and will show that high-refractive
index particles cannot be trapped in a single-beam gradient trap. In addition, the
forces that can be applied using a single beam are currently limited to ~100 pN.
By using counter-propagating beams in which the destabilizing scattering forces
are cancelled, high-refractive index particles can be confined. We take a look at
how the trapping of these high-index particles can extend the possibilities in the
fields of biophysics, to exert higher forces, and colloid physics, to pattern sur-
faces. We will end with an overview of what can be expected in the remainder
of this thesis.
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1.1 General introduction

Light has the ability to exert a force. Photons carry momentum, and when
a particle suspended in a medium has a different index of refraction than the
medium, an incident light ray will be refracted at the interface; the momentum
of the photons is changed, as they change direction. Satisfying conservation
of momentum, this change in momentum of the photons is transferred to the
particle and the particle experiences a force.

In 1969 Arthur Ashkin realized that the force one photon exerts was small,
but that the many photons in a laser beam generated a total force in the pi-
coNewton range — large enough to accelerate a micrometer-sized particle [1]. A
year later, in 1970, Ashkin reported the trapping and manipulation of micron-
sized dielectric particles in liquid and of water droplets in air, employing two
counter-propagating laser beams and, in addition, predicted the extension of
optical manipulation to atoms and molecules [2]. With this, he had established
the basis for a new technique, and in 1986, Ashkin and colleagues demonstrated
what later became known as optical tweezers: the method to manipulate parti-
cles using a single, tightly-focused, laser beam.

The details of how a single beam can hold a particle in its place are discussed in
Section 1.2. First, we will mention several of the many applications that optical
tweezers brought into reach and that have been explored since the pioneering
work of Ashkin and colleagues.

A nice example of exploiting the optical properties of a material forms the
work of Dharmadhikari and colleagues [3], who selected malaria-infected cells
using optical tweezers. Red blood cells, approximately 7 um in diameter, can
be held in optical tweezers, due to the refractive index contrast they have with
aqueous media. As Dharmadhikari et al. showed, inside the optical trap the red
blood cells changed from their usual disk-like shape to a rod, under the influence
of the optical forces. Rods infected with malaria rotated in the linearly polar-
ized light, while uninfected cells did not, thus making it possible to distinguish
between infected and uninfected cells.

In other experiments, the material under investigation is not trapped itself.
Smith et al. [4] attached two microspheres to either side of a DNA strand, of
which one was held with a micropipette, while the other sphere was pulled using
optical tweezers. Using this configuration, Smith et al. were able to measure
the 65-pN-force needed to overstretch a DNA molecule. In the work of Brower-
Toland and colleagues [5], the DNA was in its nucleosomal form, the level of
organization at which it is wrapped around histone protein units. With one end
of the DNA attached to the microscope glass and the other to a polystyrene
microsphere, the DNA was stretched and pulled loose from the histones. By
accurately measuring the position of the trapped particle, the binding positions
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were recorded, revealing the wrapping configuration of the DNA around the
histones with sub-nanometer precision.

These examples illustrate several of the aspects of the non-invasive technique
of optical trapping. Microscopic particles can be trapped and used as handles
to manipulate even smaller macromolecules, such as 2-nm-wide DNA molecules
[4, 5], or 25-nm-diameter microtubules [6]. Step sizes as small as 0.1 nm can be
measured in real time [7] and, in addition, forces in the picoNewton range can
be exerted on a trapped particle, and determined by doing position detection on
that same particle. Different kinds of particles can be held in optical tweezers,
from dielectric particles (like polystyrene [5] and silica) and metal particles, such
as gold [8] and silver, to biological particles, including viruses [9], bacteria [9],
yeast cells [10, 11], red blood cells [3, 12], and chromosomes [13]. These particles
— with a wide variety of shapes ranging from spheres, rods [9], dumbbells [14],
disks [3, 15], doughnuts [16], and cylinders [17], to rotors and other arbitrary
shapes created e.g. by polymerization of a resin [18] — are used in biophysics,
and in the fields of colloid physics, chemistry, and microrheology [19], to name
a few.

The applications are many-fold, and the possibilities virtually endless. There
are, however, certain limitations to the technique. Micrometer-sized particles
with a very high refractive-index contrast, such as silicon and titania, and large
metal particles, cannot be trapped in single-beam gradient tweezers. In addition,
the forces exerted with optical tweezers have so far been limited to typically 100
pN, keeping a range of applications out of reach. The work described in this
thesis focuses on these two aspects. By using a second, opposing, trapping
beam [2], we confine and manipulate high-refractive index particles. Moreover,
we investigate the possibilities to use this configuration to extend the level of
force beyond its current limitations.

In the remainder of this Introduction, we examine the optical forces exploited
in optical tweezers, and discuss the trapping of high-index particles in counter-
propagating traps. We elaborate on the use of optical tweezers in colloid physics
and on the purpose of high-force exertion in biophysics, after which we end with
an overview of the work presented in the other Chapters in this thesis.

1.2 Theory of optical trapping

The optical forces exerted on a particle originate from the momentum change
of the photons impinging on the particle. These forces have traditionally been
decomposed into two components [20]: the gradient force and the scattering
force. The scattering force acts, for a symmetric beam, in the propagation
direction of the beam, pushing the particle along, while the gradient force on a
particle with an index higher than that of the surrounding medium, is directed
towards the region of highest light intensity.
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Gaussian trapping
beam

nparticle > nmedium

Fig. 1.1: Schematic of the Geometrical Optics (GO) description of the gradient force
for a particle with an index of refraction higher than the one of the medium.
(a) For a lateral intensity gradient, the resulting force, due to the refraction
of the light at the interface, has a component towards the highest intensity.
(b) In a focused laser beam, the azial force is always directed towards the
focus.

To get a feeling for the origin of the gradient force, we will use geometric
optics (GO) — valid for particles much larger than the wavelength — in which
the light is treated as a collection of rays obeying the laws of reflection and
refraction. In Figure 1.1a, light rays are refracted at the interface of a particle
and the medium it is suspended in, for which the refractive index n, of the
particle is larger than the index n,, of the medium. The photons of light ray K
are refracted towards the right, resulting in a force on the particle towards the
left. Similarly, light ray L yields a force to the right. As the intensity of ray K
exceeds the intensity of ray L, the resulting force has a component to the left;
the particle is drawn to the region of highest light intensity.

The particle, however, is also propelled forward, in part by the reflections of
the beam at the surface (not drawn). To compensate for this destabilizing force
component and confine the particle in three dimensions, Ashkin used in his first
experiments two counter-propagating beams with low numerical aperture [2].
Later he demonstrated the levitation trap, where the laser beam was directed
upwards and the gravitational force counter-acted the scattering force [21]. The
most used method to create a stable three-dimensional (3D) potential well,
however, is to tightly focus the trapping laser beam using a high-numerical
aperture (NA) objective.



1.2. Theory of optical trapping 5

Such a single-beam gradient trap, or optical tweezers, is depicted in Fig-
ure 1.1b. In this Figure, the particle is displaced along the beam axis with
respect to the focus. The focused light rays M and N are refracted upward,
resulting in a force down, supplying the restoring force in the direction of the
focus. Similarly, when the particle is positioned below the focus, it will expe-
rience a force upward. For a focused Gaussian laser beam, as is often used in
optical trapping, these effects result in a gradient force which is always directed
towards the focus of the laser beam. Stable trapping — due to the axial com-
ponent of the scattering force always just beyond the focus — will occur when
the potential well of the trap is deep enough compared to the thermal energy
of the particle.

To form an idea of what determines the optical forces, we will use the
Rayleigh approximation, valid for particles much smaller than the wavelength
of the trapping beam. The particle is regarded as a dipole interacting with the
light field, and we can write for the gradient force Fy,qq:

23 (m? —1
Fgrad = T <m) VIO, (11)

with r the radius of the particle, ¢ the speed of light, and I the intensity. The
effective refractive index m is the ratio between the index of the particle and
the index of the medium: m = n,/n,,. The scattering force is given by:

Fscat =

Ny 1287578 /m?2 — 1 2
tim (2rs) o (12)

c 33X m2+2

where A is the wavelength of the light.

As the gradient of the intensity is proportional to the intensity, we see that
the scattering force, as well as the gradient force, are proportional to the inten-
sity of the laser light. In addition, both force contributions depend on the radius
r and on the index ratio m. The scattering force, however, depends stronger
on both r and m. This indicates that for certain size and refractive index, the
scattering force cannot be compensated by the axial gradient force: there is a
limit to the size and index of a particle to be trapped. And, as a consequence,
a limit is set to the force per laser power in a single-beam gradient trap.

So far, we have utilized GO and the Rayleigh approximation to discuss the
optical forces in laser tweezers. With trapping light in the visible or near-infra
red, however, many colloidal particles are neither much larger, nor much smaller
than the wavelength. Therefore, to calculate the trapping forces in a more
quantitative way, we use an explicit partial-wave (Lorenz-Mie) representation, as
presented by Mazolli et al. [22]. With this method, the three-dimensional force
field for a particle in a tightly-focused Gaussian laser beam can be calculated.
For the purpose of this Introduction, however, we will only take a look at the
force along the optical axis.
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Figure 1.2a shows the calculated axial force curves for a silica particle (re-
fractive index n = 1.45) and a ZnS particle (n = 2.0), both 1 gwm in diameter, in
a single-beam gradient trap in water (n = 1.33). At the stable trapping position
of the silica particle, indicated by the arrow, the force is zero. To both sides,
the microsphere experiences a restoring force: a negative force for displacements
in the propagation direction of the beam, and a positive force for displacement
against the beam direction. As mentioned before, due to the axial scattering
force the stable axial trapping position lies just beyond the focus of the beam
(z = 0). The force curve for the titania particle, however, is positive along
the whole beam axis; the particle is only pushed forward and cannot be stably
trapped. By adding an opposing trapping beam, like Ashkin did in his first
experiments [2], the destabilizing scattering forces are cancelled. Figure 1.2b
depicts the force curve for the titania particle in such a counter-propagating
trap, showing a stable trapping position at z = 0, where the two foci overlap.
Also shown are the curves for the two individual beams, with 50% of the power
in each beam.

25 T T T T 1.5 T
.y as) 1 1 i inverted
] N ——silica (n = 1. | -----upright i
g 2.0 K L B ZnS(n=20) g 1.0 . hS —— counter-propagating
£ 154 € 0.5
Z 10 R i
o5l " NS & s
w N E [T
0.0 104
a %4 b
-0.5 T T T T -1.5 T T T T
-3 -2 1 0 1 2 3 -3 -2 1 0 1 2 3

Axial distance [ pm ] Axial distance [pm]

Fig. 1.2: Force per Wait laser power along the beam azis. (a) Curves for a silica
particle (n = 1.45) and a ZnS (n = 2.0) particle, both 1 pm in diameter,
trapped in water (n = 1.33) in a single-beam trap. The silica particle is
trapped close to the laser focus, but the ZnS particle has no stable trapping
position. (b) Curve for a 1-um-diameter ZnS particle trapped in counter-
propagating traps (solid line). The particle is trapped at the overlapping foci
of the beams (z = 0). The individual two beams coming from either side (with
half the laser power each) are also shown.

Besides Ashkin [2], others have also used the configuration of opposing trap-
ping beams to overcome the scattering force [23, 24]. In the work presented
in this thesis, however, we combine counter-propagating trapping with tightly
focusing the laser beams — increasing the intensity gradient — and exert high
forces on high-refractive index particles that otherwise cannot be trapped.
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1.2.1 Force measurements

Optical tweezers are suitable to trap micrometer-sized particles, but also enable
force measurements on those trapped particles.

In the potential well of the trap, a particle will, for a displacement to either
side, experience a restoring force keeping it in the well. For small displacements,
the potential can be regarded as harmonic: the force is proportional to the
displacement. The force per displacement is called the stiffness x of the system,
similar to the stiffness of a spring. And just as for a spring, after calibration of
the stiffness, the displacement of the particle away from the equilibrium position
will yield the force.

Calibration is done by applying a known force and measure the displace-
ment [25, 26]. For the optical trap, this force can, for example, be the drag
force on a trapped microsphere, applied by moving the medium relative to the
particle. The drag force on the particle is then determined by the radius of the
sphere, the viscosity of the medium, and the speed. Calibration can also be
done by observing the Brownian motion of the particle. This motion is due to
the constant bombardment of the surrounding molecules of the medium. Also
when confined by optical tweezers does a particle display Brownian motion. For
spheres, the motion due to this thermal energy is characterized, and the stiffness
— typically in the order of 10 to 50 pN/um — can be obtained.

In conclusion, accurate nanometer-level position detection, usually done us-
ing microscopy image analysis [27] or quadrant photodiode detection [28, 29],
plays a key role in force measurements using optical tweezers.

1.3 High forces in biophysics

The possibility to exert and measure picoNewton-level forces in a non-invasive
manner, make optical tweezers a suitable tool in the field of bio-physics [30].
Optical trapping has been used to determine material properties at the (macro-
Jmolecular level. Also, the forces generated by motormolecules, such as the
flagellar motor of a bacterium [31] and the packaging motor of a bacteriophage
[32], have been measured as well.

However, while the forces in single-molecule experiments are typically of the
order of a few to several tens of picoNewtons, phenomena on the cellular level,
with many molecules involved, quickly exceed the limit of ~100 pN obtainable
by single-beam optical tweezers. Forces exerted during cell division, for example,
have so far been out of reach for optical trapping. Other techniques that have
been used to exert forces in biophysical studies include atomic force microscopy
(AFM), micropipettes, and magnetic tweezers. With AFM, forces of 10 — 10.000
pN can be exerted, and the technique can be applied in aqueous media. AFM
is, however, like the use of micropipettes, an invasive technique, and not all
experiments are suited for this. Magnetic tweezers, able to exert forces up to
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200 pN, are not locally applicable.

Optical tweezers are non-invasive and locally applicable, and many more
experiments will get into reach when they can exert higher forces. The possi-
bilities to pursuit these higher forces are, however, limited. The trapping force
is proportional to the laser power. Apart from the higher costs for high-power
lasers, the main restriction is heating of the sample and photodamage resulting
from absorption of light. Especially when handling biological material, laser
damage plays a role, even though the absorption is limited by the use of infra
red light [10]. In addition, for biophysical experiments in general aqueous media
are used, fixing the refractive index to n = 1.33.

The parameters that are left to optimize, are the size and refractive index
of the particle, and the shape of the trapping beam. The influence of these
parameters on the trap stiffness is discussed and investigated in this thesis.

1.4 Optical tweezers in colloid and interface science

A colloid or colloidal dispersion is a system of small particles stably dispersed
in a medium. Examples of a colloidal dispersion are milk (consisting of liquid
droplets in another liquid), and paint, in which solid particles are dispersed in
a liquid. Colloidal particles, with sizes ranging from a few nanometers up to
several micrometers, display Brownian motion. Due to this thermal motion,
they show phase transitions such as crystallization and melting, just like atomic
and molecular systems. However, contrary to atoms and most molecules, their
sizes enable imaging using light microscopy. In addition, the properties and
geometry of colloidal particles can be tuned, and the synthesis of dielectric par-
ticles and metallo-dielectric particles, with sphere, core-shell, core-half shell,
plate, rod, and dumbbell-geometry, has been demonstrated. These properties
make colloids well suited to function as a model system for atomic and molec-
ular interactions. Moreover, combined with fluorescence confocal microscopy,
fluorescently-labeled core-shell particles enable 3D imaging of individual parti-
cles in dense colloidal structures [33].

Optical tweezers are used in the study of hydrodynamic interactions [34],
pair potentials [35], and three-body interactions [36]. The applications we focus
on in this work, however, are the patterning of surfaces and the manipulation
of individual particles in the bulk of a colloid.

Patterned surfaces can be used to direct the crystallization of a concentrated
colloidal dispersion. With this technique, called colloidal epitaxy or template
directed growth, crystals can be grown into desired orientations and even the
growth of metastable crystals has been demonstrated. Patterning is usually
done by self-organization, for example controlled drying, but optical tweezers
offer the possibility of manipulation on single-particle level [37]. Also, particles
can be patterned on top of an existing layer [37]. By two-step self-assembly,
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high-refractive index particles can be incorporated in 3D colloidal structures,
enabling the manipulation of defects in photonic crystals.

1.5 'This thesis

In this thesis, we developed optical trapping techniques with certain applications
in mind, for biophysics experiments where forces higher than 100 pN are ex-
pected and for the controlled patterning and manipulation of multi-component
colloidal systems. For this, several new features were necessary, and we describe
those features and show how they can be applied.

In the experimental setups developed by us, two opposing high-NA objectives
were used. In Chapter 2, this configuration enabled trapping with one objective
and simultaneous 3D fluorescent confocal imaging using the other. Particles
with a high-index core were trapped inside a bulk of index-matched particles
to induce colloidal crystallization. The effects of the trapped structure on the
surrounding particles were imaged in 3D. When there is a mismatch in the
refractive index between the objective immersion fluid and the medium in which
we trap, the laser focus is distorted. In Chapter 3 we look at the origin of
these spherical aberrations, and discuss the consequences for both trapping and
imaging.

By splitting the laser beam, the setup could also be used to create counter-
propagating optical tweezers in which high-refractive index particles could be
stably confined in 3D. In Chapter 4 this was applied to pattern surfaces with
mixtures of particles, including high-index particles. The colloids were selected
from a separate reservoir, and moved to the patterning region with long-range
motorized actuators. By using a high-accuracy piezo stage in a feedback loop
with video microscopy position detection to reposition the sample, the drift
in the system was compensated for and large areas could be patterned with
mixtures of particles.

In Chapter 5, the trapping of multiple high-refractive index particles in dy-
namic arrays of counter-propagating tweezers was demonstrated, and in Chap-
ter 6 those dynamic counter-propagating traps were used to create counter-
propagating line tweezers in which high-refractive index ZnO rods were trapped.
This enabled full 3D translational and in-plane rotational control of the semi-
conducting nanorods, expanding the possibilities to position individual rods in
complex geometries.

In Chapter 7, a setup is presented in which counter-propagating trapping
with two high-numerical aperture objectives was combined with quadrant pho-
todiode position detection. This enabled force measurements employing high-
index particles. The enhancement of trap stiffness that can be expected for the
use of high-index particles was demonstrated and calculated in Chapter 8.
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2. OPTICAL TWEEZERS SETUP FOR INDEPENDENT
THREE-DIMENSIONAL MANIPULATION AND IMAGING

An optical tweezers setup is described, in which the use of two high-numerical
aperture objectives, one above and one below the sample, enables imaging to be
completely decoupled from trapping. By combining a Pockels cell and polariz-
ing beam splitters, two trapping planes were created at different depths in the
sample, in which arrays of optical traps could be manipulated independently,
and a three-dimensional structure could be trapped. A mizture of refractive-
index-matched particles and high-index particles was used to trap several of the
high-index particles inside the bulk of the non-trappable index-matched particles.
The dispersion was imaged in three dimensions using confocal microscopy, to in-
vestigate the influence of the trapped particles on the configuration of particles
in the bulk.
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2.1 Introduction

Since the invention of optical tweezers by Ashkin and co-workers [1, 2], optical
tweezers have found widespread use in fields like biology, physical chemistry,
and (bio-) physics [3-6]. An optical trap can be created by focusing a laser
beam to a diffraction-limited spot using a high-numerical aperture (NA) objec-
tive. The strong light gradient near the focus creates a potential well, in which
a particle with a refractive index higher than that of the surrounding medium
is trapped. The forces on a particle can be decomposed into a ”gradient force”
in the direction of increasing light intensity and a ”scattering force” directed
along the optical axis. The particle is trapped at the point where these two force
contributions balance, if the maximal restoring force of the trap is large enough
to overcome the effective weight and thermal fluctuations of the particle. The
general calculation of the optical forces on a particle in a trap is a challenging
problem [7]. This task is simpler in the regimes where a particle is either much
smaller (Rayleigh) [8] or much larger (geometrical optics (GO)) [9] than the
wavelength of the light used for trapping. Dielectric particles, small metal par-
ticles, as well as living materials, with sizes ranging from several nanometers to
tens of micrometers, can be trapped and manipulated in a single-beam gradient
trap as long as the scattering force is not too large. If there is no difference
in refractive index between the particle and its surroundings, no direct optical
forces are exerted on the particle. If the refractive index of the particle is lower
than that of the medium, the particle is expelled from the trapping beam. How-
ever, alternative schemes such as rapid beam scanning [10] and the use of light
beams with a phase singularity [11], have been invented to manipulate particles
in this situation. Recent developments have broadened the kind of forces that
can be exerted onto small objects to include bending [12], torque [13, 14], and
stretching [15].

To manipulate more than one particle at once, a number of methods have
been developed to create and manipulate planar arrays of optical traps us-
ing galvano [16] or piezoelectric [17] scanning mirrors, acousto-optic deflectors
(AODs) [3], (computer-generated) diffractive optical elements [18—-21], interfer-
ence of specially designed light beams [22, 23], or the generalized phase contrast
method [24].

At around the same time the single-beam optical tweezers were pioneered,
the confocal microscope was reinvented after it was first demonstrated at the end
of the 1950s [25, 26]. At present, confocal fluorescence microscopy is widely used
in biology and medicine, and its use in chemistry, physics, and materials science
is on the rise [27-29]. In confocal microscopy, the sample is illuminated with a
diffraction-limited spot while detection occurs by imaging the focal region with
the same objective onto a pinhole aperture. Only a thin section of the sample
contributes to the signal, thus out-of-focus stray light is efficiently reduced by
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the detection pinhole. By scanning the beam in the sample, a three-dimensional
image can be built up. Besides the sectioning capability, the use of pinholes also
leads to an increase in resolution compared to conventional microscopy [30].

Because of their tunability, in size, shape, as well as chemical composition,
and their ability to self-organize, colloids find their applications in the devel-
opment of advanced materials like photonic crystals [31]. In addition, colloidal
systems are used as a model system in condensed matter [32-34]. Colloids have,
like atoms, a well-defined thermodynamical temperature, their interaction po-
tential is tunable, and the time and length scales involved are experimentally
accessible. Recent developments in particle synthesis and labeling of particles
with fluorescent dyes opened up the possibility to perform quantitative three-
dimensional analysis using confocal microscopy on a single particle level [35].
Examples are experiments investigating the glass transition [36] and nucleation
and growth of crystals [34, 37] in colloidal dispersions. Optical tweezers have
been used to manipulate colloidal particles, to pattern substrates with two-
and three-dimensional structures [38, 39], and to measure double layer repul-
sions [40], depletion [41], and hydrodynamic interactions [42]. However, as se-
lective manipulation in a concentrated dispersion was not possible until now,
all applications have been limited to systems that were either (almost) two-
dimensional [32, 43] or had a very low particle concentration [23, 44].

Combining the powerful techniques of optical tweezers and confocal mi-
croscopy opens up series of new experiments. For example, three-dimensional
structures can be created with optical tweezers and can be imaged and studied
in detail in three dimensions. In addition, their effect on other particles that are
not trapped, can be analyzed in three dimensions. The simplest way of combin-
ing optical tweezers with a confocal microscope is by using the same objective
to image and to trap. However, this makes it impossible to use the three-
dimensional scanning ability, and only one plane is imaged [45]. Hoffmann and
co-workers implemented optical trapping and three-dimensional imaging using
one objective and fast scanning compensating optics to keep the tweezers at a
fixed position [46]. The use of two independent microscope objectives for trap-
ping and imaging was pioneered by Visscher and co-workers [12, 47], although
trapping was limited to a two-dimensional plane.

In Section 2.2 we describe the use of two microscope objectives, one above
and one below the sample, to decouple imaging and trapping completely. Sam-
ples could be imaged quantitatively in three dimensions without affecting the
optical trapping performance. AODs were used to create large two-dimensional
arrays of traps that could be changed dynamically. Three-dimensional arrays
of traps were created by fast switching between two beam paths using AODs, a
Pockels cell, and polarizing beam splitters.

Here we extend the use of optical tweezers in soft condensed matter systems
to an individual particle level in concentrated dispersions using core-shell parti-
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cles. We induced crystallization in a concentrated dispersion and demonstrate
that selective trapping of core-shell particles inside a concentrated dispersion of
index-matched particles in combination with three-dimensional imaging is pos-
sible. Some preliminary results were described in Ref. [33]. In addition, using
counter-propagating beams [1, 48] we trapped high-refractive index particles
that were not stably trapped in a single-beam gradient trap.

2.2 Experimental setup and details

In this optical tweezers setup (see Figure 2.1) we use a diode-pumped Nd:YVOy,
laser (Spectra Physics, Millennia IR, 10 W c¢w) with a wavelength of 1064 nm and
a TEMyg mode profile. The wavelength was chosen such that it is well separated
from the excitation and emission wavelengths of the fluorescent dyes used in
the confocal microscopy modes. This wavelength also minimizes absorption and
scattering in biological materials. This infrared (IR) laser beam is expanded
6x using a beam expander (EXP, Melles Griot). The beam is attenuated using
a polarizing beam splitter cube (C1) in combination with a half-lambda zero-
order wave plate (W1, Newport), which rotates the vertically polarized laser
light. The horizontally polarized fraction is directed into a beam dump.

L4, L3,
DM, M2
Upright
objective L2 L1 AODs
Sample M2 i : —CUA M1
Inverted H
objective C2 w2 b1 E:;l C1
W1
DM, M2 Exp

i Laser

CCD or
Confocal microscope

Fig. 2.1: Schematic diagram of the setup in which the use of two objectives allows
imaging to be completely decoupled from trapping. Rotation of waveplate W2
selects between inverted, upright, and counter-propagating trapping. AODs
were used for beam-steering and the creation of arrays of traps.
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Using gimbaled mirror (M1), the vertically polarized beam is coupled into
a pair of orthogonal AODs (IntraAction Corp., DTD-276HB6, 6x6 mm? aper-
ture). In the TeOy crystals of the AODs, a diffraction grating is set up by a
propagating sound wave. The laser beam is deflected at specific angles and in-
tensities that depend on the frequency and the amplitude of the sound wave in
the crystal, respectively. We corrected, if needed, for the diffraction efficiency
of the AODs not being constant over the frequency range, either by adjusting
the amplitude of the signal to the AODs or by changing the relative time spent
by the laser beam at a certain frequency.

A synthesizer board and amplifier (both IntraAction Corp.) allow for fast
and accurate control over the position as well as over the stiffness of the op-
tical trap. The synthesizer board was controlled using a LabVIEW (National
Instruments) program, which addressed a C++ program when faster switching
was needed. Using the AODs, the beam is scanned quickly from point to point
in the sample to create arrays of tweezers with great control over the position
of the traps. We also used Direct Digital Synthesizers (DDS, Novatech Instru-
ments Inc., DDS8m 100 MHz) to create multiple traps without time-sharing the
laser beam. Two frequencies were applied simultaneously to one of the AODs,
resulting in a corresponding number of diffracted beams. With this procedure,
the beams are not time-shared and can be modulated independently. Later,
the synthesizer board was replaced by the DDSs for all control of the AODs,
including time-sharing, and a new LabVIEW program was written.

The two AODs are each fitted on a four-axis kinematic stage (New Focus,
9071-M) for better alignment. As the AODs diffract the incoming laser into
multiple beams, a diaphragm (D7) is used to select the (1,1)-order for trapping.
By careful alignment of the AODs with respect to the incoming laser beam, up
to 60% of the light of the original undiffracted beam can be transferred into the
(1,1)-order.

The deflected beam is expanded further using a telescope with lenses L1 (f =
120 mm) and L2 (f = 250 mm). All lenses are Melles Griot achromatic doublets,
while the mirrors and beam-splitting cubes were obtained from Newport. All
components have an antireflection coating for 1064 nm. The combination of
the telescope and the beam expander broadens the laser beam approximately
12 times to a width of 2wy = 5.6 mm, filling the back aperture of the 100x
objective.

Switching between different trapping modes is done using a half-lambda
wave plate W2 combined with a polarizing beam splitter cube C2. Rotation
of the wave plate determines the fraction of the beam diverted to the upper or
the lower beam paths, thereby switching between inverted and upright trapping
modes. When both paths are used at the same time, inverted and upright single
beam optical traps can be created at different heights in the sample. Dual-
beam counter-propagating optical tweezers can be created when the inverted
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and upright tweezers are aligned on top of each other.

Mirrors (M2) and the 1:1-telescope lenses (L3;,, and L4; ., all f = 80 mm)
guide the beam to the microscope. The lenses L3J;, are placed on xyz-stages
fitted with micromanipulators. The lenses L3;,, as well as the AODs, are
positioned in planes conjugate to the back focal planes of the objectives. This
allows for manipulation of the optical traps in the front focal planes of the
objectives by changing the angles at which the beams enter the back apertures
of the microscope objectives. The lenses L3; , are achromatic doublet lenses to
minimize aberrations. Also, the displacement of these lenses from the optical
axis is small, and we have not seen any notable change in trap efficiency when
lenses L3;, were moved. For optimal two-dimensional position control, the
AODs are aligned such that the plane between the two AODs is conjugate to
the back focal planes of the two objectives. The distance between the centers
of the AODs is 32 mm.

Two dichroic mirrors (DM;,,, Chroma Technology Corp.) are attached to
the body of an inverted microscope (Leica, DM IRB). The mirrors reflect the
1064 nm laser beam into the back apertures of the objectives while they al-
low imaging in the visible. The revolver of the microscope is replaced with
a block holding the inverted objective placed on a piezo microscope objective
scanner (Physik Instrumente, Pifoc P-721.20), and the condenser is replaced
by the upper microscope objective. This upright objective is mounted on an
xyz-translation stage fitted with microscrews (Newport) for manipulation and
alignment. The upright objective can be used as a condenser for imaging as well
as for trapping. We used 100x(1.4-0.7 NA), 63x(1.4 NA), and 40x(1.25-0.75
NA) oil immersion objectives and a 20x (0.7 NA) air objective. All objectives
were plan apochromats obtained from Leica.

The maximum displacement of the trap in the sample is determined by the
maximum deflection angle of the beam at the AODs, by the optics in the setup,
and by the magnification of the microscope objective used. For the (1,1)-order
order, a center frequency of 25 MHz on the AODs deflects the beam 45 mrad
with respect to the zeroth-order undiffracted beam. The accessible frequency
interval ranges from 16 to 34 MHz corresponding to a deflection between —15
and +15 mrad of the beam at the AODs. The deflection angle at the back
aperture of the objectives was reduced by a factor of 2.1 because of the telescope
behind the AODs. The resulting maximum displacement of the optical traps in
the sample was found to be 28, 45, and 71 pm in both the z- and y-direction
for the 100x, 63, and 40x objectives, respectively.

A high-resolution xy-piezo stage (Physik Instrumente, P-730.4C, accuracy
better than 0.5 nm when operated in a closed-loop circuit) provided the abil-
ity to move the sample with high accuracy, and was mounted on a modified
stage (Rolyn, 750-MS) with motorized actuators (Newport, 850G-LS, low speed
closed-loop motorized actuators) for long-range displacements. Later, the piezo
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stage was replaced by an xyz-piezo stage (Physik Instrumente, P-563.3CD) with
a range of 300x300x300 pum3.

The power of the laser was measured using a broadband power meter (Melles
Griot) and the setup was built on a vibration-isolation table (Melles Griot).

2.2.1 Arrays of tweezers in more than one plane using one objective

To create multiple traps in different planes and image the sample in three di-
mensions simultaneously, the laser beam was split into two beams, which were
recombined after changing their relative divergence (Figure 2.2). As the posi-
tion of the trapping plane is determined by the divergence (or convergence) of
the beam at the back focal plane of the objective, we were able to create traps
in two different planes in the sample. Addressing these planes can be done
using a polarizing beam splitting cube in combination with a Pockels cell, an
electro-optic modulator in which the strength of an electric field over a crystal
determines the birefringence of that crystal. By choosing the right electric field
strengths, we can switch the linearly polarized laser beam between horizontally
and vertically polarized, and with that, between the two beam paths. Syn-
chronizing the Pockels cell with the AODs creates independent arrays of optical
tweezers in the two planes.

A mirror (M3) after the AODs reflects the beam into a 1:1-telescope formed
by two lenses (L5 and L6, both f = 120 mm). A polarizing beam splitting cube
(C3) is placed in front of the Pockels cell (Conoptics, 360-50 LA) to remove
any horizontal component of the polarization introduced by the AODs. A per-
sonal computer with an analog output board (NuDAQ PCI-6208V) controls the
Pockels cell. The computer also contains the synthesizer board that generates
the acoustic signals for the AODs. Both boards are controlled and synchronized
using a LabVIEW program to create independent arrays in each trapping plane.
For increased speed, the LabVIEW program calls a C++ program to write the
data to the two boards.

After the Pockels cell and a mirror (M4), the lenses L7 and L8 (f = 65 and
140 mm, respectively) expand the beam to an 1/e2-diameter of 5.6 mm, to fill
the back aperture of the (100x, 1.4 NA) objective (exit pupil diameter 5.6 mm).
A polarizing beam splitter cube (C4) splits the beam path into two separate
paths. In each of these paths, the beam passes through a 1:1-telescope formed
by a pair of lenses (L9, and L1044, all f = 90 mm). The lenses L9, are
positioned in a plane conjugate to the back focal plane of the upright objective.
The lens L9, is mounted on an xyz-translation stage allowing displacement of
the traps created in the sample with path a with respect to the traps created
with path b. After recombination of the two beams at polarizing beam splitter
cube C5, the combined beam is coupled into the microscope with the mirrors
M5, M6, and lenses L&, and L4,. A movement of lens L&, results in a collective
displacement of the traps created with paths @ and b. The lenses L&, and L9, 4,
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Fig. 2.2: Setup for the creation of arrays of tweezers in two trapping planes. A Pockels
cell and beam splitting cubes (C4 and C5) were used to switch between the
planes. The Pockels cell and the AODs were synchronized to create indepen-
dent configurations of traps in each plane. The upright objective was used
for trapping, while the inverted objective was used for imaging. The part of
the setup drawn in light gray was not used when two trapping planes were
created.

as well as the Pockels cell and the AODs, are in planes conjugate to the back
focal plane of the upright objective. Because of the length of the Pockels cell
(75 mm) and the small aperture (5x5 mm?), the modulator is placed with its
center at a plane conjugate to the back focal plane of the objective. The mirrors
M3 and M6 are placed on flippers (New Focus) to move them out of the beam
path when this part of the setup is not in use.

2.2.2 Imaging modes

The inverted objective is used for imaging while both the inverted and upright
objectives can be used for trapping. The sample can be imaged in brightfield,
differential interference contrast (DIC), epifluorescence, and reflection microscopy
using mercury or halogen light sources. For DIC imaging, a polarizer and Wol-
laston prism are placed below the inverted objective, in addition to an analyzer
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and a prism placed above the upright objective. The sample is imaged with a
Charge Coupled Device (CCD) camera (UNIQ, UP-600), which is read out by a
home-built frame grabber using a programmable coprocessor (SiliconSoftware,
microEnable). The images (540x480 pixels, 10 bit grayscale) can be stored dig-
itally on an array of hard disks at a rate of 20 Hz for full images and up to 50
Hz for smaller regions. For position detection in real time, the frame grabber is
programmed to determine the gray-value center of mass of particles separated
by at least a line of pixels on the CCD. An IR filter (Schott) is used to block
the trapping beam from the CCD camera.

For confocal imaging we use a commercial confocal scan head (Leica, TCS
NT) attached to the side port of the microscope. The confocal microscope
excites the sample using a mixed-gas Kr/Ar laser, and the fluorescence is de-
tected using photomultiplier tubes. To image the sample in three dimensions,
either the sample is scanned using a z-scanner (Leica), or the inverted objec-
tive, mounted on the piezo microscope objective scanner operated in closed-
loop mode, is scanned while the sample is kept stationary. The software of
the confocal microscope controls the piezo driver electronics. For imaging of
the fluorescently labeled silica particles described in the next section, the 488
nm line of the Kr/Ar laser was used in combination with cut-off filters. The
silica-coated polystyrene particles were imaged in reflection mode using a second
photomultiplier tube. Only in the upright trapping mode and at high powers
was the trapping laser detected by the photomultiplier tubes. In that case, an
IR filter in the filter wheel was used to block the trapping laser from the imaging
channels that were used in the visible. Image analysis was done using routines
similar to those described in Refs. [35] and [49].

2.2.3 (Quadrant photodiode position detection

For quadrant photodiode (QPD) position detection of trapped particles [50, 51],
the IR trapping laser light is used. The back focal plane of the upright objective
can be imaged onto a QPD, which is placed in the beam path between DM, and
L4,. In this scheme, however, only inverted trapping is possible. For position
detection during upright or counter-propagated trapping, the small percentage
of the IR light leaking through the lower dichroic mirror DM; is imaged onto
a QPD placed at the front camera port of the microscope. For simultaneous
imaging onto the camera, an IR filter is placed directly in front of the camera.
During QPD position detection, the objectives need to stay at a fixed distance
from each other, inhibiting simultaneous 3D imaging of the sample.

2.2.4 Colloidal dispersions

Colloidal silica particles with a core-shell geometry were synthesized using the
so-called Stober growth process, modified to incorporate a fluorescent dye and
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followed by a seeded growth. This method and the particle characterization
are described in more detail elsewhere [52-54]. We used two sizes of silica
particles with average diameters of 1384 and 1050 nm and polydispersities of
1.5% and 3%, respectively. The diameters of the silica cores were determined to
be 386 and 400 nm, respectively, and the cores were labeled with the fluorescent
dye fluorescein isothiocyanate (FITC). We will refer to the fluoresceine labeled
silica particles as FITC-SiOs5. The ZnS particles were synthesized following a
procedure described elsewhere [55], and had an average diameter of 500 nm
with a polydispersity of 10%. The index of refraction of the ZnS particles was
estimated [55] to be n% = 2.0.

Recently, we developed a method to synthesize core-shell particles with a
polystyrene core and a silica shell [56]. Polyvinyl pyrrolidone (PVP) was ad-
sorbed onto polystyrene (PS) particles with a diameter of 772 nm (estimated
refractive index n?) = 1.6), and then a silica shell was grown onto the PVP-
coated PS particles in several growth steps. The final diameter of the particles
was determined to be 975 nm with a polydispersity of less than 3%. We will
refer to the polystyrene-silica core-shell particles as PS-SiO5. The densities of
the particles used are not important for the trapping experiments in this article,
as the optical forces exceed the gravitational forces by far. The densities of the
particles used are stated in the references cited.

The particles were dispersed in ethanol (Merck, analytical grade), dimethyl
formamide (DMF) (Merck, analytical grade), or a mixture of DMF and dimethyl-
sulfoxide (DMSO) (Merck, analytical grade). All chemicals were used as re-
ceived.

In order to match the refractive index of the FITC-SiO5 particles, we made a
series of solvent mixtures with different relative composition of DMF and DMSO
but with a constant concentration of silica particles. For each mixture the trans-
mission was measured at a wavelength of 1064 nm using a spectrometer (Perkin
Elmer). A mixture with a volume ratio of DMF:DMSO = 18%:82% was found
to index-match the particles at 1064 nm. Using an Abbe refractometer (Atago,
3T), the refractive index of the matching mixture was measured to be n%) =
1.4675. For the trapping experiments on particles in a concentrated dispersion,
a small amount of PS-SiOs particles was added to a concentrated dispersion of
FITC-SiO4 particles. The mixture was then transferred to a refractive index
matching mixture of DMF and DMSO in several centrifugation (not exceeding
120 g) and redispersion steps.

In this Chapter, the samples with a thickness of 10-15 um were made by
sandwiching a drop of dispersion between a larger and a smaller microscope
cover slide (Chance or Menzel, No. 1, thickness 170 pm). The samples were
sealed with candle wax. Thin samples were clamped on all sides to prevent
them from bending when the objectives were moved. Thicker samples consisted
of 0.1x2x50 mm? capillaries (VitroCom, wall thickness 100 ym), which were
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closed by melting. The optical quality of the microscope cover slides is better
than that of the capillaries.

2.3 Dynamic arrays of optical tweezers

Figure 2.3 shows an array of 20x20 time-shared optical traps holding 1.4-pm-
diameter FITC-SiO, particles. The inverted objective (63x; 1.4 NA) was used
for trapping as well as for imaging. The AODs scanned the array at a frequency
of 96 Hz. The particles were dispersed in ethanol in a 100-um-thick capillary.
The tweezers array was shifted up slightly with respect to the imaging plane.
The untrapped particles next to the array were situated just below the imaging
plane. Some traps held more than one particle, while several traps on the edge
of the pattern were not filled. The total laser power used to create the 400 traps
was 1.0 W at the back focal plane of the trapping objective.
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Fig. 2.3: Transmission microscopy image of 1.4-um-diameter FITC-SiO2 particles in
ethanol, trapped in an array of 400 time-shared optical traps. The inverted
objective was used for trapping as well as for imaging. Using the AODs, the
array was scanned at 96 Hz, well above the roll-off frequency of the particles
in the traps. The particles on the right of the image were not trapped, and
were located below the imaging plane. The scale bar is 10 pm.

When time-sharing a laser beam, the beam has to be scanned fast enough
over the different positions in the sample for a particle to behave like it would
when trapped in a non-time-shared optical trap. To determine the necessary
speed, we measured, using a QPD, the roll-off frequency f. to be 10 Hz for a
1.4-pm-diameter silica particle trapped in a single optical trap with 2.5 mW
laser power at the back focal plane of the trapping objective. This is well below
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the 96 Hz at which the array in Figure 2.3 was scanned. Already hundreds of
traps can be created by time-sharing the AODs in a low viscosity solvent like
ethanol for micron-size particles; increasing the viscosity, and thus lowering f.,
would allow for even larger arrays. However, to keep a particle trapped, the
particle should not be able to wander too far from the central trap position
during the off-time of that trap. Also, the on-time of the time-shared trap
should be long enough to bring the particle back to the central position. This
sets a limit to the on/off-ratio of each trap, and as a consequence, to the number
of traps that can be created. This on/off-ratio is independ of the viscosity of the
medium, but a higher trap stiffness will increase the number of possible traps.
Both considerations have to be taken into account in setting the time-sharing
frequency and/or the number of traps in the array.

Figure 2.4a shows 25 FITC-SiOy particles (1.4-pm-diameter) dispersed in
ethanol and trapped in a 5x5 square symmetric pattern using the inverted mi-
croscope objective (100x; 1.4 NA). The pattern was then changed in a few
seconds, without losing particles from the trap, via intermediate stages (Fig-
ure 2.4b and c) into the triangular pattern shown in Figure 2.4d.

Fig. 2.4: (a) Transmission microscopy image of 1.4-pm-diameter FITC-SiO2 particles
trapped in an array of 25 time-shared optical traps with squared symmetry.
The inverted objective was used for trapping as well as for imaging. Using the
AODs, the pattern was dynamically changed in a few seconds without losing
particles, via intermediate patterns (b) and (c) to an array with triangular
symmetry (d). The scale bar is 5 pm.

Compared to other techniques of time-sharing optical tweezers, for example
scanning mirrors [16], AODs are fast and flexible. Even mirrors mounted on
piezo scanners [17] have a scan rate of no more than a few kHz, while the
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AODs can be used at more than 100 kHz. Other techniques that intensity-
share the beam, like diffractive optical elements [18, 19] in combination with
computer addressed spatial light modulators [20, 21], are very flexible, although
their computational process is complex and time-consuming. Multiple tweezers
generated with the generalized phase contrast method [24] are much faster than
holographic optical tweezers, but they only trap in two dimensions.

The AODs can also be used to create multiple tweezers without time-sharing
the laser beam. We used digital synthesizers to generate two frequency signals,
which were combined as input for one of the AODs, while the other AOD had
a single frequency as input. The laser beam was diffracted at two different
angles, creating two optical traps in the sample. Arrays of tweezers are possible
using this approach, although the intensities of the beams are interrelated, and
higher-order frequencies might appear.

2.4 Optical trapping and decoupled confocal imaging

The use of two microscope objectives, one on each side of the sample, allows
for optical trapping and simultaneous three-dimensional imaging in the sample.
To demonstrate this independent trapping and imaging, we created a three-
dimensional structure of colloidal particles. On the setup, the upright objective
(100x; 1.4 NA) was used to create an array of eight optical traps. Each trap
was filled with two 1.4-pm-diameter FITC-SiO, particles. The pairs of parti-
cles in each trap were distributed along the propagation direction of the beam
and formed a three-dimensional structure. This method was demonstrated — al-
though not by imaging in three dimensions — by MacDonald and co-workers [23].
Using the inverted objective (63x; 1.4 NA), we imaged the sample in confocal
mode. Starting below the structure and ending above it, we scanned through
the two layers of particles.

Figure 2.5a shows a plane below the structure with almost no fluorescence
signal detected. Moving upwards, the eight particles in the lower plane were
imaged (Figs. 2.5b and ¢). Between the two planes of particles (Figs 2.5d and
e) some fluorescence was detected. Moving further upwards, the particles in
the second layer were imaged (Fig. 2.5f). Finally, Figure 2.5h shows a plane
just above the structure. Because the particles have a fluorescent core and
a non-fluorescent shell, only the cores were imaged. The separation between
the imaging planes in Figure 2.5 was determined to be 546 nm [57]. From
the confocal images we determined the three-dimensional coordinates of the
particles, which we used to computer-generate an image of the structure created
by the optical traps (Figure 2.51).
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Fig. 2.5: (a)-(h) Fluorescence confocal images of a three-dimensional structure of col-
loidal particles created with a two-dimensional array of time-shared optical
tweezers. Fight time-shared optical traps held two 1.4-um-diameter FITC-
Si02 particles each. The particles aligned on top of each other in the prop-
agation direction of the laser beam. The height difference between each sub-
sequent image was 546 nm with (a) below and (h) above the structure. The
upright objective was used for trapping, while the inverted objective was used
for imaging. Only the fluorescent cores of the particles were imaged and im-
age (i) was computer-generated after determination of the particle coordinates
from the confocal images. The scale bars are 2 pm.

2.5 Arrays of tweezers in more than one plane using one objective

Using the setup as described in Section 2.2.1, we created two trapping planes us-
ing the upright objective (100x; 1.4 NA). In each plane, a different configuration
of traps was created by synchronizing the Pockels cell and the AODs. This
three-dimensional array was then filled with 1.4-pym-diameter FITC-SiO, parti-
cles. The particles were dispersed in ethanol in a 10-pm-thick sample. The lower
objective (100x; 1.4 NA) was used for imaging. Figure 2.6a shows a confocal
image of the upper plane in which six particles were trapped, while the nine
particles in the lower plane are shown in Figure 2.6b. The distance between the
trapping planes was determined to be 1.7 um [57]. When the confocal micro-
scope was focused between the two trapping planes, fluorescence from both the
upper and the lower plane was visible (Figure 2.6¢). From the confocal images
we determined the position coordinates of the particles in the trapping array
and generated an artificial image of the three-dimensional structure created
(Figure 2.6d).
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Fig. 2.6: Fluorescence confocal images of particles trapped in a three-dimensional array
of tweezers created by synchronizing the Pockels cell and the AODs. (a) Siz
particles were trapped in the upper plane and (b) nine in the lower plane. (c)
Between the two trapping planes fluorescence from particles in both planes was
detected. The height difference between the two trapping planes was 1.7 pm.
The upright objective was used for trapping while the inverted objective was
used for imaging. The 1.4-um-diameter FITC-SiO2 particles were dispersed
in ethanol, and only their fluorescent cores were imaged. (d) An image was
computer generated on the basis of the confocal data. The scale bars are 1
um.

2.6 Manipulation of (core-shell) particles in a concentrated
dispersion

To demonstrate selective optical trapping in a concentrated dispersion, we dis-
persed a mixture of PS-SiOy and FITC-SiO particles in a solvent mixture of
DMF and DMSO with the same refractive index as SiOo at 1064 nm. The di-
ameters of the particles were 975 and 1050 nm, respectively. The concentration
of the samples was chosen such that, after the dispersion had sedimented in
the 100-pum-thick capillary, a thin sediment formed, which was either liquid-like
or crystalline in the bottom layer. We created a 3x3 square array of optical
tweezers, with varying spacings between the traps, in the bottom layer of the
dispersion. Eight traps were filled with PS-SiO5 particles, and one trap was left
empty. The upright objective (63x; 1.4 NA) was used for trapping, while the
inverted objective (100x; 1.4 NA) was used for imaging.

Figure 2.7 shows combined fluorescence and reflection confocal images of the
eight trapped particles surrounded by non-trappable FITC-SiO» particles. The
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Fig. 2.7: Combined confocal and fluorescence images of a mizture of PS-SiO2 (black)
and FITC-SiOs particles (light gray). The mizture was dispersed in a fluid
matching the refractive index of the FITC-SiO2 particles. The PS-SiO2 par-
ticles were trapped in a 8x 8 array of optical tweezers. The upright objective
was used for imaging. The lattice spacing of the templates was (a) 4.1 pm,
(b) 4.1 um, (c) 1.6 um, and (d) 1.8 um. The template of trapped parti-
cles induced structure in the dispersion of FITC-SiO2 particles. Images were
averaged over (a) 20, (b) 10, (c) 10, and (d) 4 images with 1.7 s between
the frames. Immobile particles were imaged sharply, while moving particles
became blurred. Only the cores of the particles were imaged. Note that only
eight of the mine traps were occupied and that no FITC-Si02 particles are
drawn towards, nor expelled from, the empty trap, demonstrating that optical
forces on these particles are negligible. The scale bars are 5 um.

trapped particles are displayed in black, while the FITC-SiOs particles are dis-
played in light gray. The images were averaged over multiple frames with a time
step of 1.7 s between the frames. Because of the averaging, mobile particles were
blurred in the images, while particles that were not moving were imaged sharply.
Figure 2.7a was averaged over 20 images and shows an open structure with a
separation between the traps of 4.1 um. The concentration of the surrounding
FITC-SiO4 particles was below the freezing point, and they were thus in the lig-
uid state. Within the array of trapped particles, the FITC-SiO5 particles showed
some ordering, but did not crystallize. Figure 2.7b (averaged over ten frames)
shows an array with the same trap separation as in Figure 2.7a, but here the
FITC-SiO4 spheres crystallized with a hexagonal symmetry within the array of
trapped particles. The particles surrounding the array were still clearly liquid-
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like. Figures 2.7c and d (averaged over ten and four frames, respectively) show
arrays with smaller trap separations of 1.6 and 1.8 ym. In Figure 2.7c, FITC-
SiO2 spheres penetrate the array of PS-SiO4 particles, resulting in an ordered
structure with square symmetry, while the surrounding FITC-SiO4 spheres were
still liquid-like. Figure 2.7d shows that also in a crystalline layer the PS-SiO,
particles can be trapped in an array that is incommensurate with the crystal
lattice. The hexagonal layer incorporated the different symmetry of the trapped
structure, although some defect lines originate from the trapped structure. At
the position of the empty trap in the 3x3 array can be seen that the force
on the FITC-SiO4 particles was negligible compared to their thermal energy.
If the FITC-SiO2 particles were either under- or over-matched by the solvent
mixture, the optical forces on these particles would either pull them towards or
expel them from the trap.

The high-index core of the PS-SiO5 particles allowed them to be manipu-
lated in a concentrated dispersion of refractive index-matched FITC-SiO4 par-
ticles. The core-shell morphology of the PS-SiOs particles has several other
advantages. Because the shell of the core-shell particles is of the same ma-
terial as the FITC-SiO2 particles, all particles in the mixture have the same
surface properties and thus the same interparticle interaction. Furthermore,
the optically induced forces, present between non-time-shared multiple trapped
particles, will be decreased, as only the cores are trapped, and these forces decay
strongly with interparticle distance [22, 58]. Finally, the core-shell geometry is
advantageous for trapping in three-dimensional arrays of optical traps (as in
Sections 2.4 and 2.5) as the scattering unit of a particle is smaller, thus causing
less distortion of the laser field behind the particle.

2.7 Counter-propagating tweezers

Counter-propagating optical tweezersl [48], have the advantage over single beam
traps in that they can trap strongly scattering particles. The scattering force on
a particle is cancelled due to symmetry of the two beams along the optical axis.
At the same time, the gradient force is added resulting therefore in stronger
confinement of the particle in all directions compared to a single-beam trap.
To demonstrate such a counter-propagating trap, we trapped a 0.5-um-
diameter ZnS particle (n?) = 2.0) dispersed in ethanol. The large difference
in refractive index meant that the particle could not be trapped in a conven-
tional single-beam gradient trap. Figure 2.8a shows on the left the ZnS particle
in a counter-propagating trap. The trap was created using both the inverted
and upright objective (both 100x; 1.4 NA), and the laser power was divided
equally between both beam paths. The particle on the right in Figure 2.8a
is a 1.4-um-diameter FITC-SiO, particle stuck to the lower sample wall. To
demonstrate that the ZnS particle was indeed trapped in three dimensions in
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the counter-propagating trap, we moved the stage down in Figures 2.8b and c
As can be seen, the ZnS particle stayed in focus while the FITC-SiO5 particle
moved out of focus. It was possible to shift the position of the ZnS particle with
respect to the imaging plane by changing the relative power in the upright and
inverted beam paths.

Fig. 2.8: A 0.5-um-diameter ZnS particle (left) trapped in counter-propagating optical
tweezers next to a 1.4-pm-diameter FITC-SiO2 particle (right) that was stuck
to the surface of the sample cell. The ZnS particle was trapped in three
dimensions, as can be seen in (b) and (c), where the sample was moved down
with respect to the trapping plane; the ZnS particle was trapped and therefore
stayed in focus, while the FITC-SiO2 particle moved out of the focal plane. It
was not possible to trap the ZnS particle using single-beam optical tweezers.
The scale bar is 2 um.

2.8 Discussion and outlook

The setup described in this Chapter was developed to both manipulate and
image individual colloidal particles in three dimensions in concentrated colloidal
dispersions. We have shown that the combination of confocal microscopy and
time-shared optical tweezers allows independent three-dimensional imaging and
manipulation of the dispersion.

By choosing AODs to time-share the laser beam we have shown that it is
possible to create large arrays of hundreds of optical traps and change them
dynamically, due to the high scan rate of the AODs. These arrays of tweez-
ers were used to create two-dimensional and three-dimensional structures of
particles. Arrays of traps in two planes were created using a Pockels cell com-
bined with polarizing beam splitters. Such an approach does not enable full
three-dimensional control over the trapped particles, but is one of the fastest
methods to create and dynamically change the symmetry of two independent
two-dimensional arrays of optical tweezers.

In addition, we have shown that selective trapping and manipulation of in-
dividual particles is possible if a concentrated system of a mix of index-matched
and non-matched particles is used. The non-matched particles can be trapped
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and manipulated without exerting forces on the index-matched particles. Be-
cause both species have an index-matched shell, all particles in the mixture
have the same surface properties. By fluorescently labeling the (cores of the)
particles, it is possible to follow the effects of the trapped spheres on the bulk
dispersion on a single particle level in three dimensions.

In combination with the use of the earlier mentioned arrays of tweezers we
plan to study crystal nucleation. With our setup, the umbrella-sampling scheme
that uses a local potential to probe unlikely events such as crystal nucleation in
computer simulations [59], can now be implemented experimentally.

Finally, by using counter-propagating traps, high-refractive index particles
could be manipulated that could not be trapped in three dimensions with con-
ventional single-beam optical tweezers.
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3. SPHERICAL ABERRATIONS DUE TO
REFRACTIVE-INDEX MISMATCH — INFLUENCE ON
OPTICAL TRAPPING AND CONFOCAL IMAGING

When there is a refractive index mismatch between the immersion fluid and the
specimen, the focal depth of a light ray focused by a microscope objective, depends
on the radial distance of this ray to the optical axis. As a result, the point
spread function is distorted. Due to these so-called spherical aberrations, the
width of the focus increases and the mazximum intensity decreases, for increasing
focal depth. In addition, the actual focus position is moved along the optical
axis. The effects on confocal imaging and on optical trapping are manifold,
including a decrease in image resolution and in trap stiffness for increasing
depth; these effects are more pronounced in the axial than in the lateral direction.
Furthermore, when confocal data are used to reconstruct 3D configurations, the
axial scaling has to be taken into account. In this Chapter, we discuss the
effects of spherical aberrations on confocal imaging and optical trapping. As
a demonstration, we determined the axial scaling factor for an oil immersion
objective in ethanol by using a particle with two fluorescently-labeled cores as an
in situ measuring stick. We used the results to make a reconstruction of the 8D
configuration of three particles in a single beam trap.
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3.1 Introduction

The effects of a difference between the index of refraction nq of the immersion
fluid and the index no of the specimen are of interest in quantitative three-
dimensional (3D) light microscopy, such as confocal microscopy and two-photon
excitation microscopy. Due to the refractive-index contrast — for example when
using an oil immersion objective in water — the focal depth of a light ray of
a laser beam focused by a microscope objective depends on the radial distance
of this ray to the optical axis. As a consequence, the point spread function
(PSF) of the focus is distorted [1-4], introducing spherical aberrations. For
increasing depth in the sample, the axial and lateral resolution are degraded
and the detected light intensity is decreased. In addition, the position of the
focus is shifted [5, 6], causing axial distances to be either overestimated (for
ny > ng) or underestimated (for n; < ms). This scaling in the axial direction is
of specific importance when microscopy data is used for three-dimensional (3D)
reconstruction of scanned objects [7-9]. Various methods have been explored
to minimize the distortion of the PSF due to spherical aberrations, for example
by changing the illumination beam to compensate for spherical aberrations [3],
or by deconvolution restoration of the image afterwards [4].

In the field of optical trapping, spherical aberrations due to a refractive-index
mismatch have recently attracted an increasing amount of attention [10-13].
As a consequence of the depth dependence of the PSF distortion, the trap
stiffness in both axial and radial direction depend on the trapping depth in the
sample. The possibilities to correct for spherical aberrations in trapping have
been investigated. In these cases, the input beam was altered using a deformable
mirror [12, 14], or by changing the tube length by inserting extra lenses in the
optical path of the laser [10, 15]. Several groups have investigated the effect of
spherical aberrations on the trap stiffness, in the lateral direction [10], the axial
direction [11], or both [13, 16]. When not taken into account in calculations
[17, 18], spherical aberrations are a source of discrepancy between calculations
and measurements.

Three-dimensional configurations of multiple particles in optical traps are
of interest in creating extended 3D structures of colloidal particles [19]. Such
structures can be used as a nucleus to induce colloidal crystallization [20]. When
trapping multiple particles in close proximity to each other, the trapping posi-
tions will be influenced by the other particles and other trapping beams. For
example, Gauthier and Ashman [21] used an enhanced ray optics approach to
calculate configurations of multiple particles in a trap, and showed for cer-
tain particle sizes and index contrast conditions, that three particles will not
all three be trapped exactly on the beam axis. Such deviations are of impor-
tance in creating 3D structures, and can be studied by 3D imaging of trapped
structures. The optical sectioning ability of confocal microscopy offers the pos-
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sibility to determine the 3D particle coordinates for reconstruction of their 3D
configuration [22]. However, care has to be taken in the analysis of particle
coordinates [23].

In this Chapter, we use geometric optics (GO) to derive a simple repre-
sentation of the origin of spherical aberrations, and we discuss the influence
of these aberrations on optical trapping, as well as on confocal imaging. As
a demonstration, we measured the axial scaling due to spherical aberrations
when using an oil-immersion objective for confocal fluorescence microscopy in
ethanol, exploiting a particle with two fluorescently labeled cores as an in situ
measuring stick. The results were used to determine the 3D configuration of
three fluorescently-labeled particles in a single optical trap.

A
NFP AFP(r)
¥ n,
r11

=R/r

i M

Fig. 3.1: Geometric optics representation of the refraction of a light beam focused
through a refractive index interface with na < ni. The actual focus position
(AFP) compared to the nominal focal position (NFP) of a ray depends on
the distance 0 < 7 < R to the optical axis, introducing spherical aberrations
of the point spread function of the focus. R is the radial distance of the outer
rays at the interface.

3.2 Spherical aberrations

High-numerical aperture (NA) objectives used in microscopy are designed for
use in a medium with a certain refractive index m1; only then does the light
focus to a diffraction-limited spot, with the opening angle 6; of the beam given
by:

ni

NA
61 = arcsin (—) (3.1)
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In the case of a mismatch in refractive index n; of the immersion fluid and the
index ng of the specimen, the light is refracted at the interface (see Figure 3.1).
For each light ray, the angle of refraction 92 depends on the angle of incidence
U1, and Snell’s law of refraction describes this dependence as:

n1 sind; = ng sin Ys. (3.2)

We will use geometric optics (GO) to determine the actual focal position (AFP)
for certain nominal focal position (NFP); the NFP is equivalent to the depth
of focus when no refraction occurs. It should be noted that GO is too simple a
theory to describe the PSF of a laser beam focused by a high-numerical aperture
objective, with or without spherical aberrations. Here, however, we will use
the theory to gain understanding of the origin of spherical aberrations due to
a refractive-index mismatch, and to get a first approximation of how these
aberrations affect the position and shape of the PSF.

Because the absolute radial distance r of a ray at the interface depends on
the NFP, we express the AFP as a function of the relative radial distance rq
=r/R:

rrelR
AFP(re) = , 3.3
(rret) tan vy (3:3)
with, using Eq. (3.2), the angle of refraction 95 given by:
. niy .
Pa(rre1) = arcsin (— sin 191>, (3.4)
n2
and the angle of incidence 1 by:
Trel R
91 (re1) = arctan <NF1‘P ) (3.5)
The expression (3.3) for the actual focus position can now be rewritten to:
re R
AFP(ryel) = [rel . (3.6)
tan (arcsin (Z—; sin (arctan (q(}%lg))))
For the maximum radius R of the light cone at the interface, we find:
R = NFPtan b, (3.7)

with 67 the opening angle of the beam given by Eq. (8.14).
This yields, for the actual focus position AFP as a function of the relative radius
0 < 7pe1 < 1 of the beam at the interface:

rreitan(arcsin (1:1—‘1*))

AFP(rye) = NFP

tan(arcsin( L sin(arctan(ryeitan(arcsin (n—’?))))))
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Because of this dependence of the focal depth on the radial distance of the
light rays, the effects of the refractive index interface on the PSF are spherical
aberrations.

Note that for the outer rays, at r = R, Eq. (3.8) collapses to:

AFP(1) = NEP tan (arcsin (%)) |
tan (arcsin (%))

With Eq. (3.8) we see a linear dependence of the AFP on the NFP, and we
can define an axial scaling factor (ASF) as:

(3.9)

ASF(r) = AFP(ra) (3.10)

NFP
Treltan (arcsin (%))
- (3.11)

tan(arcsin(;! sin(arctan(ryertan(arcsin ( 1:2—‘1* M)’

with NA the numerical aperture of the objective, n; the index of refraction of
the immersion fluid, and ns the index of the specimen.

In Figure 3.2, the calculated ASF is plotted as a function of the radial
distance r, for 1.3 NA and 1.4 NA oil immersion objectives (n; = 1.515) used
in water (ng = 1.33), in ethanol (1.36), and in a silica-matching solution (1.45).
The graph clarifies many aspects of the index-interface-induced aberrations. As
can be seen, for small radial distance r, the ASF does not change much, but
in water and in ethanol, the decrease in ASF for large r is dramatic. For the
dispersion with n = 1.45, the decrease is considerably less. The curve is plotted
for NFP = 50 pum; the NPF does not influence the shape of the curve — as the
ASF is independent of NPF — but it does determine the maximum radius R of
the light cone at the interface. Due to a larger opening angle 61, R is larger for
the 1.4 NA objective (R = 0.121 mm for NFP = 50 pm) than for the 1.3 NA
objective (R = 0.084 mm). However, when the NA of the objective is larger
than the index ns of the specimen, part of the rays will undergo total internal
reflection at the interface; their angle of incidence 1, exceeds the critical angle
0., given by 0. = arcsin (n1/n2). This lowers the effective NA of the objective.

To approximate the over-all ASF, Eq. (3.10) has to be integrated over the
area of illumination. Furthermore, Viana et al. [24] showed that the transmit-
tance of the objective is a function of the radial distance. In addition, the illu-
mination of the exit pupil can depend on r, for example when using a Gaussian
beam. Therefore, for a good approximation of the ASF, both the transmittance,
and the illumination of the objective have to be taken into account.

With the ASF different for different r, the broadening of the PSF depends
on the NFP: the deeper into the specimen, the wider the focus becomes in
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Fig. 3.2: The axial scaling factor ASF = AFP / NFP as a function of the radial
distance r, calculated with GO, for 1.3 NA and 1.4 NA oil immersion (n1 =
1.515) objectives in water (n2 = 1.33), in ethanol (n2 = 1.36), and in a silica-
matching solution (nz = 1.45). The used NFP is 50 pum, which determines
the maximum radial distance R for each objective. For the 1.4 NA objective,
the NA exceeds ng. Therefore, light rays for which ¢1 > 6. will undergo total
internal reflection. For the three refractive-index mismatches, the paraxial
approximation ASF = nq/n2) is also plotted.

axial and lateral direction. All these effects are more pronounced for a larger
refractive-index mismatch.

Although GO gives too simple an approximation, the linear dependence of
the AFP on the NFP was also found by Kuypers et al. [5], who used a theoretical
model based on diffraction theory, and it has been confirmed experimentally in
several studies [1, 4, 5]. The paraxial approximation ASF = (ny/n1) [25, 26] is
also plotted in Figure 3.2 for the three specimen indices. This approximation,
however, underestimates the effect of the spherical aberrations on the AFP. The
deviations are limited for small NA, but rapidly increase for larger NA.

In this GO description, we only used a single refractive-index interface, not
taking the presence of a cover glass into account. For an oil immersion objective,
with n; equal to the index of refraction of the cover slide, this is correct. For
a water immersion objective, however, the formulas have to be derived for the
case of two index interfaces, which will yield a somewhat more complex relation



3.2. Spherical aberrations 43

for the ASF.

Moreover, in this derivation, we only considered illumination of the objective
by a beam parallel to the optical axis, giving a focal spot in the center of the
field of view. For trapping or imaging away from this central spot, the results
will differ.

3.2.1 Spherical aberrations and 3D confocal imaging

In confocal scanning laser fluorescence microscopy (CSLM) [27], the specimen
is illuminated point-by-point with a laser beam focused by an objective lens.
The fluorescence in the specimen is detected by the same objective, after which
a spatial filter in the form of a pinhole eliminates all out-of-focus light. As a
result, the confocal PSF is the product of the illumination PSF and detection
PSF [28], resulting in an improved resolution and enabling optical sectioning of
the sample.

The PSFs for illumination and for detection are not necessarily equal. The
filling of the exit pupil, for example by a Gaussian scanning laser beam, is of
influence on the illumination PSF [5]. In addition, a Gaussian-shaped depen-
dence of the transmittance of high-NA objectives on the radial distance from
the optical axis has been reported [24], influencing both the illumination and
the detection PSF.

When focusing into a specimen with a refractive-index mismatch compared
to the immersion fluid of the objective, both the illumination PSF and the
detection PSF are affected by spherical aberrations. As a result, the lateral and
the axial resolution, as well as the maximum intensity, decrease for increasing
NFP. The effect on the axial resolution is stronger than on the lateral resolution
[5, 6]. The reduction in maximum intensity for an oil immersion objective can
be as much as 40% between 10 and 20 wm NFP in water [1]. In addition to
the decrease in resolution, the axial distance is scaled. These effects of spherical
aberrations affect the ability to reconstruct a 3D image of a scanned specimen.

As already mentioned in Section 3.1, the possibility to compensate for the
spherical aberrations by changing the illumination profile at the exit pupil has
been investigated theoretically [3], predicting good results in the recovery of
resolution and signal.

Correction for the spherical aberrations afterwards has been done by de-
convolution of the image [4]. The axial scaling cannot be compensated for. It
has to be determined, and corrected for, with a calculated or an experimentally
determined factor for the used experimental setup.

3.2.2 Spherical aberrations and optical trapping

The forces exerted by optical tweezers onto a particle, depend on the intensity
gradient in the focal spot of the trapping laser [29]. A change in the PSF will
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therefore affect the trapping forces on the particle.

As stated before, the PSF depends on the transmittance of the objective
and on the filling of the exit pupil, in optical trapping usually by a truncated
Gaussian beam. A mismatch in refractive index will distort the PSF, which
translates directly to the trapping potential: broadening of the focal spot yields
a smaller trap stiffness. Because the broadening is worse in the axial direction,
also the effect on the axial stiffness is largest [16]. And, as the broadening of
the focus depends on the NFP, also the trap stiffness depends on the NFP in
the case of a refractive-index mismatch.

In quadrant photodiode (QPD) position detection [30], the momentum change
of the light is measured, which is a direct measure for the trapping force [31].
A smaller stiffness (force per displacement) therefore corresponds to a smaller
detector sensitivity (detector signal per displacement). Hence, the sensitivity 3
will depend on the NFP [32], even when a separate detection beam is used. As
a consequence, 0 has to be calibrated at the depth in the specimen where the
QPD measurements are performed.

In optical trapping, the potential well is assumed to be harmonic over a
limited range around the trapping position. Due to the changes in the PSF
in the case of a refractive-index mismatch, the potential of the trap possibly
deviates from the harmonic approximation on a shorter range [11, 16]. This can
introduce an additional error in the interpretation of force measurement data.

Most calculations of optical trapping forces assume a diffraction-limited spot
and do not take spherical aberrations into account. Without correction for
spherical aberrations, the calculated values will deviate more from the measured
values for increasing refractive-index difference. Recently, Viana et al. [33] pre-
sented calculations corrected for spherical aberrations. Their results, without
adjustable parameters, were in good agreement with their experimental work.
The ASF, also present for optical trapping, is often not an issue, as the imaging
is affected by axial scaling as well, although the scaling factors are not neces-
sarily the same.

3.3 Experimental setup and methods

To combine optical trapping with 3D confocal microscopy, we used an inverted
microscope (Leica, DM-IRB) in which the condenser was replaced by a second
objective. This objective was used to focus an infrared laser beam (Spectra
Physics, Millennia IR, 1064 nm, 10 W c¢w) into the specimen for trapping, while
the opposing inverted objective was used for independent confocal imaging (both
objectives: Leica, 100x 1.4 NA, oil immersion). This inverted objective was
mounted on a piezo microscope objective scanner (Physik Instrumente, Pifoc
P-721.20) for displacement along the beam axis. By moving the objective,
different z-planes were imaged, which were combined to a 3D representation of
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the specimen. Acousto-optic deflectors (AODs) were used to time-share the laser
beam over two positions in the specimen at a time-scale fast enough compared
to the Brownian motion of the particles in the trap [34]. By moving the upper
objective along the optical axis with respect to the sample cell, the trapping
plane was moved within the specimen. The setup is described in more detail in
Section 2.2.

We used a mixture of single and dumbbell silica particles [35] dispersed
in ethanol (n = 1.36). The 1.4-um-diameter SiOy (n = 1.45) particles had a
0.4-pm-diameter SiO2 core labeled with the fluorescent dye fluorescein isothio-
cyanate (FITC). The sample cell consisted of two cover slides (Menzel, No. 1)
glued together with candle wax and filled with a diluted dispersion of the single-
dumbbell mixture. The 488 nm laser line of the confocal microscope was used
for illumination, and only the FITC-labeled cores of the particles were imaged.

The index of refraction of a material depends on the temperature and on
the wavelength of the light used. Due to this latter feature, the indices of the
immersion oil, of the dispersion medium and of the silica particles are different
for the trapping laser light (1064 nm) than for the imaging laser light (488 nm).
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Fig. 3.3: Schematics of the measuring configurations. For confocal imaging, the in-
verted objective is used, while trapping was done with the upright objective
(arrows). (a) A dumbbell trapped flat against the surface, to determine the
core-to-core distance. (b) A dumbbell trapped at certain NFP in the sample.
The position is changed to determine the ASF at several depths. (c¢) Two
time-shared traps, with a dumbbell in one trap and three single particles
in the other, at NFP = 20 um, to determine the 3D configuration of three
particles in optical tweezers.

Experimental method

To determine the axial scaling factor, the size or thickness of a certain object,
or the distance between two objects, has to be known; this is the AFP. When
imaging this distance, the displacement of the objective along the beam axis
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is equal to the NFP. Kuypers and colleagues [5] used an elegant solution to
know the true measured distance, which was by filling a single specimen with
immersion oil and water next to each other. Imaging through the water gave
the difference in NFP between the top and bottom surface. The true distance
between the two surfaces, the AFP, was found by imaging through the immersion
oil layer, for which no aberrations occurred.

With optical tweezers, a trapped particle can be moved over a distance along
the optical axis, by moving the trapping objective. The displacement of this
objective, however, is also scaled due to the difference in refractive index; the
displacement of the objective is not equal to the displacement of the trapped
particle, and the AFP difference is therefore not known.

To determine the axial scaling factor, we used a dumbbell particle with two
fluorecently-labeled cores, positioned along the optical axis by trapping it in
optical tweezers. The fixed distance between the two cores was measured by
trapping the dumbbell flat against the bottom surface (Figure 3.3a). A series
of zy confocal images was obtained, and the distance d between the two cores
was taken to be the average distance over all frames in the image sequence.

With the core-to-core distance d known, the same dumbbell particle was
held in one of two time-shared traps (Figure 3.3b). For several NFPs, z-stacks of
images of the dumbbell were obtained. From these image stacks, the uncorrected
3D positions of the two cores were determined, and used to calculate the local
axial scaling factor, making use of the tendency of the dumbbell to align along
the beam axis in the trap. The other time-shared trap was filled with three
single particles (Figure 3.3c). Using the obtained ASF, the 3D coordinates of
those three particles in the trap were determined.

The dumbbell is not necessarily aligned exactly along the optical axis. There-
fore, we take the displacement in xy of one core with respect to the other into
account when determining the axial scaling factor ASF. For z and y we as-
sumed the confocal microscope data to be accurate, so x,, = = and y.,, = y.
The distance between the cores d is then defined as:

d= 22 +y?+ 22, (3.12)

with z, y, and z the differences in position in the three orthogonal directions,
and the axial distance z given by:

z = ASFz,,, (3.13)

with z,, the difference in NFP for the two dumbbell cores, which is equal to the
axial displacement of the inverted objective.
For the axial scaling factor ASF, we can now write:

d273927y2

2
Zm,

ASF = (3.14)
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It should be noted, that the difference in index of refraction between the
silica particles (n = 1.45) and the dispersion medium (n = 1.36) introduces an
extra source of aberration. The effect of these aberrations is different depending
on whether the beam has to pass only through the silica shell, or also through a
lower situated particle. This effect was not taken into account throughout this
Chapter, but was expected to be relatively limited.

Determining particle coordinates

To determine the 3D coordinates of the particles in the trap [22], a home-written
IDL (Research Systems, Inc.) routine was used which filtered the images of the
data stack, before in each frame the particle positions were determined, using
a method similar to the one described in Ref. [36]. A Gaussian was fitted to
the integrated intensity profile of each particle in the 2z direction. However, for
particles positioned above each other, it was difficult to distinguish between the
cores, due to the axially extended PSF. For the dumbbell particle, we therefore
plotted the integrated intensity, and fitted a double Gaussian (the sum of two
separate Gaussians) to this curve. From this, the z-positions of the cores were
obtained. Then, we plotted the zy-coordinates, and manually divided the data
set into a set of coordinates for each core. This yielded the uncorrected 3D
coordinates of the dumbbell cores, which gave, using Eq. (3.14), the local ASF.

The same procedure was followed for the three particles, now fitting a triple
Gaussian to the integrated intensity profile and using the ASF obtained from
the dumbbell data to scale the z distances.

3.4 Results and discussion

We determined the distance between the two cores of a dumbbell particle by
imaging the particle trapped against the bottom surface. Averaging the dis-
tances over the 40 frames in an zy-series, we found for the core-to-core distance
d = 1.487, with o = 0.017 pm. The 6% difference with the expected d for the
particle of 1.4 pum, might be due to the polydispersity of the particles, to a
discrepancy in the xy-calibration of the confocal voxel size (we did not check
this), or to near-field effects when imaging close to the surface.

In Figure 3.4a, the integrated axial intensity profiles are plotted for the
dumbbell particle at several NFPs — starting at 0 pm, and then going down
from 40 to again 0 um — together with the double Gaussians fitted to these
profiles. A stronger fluorescence can be seen for the higher core. Comparing the
two curves for NFP = 0 pum gives an indication of the bleaching of the FITC
during the measurements. For clarity, one of the profiles (for NFP = 30 um) is
given in Figure 3.4b, where also the individual Gaussians of which the sum is
fitted to the profile are plotted.
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Fig. 3.4: Integrated intensity profiles in the axial direction for a silica dumbbell particle
at different NFPs in ethanol. A double Gaussian was fitted to each curve, and
the profiles were shifted in z such that the middle between the two Gaussian
peaks was at 5.0 um for each curve. (a) The profiles and the fitted double
Gaussians for several NFPs. The difference in height between the first and
the last profile — both measured at NFP = 0 — is due to bleaching. (b)
The integrated intensity profile plotted for NFP = 30 um. Also plotted are
the fitted sum of two Gaussians and the two individual Gaussians.

The lowering of the maximum intensity for increasing NFP, due to spherical
aberrations, is clearly visible in Fig. 3.4a. A corresponding widening of the
peaks, however, is hardly apparent. In Figure 3.5a, we plotted the integrated
axial intensity profiles, with the maximum of the double-Gaussian fit scaled to
unity. The widths w; (left peak) and ws (right) of the fitted Gaussian peaks are
given in Figure 3.5b, with the fitting errors indicated; the values can be found
in Tabel 3.1. Due to the large relative error, a widening of the peaks cannot be
claimed.

The difference in position for the peaks of the Gaussians gave the measured
axial distance z,,. Tabel 3.2 lists the measured difference in xyz-coordinates
between the two cores of the dumbbell at several NFPs, and the ASF calculated
form them using Eq. 3.14. In Figure 3.6a the ASF is plotted for varying NFP.
Also plotted are the average of the five values ASF4,erqge = 0.75 and the paraxial
approximation ASFp4rqziar = 1.36 / 1.515 = 0.898. As shown in Section 3.2, the
paraxial approximation overestimates the ASF. However, the spread of values
around the mean — also given in Figure 3.6a in the measure ASF are large,
making it precarious to draw strong conclusions. These large errors can be
caused by motion of the dumbbell in the trap, or by the uncertainty in the
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Tab. 3.1: Widths w1 and w2 of the two Gaussian peaks for which the sum is fitted to
the intensity profiles, for several NFPs.

NFP | wifum] | error wyfum] | wefum] | error wa[um]
0 1.92 0.10 2.23 0.08
40 2.36 0.35 2.24 0.14
30 2.21 0.35 2.26 0.28
20 2.27 0.17 1.98 0.10
0 2.04 0.13 1.99 0.10
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Fig. 3.5: (a) Integrated intensity curves with the maximum of the fit scaled to unity.
(b) Fitted Gaussian peak widths and their fitting errors, for the left and the
right peak.

Gaussian fits to the intensity profiles. We imaged close to the optical axis.

We used the data at NFP = 20 ym to obtain the coordinates of the three
particles in the second trap. In Figure 3.6, the integrated intensity is plotted,
together with a triple-Gaussian fit. From the plotted yz-positions of the three
particles (Figure 3.7c), we see that the alignment of the three particles is tilted
with respect to the optical axis of the imaging. For the dumbbell we see a
tilt in the same direction, while the enhanced ray optics-based calculations of
Gauthier and Ashman [21] for two single particles in a trapping beam predict
alignment of both on the beam axis. This suggests that this tilt might be due to a
misalignment of the trapping beam with the optical axis of the confocal imaging.
Gauthier and Ashman [21] calculated the dynamic behavior of multiple spheres
in an optical trapping beam, and for three particles they found that in the stable
final configuration the center particle is pushed slightly out of alignment with
the beam axis. The zy-projection of the positions (Figure 3.7a) shows that the
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Tab. 3.2: Measured z, y, and z,, for several NFPs, with the ASF calculated from these
values using Eq. (3.14) with d = 1.487um.

NFP | xfum] | yum] | zm[pm] | ASF
0 -0.04 0.28 2.12 0.69
40 -0.08 0.24 1.82 0.81
30 -0.12 0.36 1.91 0.75
20 -0.12 0.32 1.90 0.76
0 -0.12 0.34 1.95 0.74
1.0 T T T T T 7 T T
MW Measured data for three particles at depth 20
—— Fitted triple Gaussian
L 0.84 v —
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Fig. 3.6: (a) Axial scaling factor (ASF) measured at different focal depths in the sam-
ple using a dumbbell particle held in optical tweezers. Als indicated are the
mean value ASFgyerage = 0.75, and the paraxial approximation ASF porawiat
= 0.898. Measured integrated intensity in the axial direction for three parti-
cles in a trap. A triple Gaussian is fitted to the data. The three individual
Gaussians are indicated, as is the sum.

particles are not in one line, in accordance with those calculations. The distance
between the particles is 1.732 um for the lower and middle particle, and 1.677
um for the middle and upper particle. This being 12% and 16% larger than
the distance between the dumbbell cores of 1.487 pm, is an indication that the
particles are charge-stabilized. We did not control the ionic strength in these
experiments.

The fact that the particles were not fixed in space, but displayed Brownian
motion in the optical trap, introduced errors in determining the core coordinates.
Possibly stiffer trapping can reduce this error. The overlap of the Gaussian
intensity profiles along the optical axis made it harder to determine the correct z
position, especially for increasing NFP. A larger core-to-core distance is expected
to improve the localization of the core positions, because there will be less signal
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Fig. 3.7: Positions of the three particles and the dumbbell in two time-shared optical
traps. (a) zy positions of the three particles, (b) zy positions of the dumbbell
cores, and (c) the yz positions of all five cores.

overlap. In addition, with a larger distance between the cores, the relative error
decreases.

3.5 Conclusions

Spherical aberrations due to a mismatch in index of refraction between the
immersion fluid and a specimen, influence confocal imaging and optical trap-
ping. The broadening of the point spread function causes a decrease in optical
resolution and in trap stiffness, worsening with increasing focal depth. In ad-
dition, the actual depth of focus is scaled with respect to the nominal focus
depth. When reconstructing 3D objects from confocal imaging data, this axial
scaling factor (ASF) has to be taken into consideration to not over- or under-
estimate axial distances. These effects of a refractive index interface are more
pronounced for increasing index difference. The ASF can be calculated [5] —
including the illumination of the exit pupil and the radial dependence of the
objective transmittance — or measured.

We used geometric optics (GO) to derive a simple representation of the
effects on the PSF of a refractive-index mismatch. The ASF of a single ray
depends on the radial distance of that ray to the optical axis. However, the
ASF of each ray is independent of the NFP. Therefore, the overall ASF is also
independent of the NFP. The difference in AFP for changing radial distance
accounts for the broadening of the PSF. And although the ASF is independent of
the NFP, the broadening increases for increasing NFP, because of the difference
in ASF for the individual rays.

As a demonstration, we measured the ASF for an oil immersion objective
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used in ethanol in our setup, by employing a silica dumbbell particle with two
fluorescent cores. By trapping the dumbbell in optical tweezers, the particle,
which aligned along the beam axis, could be imaged at different depths in the
sample. We found an average ASF of 0.75. This is lower than the paraxial
approximation of 0.90, which is in agreement with the literature. The large
deviations in the measured ASF can be accounted for by inaccuracies due to
Brownian motion of the particle in the trap. In addition, the small core-to-core
distance, for which the PDFs overlap, introduced a large relative error in the
measured distances. We used the experimentally obtained scaling factor to make
a 3D reconstruction of the configuration of three silica particles held in a single
optical trap. The particles aligned along the beam axis, although the center
particle was pushed slightly outwards, in accordance with calculations [21]. The
mismatch between the silica dumbbell and the ethanol introduced additional
aberrations, which differed for imaging the upper core compared to imaging
the lower core. However, it can be advantageous to measure the ASF in situ,
and in a configuration similar to the configuration under examination — in our
demonstration the three particles aligned along the beam axis.

It should be noted, that this single measurement is regarded as preliminary
work, and no strong conclusions can be drawn, either about the ASF, or about
the trapping configuration of three particles in a trap. For that, the accuracy of
the particle position detection needs to be improved and the repeatability of the
configurations investigated. In addition, the influence of the mismatch between
the medium and the trapped particles should be examined.

3.6 Outlook

With the powerful combination of optical tweezers and confocal microscopy,
we can image multiple trapped particles to make 3D reconstructions of their
configuration. For better resolution, the particles are best suspended in a
medium with a refractive index close to the index of the immersion fluid of
the objective.

In the demonstrated system, there was a mismatch between the medium
and the trapped particles. When imaging a higher trapped particle, the lower
particles will affect the imaging. To better understand this influence, one could
use core-shell particles with higher-index cores, and subsequently index-match
the medium with the shells. The index difference is needed for optical trapping
of the particle. Additional information can also be obtained by comparing the
determined ASF with the ASF measured in a slab geometry [5]. Furthermore,
by using glycerol objectives and glass that is index-matched with the immersion
fluid for these lenses (n ~ 1.48), near-field effects of dumbbells at the wall should
be minimal.

With the AODs, multiple traps can be moved independently with respect
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to each other. This feature can be used to trap several configurations, and
exchange their position. For example, a single particle can be trapped in one
trap, while other traps are filled with two, three, or four particles. By measuring
the 3D positions of the particles in the trap and then exchange their positions,
the 3D configuration of multiple particles in a trap can be related to the position
of a single trapped particle, without having to take any tilt of the focal plane or
differences in the trapping potential between traps at different lateral positions,
into account. This way the 3D configuration of multiple particles in a trap
can be related to the position of the trapping beam axis, as indicated by the

trapping position of a single particle.

Fig. 3.8: xz-Confocal images of four 1.4-um-diameter silica particles in two optical
traps in the image plane. In each consecutive frame, the two traps are closer
to each other. (a and b) The two particles in each trap align along the
beam axis. (c and d) The traps are so close together that the particles push
each other out of their original position. Only the 0.4-pm-diameter cores are
imaged, and the images are scaled in z with ASF = 0.75. Scale bar is 2 um.

Preliminary results of a slightly more complicated 3D configuration of par-
ticles are shown in the xz-confocal images in Figure 3.8. Here, four 1.4-um-
diameter silica particles were held in two time-shared trapping beams in the
image plane. Each pair of particles aligned along the beam axis (Figure 3.8a
and b). However, when the distance between the traps was decreased, the parti-
cles started to push each other out of this configuration (Figure 3.8c and d). The
image was scaled in the z-direction with the ASF obtained in the experiment
described in this Chapter (ASF = 0.75).
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4. IMPROVING THE ACCURACY OF LONG-RANGE
PATTERNING OF COLLOIDAL PARTICLES

Optical tweezers are a versatile tool to pattern colloidal particles onto substrates.
The patterning of colloidal particles is applicable in many fields, including col-
loidal epitaxy, colloidal lithography, and defect engineering in photonic crystals.
Unlike techniques that rely on self-organization, e.g., controlled drying, optical
trapping offers positional control over individual particles. In our optical tweez-
ers setup, motorized actuators provide long-range displacement of the sample,
while a high-accuracy piezo stage in a feedback loop using microscopy imaging
ensures accurate positioning of every individual trapped particle in any desired
arrangement. The method of one-by-one patterning enables the selection of par-
ticles from a mizture and discrimination against unwanted particles. By using
two opposing objectives to create counter-propagating traps, high-refractive index
particles that cannot be trapped in a single-beam gradient trap, can be patterned
as well. In this Chapter, we demonstrate the patterning of substrates with mix-
tures of silica and high-index titania colloids. The particles could be selected
from separate reservoirs and placed, with at least 60 nm rms accuracy, at the
intended positions on a glass wall.
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4.1 Introduction

The patterning of surfaces with colloidal particles finds its application in many
different fields, including colloidal lithography [1, 2], colloidal epitaxy [3], and
the creation of biological active structures [4]. Most ways of patterning are
based on self-organization, such as controlled drying [5, 6], template-directed
self-assembly [3], or spincoating [7]. None of these techniques, however, offer
control over individual particles.

Recently, the use of optical tweezers for individual arrangement of particles
on a substrate has been explored. While the first work was limited to collections
of particles [8], or structures of only a few particles [9], Hoogenboom et al. [10]
showed that one-by-one patterning of a large number of colloidal particles over
an extended area is possible, with an accuracy of 73 nm (root-mean-square
(rms) deviation). In Hoogenboom’s work [10], silica particles were moved up
from the bottom of the sample and positioned on the coated top surface, while
either acousto-optic deflectors (AODs) steered the laser beam to the different
positions of the intended structure, or a piezo stage moved the sample. Selection
of particles was difficult, and, in addition, placement of the spheres was not
checked by any feedback mechanism other than by eye, which made it hard to
move far away from the pattern created and come back with high accuracy.

When patterning surfaces using optical tweezers, the accuracy of positioning
is not only affected by the motion of the particle in the optical trap, but also
by drift and hysteresis of the microscope stage, drift of the objectives, and by
the pointing stability of the trapping laser.

In this Chapter, we combine long-range travel using motorized actuators with
piezo positioning in a feedback loop with the camera image, for accurate reposi-
tioning of the sample. Drift of the specimen with respect to the objective is thus
compensated for. We further demonstrate patterning with mixtures of colloids,
including high-refractive index particles. The use of counter-propagating beams
enables the stable three-dimensional trapping of these high-index particles, giv-
ing full positional control during patterning. The demonstrated technique of
one-by-one patterning of 3D trapped particles combined with positional feed-
back control, will enable the generation of more complex 3D structures and, by
using a two-step self-assembly method, the manipulation of defects in photonic
crystals.

4.2  Experimental setup and methods

An infrared laser (Spectra Physics, Millennia IR, 1064 nm, 10 W cw) was split at
a polarizing beam splitter cube to create counter-propagating optical tweezers
(see Figure 2.1, page 16) using two opposing high-numerical aperture objectives.
The inverted objective was used for imaging, while both the inverted and the
upright objective were used for trapping. We used two 100x objectives (Leica,
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1.4 NA, oil immersion), or a 63x objective (Leica, 1.4 NA, oil immersion) for
imaging and a 100x objective for trapping.

For accurate positioning of particles at the top surface of a sample cell, the
tweezers were kept at a fixed zy-position, while the sample was moved, using
an zy-stage (Rolyn, 750-MS) fitted with motorized actuators (Newport, 850G-
LS, closed-loop motorized actuators, 50 mm, accuracy 1 um) for long-range
travel, and an xyz-piezo stage (PI, P-563.3CD, 300x300x300 um?, accuracy
0.5 nm) for accurate positioning (see Figure 4.1). When patterning with an
inverted single-beam gradient trap, the optical tweezers could also be moved
towards the surface by moving the inverted objective, which was mounted on a
piezo objective scanner (Physik Instrumente, Pifoc P-721.20). The experimental
setup is described in more detail in Chapter 2, Section 2.2.

upright objective
sample holder

‘% % Xyz piezo stage
N &\N xy stage with motorized actuators

. bieti inverted objective
piezo objective

scanner

NN

W

camera / confocal imaging

Fig. 4.1: Sideview of the setup, with two high-numerical aperture objectives for counter-
propagating trapping, a microscope stage with motorized actuators for long-
range displacements, and an xyz-piezo stage used in a feedback loop with
position detection by image processing for accurate positioning of the sample.
The inverted objective is mounted on a piezo objective scanner.
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4.2.1 Feedback control of the piezo stage

To control the position of the sample during patterning, we used the piezo stage
in a feedback loop with position detection by image processing. A custom-built
program controlled the charge coupled device (CCD) camera (UNIQ, UP-600)
and the piezo stage, as well as the piezo objective scanner and the motorized
actuators.

We started by taking a reference image of one or preferably several particles
on the top surface, at a position in the sample with few free particles. Then,
using the motorized actuators, the tweezers were moved to a laterally displaced
reservoir and a particle was selected (see Figure 4.2a for a schematic drawing).
Returning to the starting position of the actuators, the reference particles were
brought into the field of view again by moving the zyz-piezo stage down (Fig-
ure 4.2b). The axial trapping position of the particle was below the image focal
plane, to be able to bring the top surface into focus without sticking the particle;
this can be seen in Figure 4.3.

coated top surface OO ..... I e \ /
Az

oo © \o OO0

laterally displaced O
<+—>
motorized actuators

reservoir
a b

Fig. 4.2: Schematic sideview of patterning particles. (a) A particle is selected from a
laterally displaced reservoir and trapped in counter-propagating optical tweez-
ers. After translation of the sample using the motorized actuators, the pattern
on the top surface is brought into the field of view (b), and the piezo xyz stage
is used to position the trapped particle onto the surface.

By using a cross-correlation routine, the difference in position between the
reference image and the current image was determined with sub-pixel accuracy
(a few nanometers). The pixel size was typically 50-75 nm. The piezo stage was
then moved to reposition the sample, and the cross-correlation was executed
a second time to check the position. From here, the piezo stage was moved
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Fig. 4.3: Brightfield microscopy image of a pattern of 5 particles. A sizth particle,
trapped below the focal plane, is ready to be patterned. An image of the three
particles in the upper left corner was used as the reference image. Scale bar

18 4 pm.

laterally to the next position of the pattern, and the particle was stuck to the
surface by moving the stage in the z-direction.

By moving to the original starting position first for each particle, the same
reference image could be used each time. However, to not be confined to the
range of the piezo stage, a new reference image can be selected at any time. The
software for image feedback and control of the stages was also used to control
the camera and the stages on the setup described in Chapter 7.

4.2.2 Colloidal dispersions

For the patterning of mixtures of particles, we used a dispersion of 1.4-um-
diameter SiOq (refractive index n = 1.45) and 0.5-pm-diameter ZnS (n = 2.0)
particles in ethanol (n = 1.36). The synthesis and characterization of the ZnS
particles is described elsewhere [11]. The 1.4-pm-diameter silica particles had a
400-nm-diameter silica core, labeled with the fluorescent dye fluorescein isoth-
iocyanate (FITC) [12-14]. Also, a mixture of 1.0-um-diameter SiOy and 1.1-
pum-diameter TiOg (n = 2.4) in ethanol [15], was used.

The sample cells consisted of two No. 1 cover slides sealed together with
candle wax or UV glue and candle wax. Because all particles used sedimented
to the bottom, they were patterned on the top surface, which was positively
charged after coating it with 3-aminopropyltri-(m)ethoxysilane (APS). For this,
the cover slides were placed in a mixture of 170 ml ethanol and 4.5 ml ammonia,
after which 23.5 ml of APS was added. Following an hour of stirring, the cover
slides were taken out, thoroughly rinsed several times with ethanol, and dried
with Ny gas.

To create a laterally displaced reservoir of particles, the sample cell, open on
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two sides, was first filled with ethanol, after which the colloidal dispersion was
flowed in. This way, a concentration gradient was set up, and patterning could
be done at a position void of particles, or with a dilute concentration of choice.

4.2.3 Image analysis

To filter the images and determine the position of each particle with sub-pixel
accuracy, a method, similar to the one described in Ref. [16], was used, in which
local brightness maxima are identified, and a brightness-weighted centroid is
fitted to the particle image.

The accuracy of patterning followed from the rms deviation of the parti-
cle positions away from their intended positions. To determine this value, we
translated, rotated, and scaled the set of experimentally obtained particle co-
ordinates, to best overlay the experimental and the intended pattern, assuming
correct positioning of the intended pattern by the piezo stage. A rotation could
be introduced by an angle between the field of view of the camera, the field
of view of the confocal scan head, and the piezo stage axes. The scaling was
used to compensate for a possible systematic deviation in the calibration of the
camera pixels and of the confocal pixels.

Fig. 4.4: Two patterns of a mizture of 1.4-um-diameter silica particles and 0.5-pm-
diameter high-refractive index ZnS. Patterning was done using counter-
propagating tweezers; the ZnS particles could not be confined in a single-beam
optical trap. Scale bar is 2 pm.

4.3 Results and discussion

Our first experiments were performed without image feedback control, only
using the motorized actuators and the piezo stage. In Figure 4.4 we patterned
with a mixture of ZnS and SiO,, using a counter-propagating optical trap; the
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7ZnS particles could not be trapped in single-beam optical tweezers. By using
a laterally displaced reservoir with a low concentration, we could, one-by-one,
select particles from the mixture. The trap was kept stationary, while the sample
was moved using the motorized actuators, and for each particle, we manually
determined the position to pattern it.

Fig. 4.5: (a) Row-by-row patterned 1.4-um-diameter SiO2 particles. The lateral shift
due to drift is apparent. (b) Surface patterned, without any size selection,
with polydisperse TiO2 particles, using counter-propagating optical tweezers.
Scale bars are 2 pm.

In Figure 4.5a, 1.4-um-diameter silica particles were patterned row-by-row,
starting from right to left, top to bottom. Drift of the sample with respect to
the trapping position can be clearly seen. Figure 4.5b shows patterned TiO,
particles from a polydisperse solution, when no selection based on size was done.

This same dispersion of titania particles, now mixed with silica, was used
in the patterning shown in Figure 4.6. Here, 60 TiO, particles and 12 SiO,
particles were stuck to an APS-coated surface. From the dilute dispersion,
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particles were selected and trapped with a counter-propagating dual-beam trap,
as the titania particles could not be trapped in single-beam optical tweezers. The
sample was moved with the motorized actuators, while the tweezers were kept
at a fixed position. To limit effects of hysteresis of the motorized actuators, we
approached the sticking position from the same side each time. However, the
deviations of the particles away from the intended positions, partly caused by
drift of the sample, are clearly visible. Due to selection of the individual colloids,
the size distribution of the patterned particles was improved as compared to the
distribution in the dispersion.

Fig. 4.6: Surface patterned with 60 TiO2 particles and 12 SiO2 particles. The TiOo
particles cannot be trapped with a single-beam gradient trap. The diameters
of the particles are 1.1 um and 1.0 pm for the titania and silica, respectively.
Scale bar is 8 pm.

The use of a laterally displaced reservoir of particles and long-range mo-
torized actuators gave more flexibility to select particles from a mixture. This
selection could be based on the material of the particle, or, for example, on the
size of the particle, when using a polydisperse solution (compare Figures 4.5b
and 4.6). One-by-one patterning, however, is time consuming, and for larger
patterns, drift was often affecting the position accuracy. To compensate for this,
feedback control is needed.

4.3.1 Patterning with feedback control

We compensated for drift of the sample, by performing feedback control based on
the video microscopy image. To investigate the accuracy of the feedback control,
we compared images taken after repositioning of the sample. Figures 4.7a—
g show the sample at different time intervals during patterning. The sample
returns to the same position, which can be clearly seen in the Figures 4.7h—
m, where Figure 4.7a is subtracted from the Figures 4.7b—f. The patterned
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Fig. 4.7: Brightfield microscopy images of a trapped particle before it is positioned onto
the surface. (a) A section of the pattern is visible; an image of the three
colloids on the far left was used as the reference image. The trapped particle
is slightly displaced with respect to the pattern position. (b—g) Images taken
at +6, +16, +31, +57, 473, and +98 minutes. Repositioning of the sample
was accurate to sub-pizel level, but the position of the trap with respect to
the camera changed. (h-m) Images (b—g) with image (a) subtracted from
them. The patterned particles are not visible in these images, indicating good
repositioning of the sample. The drift of the trapped particle is clearly visible.
Scale bar is 4 pm.

particles are not visible in these images, indicating good repositioning of the
sample. (For clarity, a pixel value of 150 was added to the images.) Also clear
from the images is that the trapped particle moved with respect to the camera.
This could be due to pointing instability of the trapping laser, or to drift of one
objective with respect to the other. This drift was not compensated for in the
feedback control. The 63x inverted objective was used for imaging, while the
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100x upright objective was used for trapping. For a typical trap stiffness of 50
pN/um, the rms displacement of a particle in the trap is 10 nm.

To investigate the accuracy of patterning particles onto a surface, we an-
alyzed the pattern of which a brightfield microscopy image is shown in Fig-
ure 4.8a, while Figure 4.8b depicts a fluorescence confocal image of the struc-
ture.

Fig. 4.8: A pattern of 1.4-um diameter SiOa particles with a fluorescently (FITC)
labeled 400-nm-diameter core. (a) Brigthfield microscopy image. (b) Fluo-
rescence confocal image of a section of the pattern. Only the fluorescently
labeled cores are visible. The distance between the particles is 4 pm.

First, we will look at the reproducibility of the position detection, which
includes the image processing method, of the particles. For both the confocal
images and the video microscopy images we determined the positions of the 15
particles from several images, overlaid their center-of-mass, and calculated for
each of the 15 particles the rms deviation compared to the average position
of that particle in the images. For the confocal data of five images (pixel size
97x97 nm?), taken shortly after each other, we found an average rms deviation
of 15 nm, while for five camera images (pixel size 75x 75 nm?), taken from one
movie with the sample kept at a fixed position, this was 4 nm rms.

We also compared the two imaging techniques with each other, and found
an rms value of 46 nm for the positions determined from the confocal image as
compared to the positions from the camera image. The deviation between the
two techniques is larger than the accuracy of either of the techniques — 15 nm
and 4 nm for confocal and camera imaging, respectively. This indicates that
even for a perfect pattern, deviations will be found.

In Figure 4.9 the intended positions are plotted together with the positions
obtained from a confocal image and from a camera image. When comparing
the confocal images with the intended positions we obtained an rms value of
~132 nm, and an rms value of approximately 102 nm was found for the camera
images with respect to the intended positions. These deviations, which were
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Fig. 4.9: Particle positions of the pattern shown in Figure 4.8b. Confocal data (black
dots), camera data (gray dots), and intended positions (light gray crosses).

larger than the deviation we found between the two techniques, were mainly
caused by the inaccuracy of the patterning. This could be due to drift of the
trapping laser position, or to motion of the particle in the trap. The particle
moves with respect to the focus of the laser beam due to Brownian motion. In
addition, reflections and scattering from the interface and the particle play a
role as well [17-19].

Optimizing the patterning method is expected to improve the accuracy. A
better accuracy was already found for part of an other pattern. Figure 4.10
shows thirty 1.4-pum-diameter silica particles at 5 pm distance from each other.
Although the accuracy of the whole pattern was >100 nm rms (data not shown),
we found a value of 60 nm rms deviation of the positions away from the intended
positions, for these thirty particles that were first patterned. We used a single-
beam trap with 0.4 W laser power (corresponding to 45 mW in sample).

4.4 Conclusions and outlook

By combining counter-propagating trapping with separate reservoirs, mixtures
of particles could be patterned, including high-refractive index particles that
could not be trapped in single-beam gradient tweezers. One-by-one the particles
could be selected, or discarded, based on their material, size, or suitability.
By using feedback control based on image processing together with a high-
accuracy piezo stage, we were able to compensate for drift of the sample with
respect to the imaging objective. Drift of the trapping position with respect
to the imaging system is at the moment not compensated for, which increased
the deviation of the position of patterned particles away from their designated
position. Improving the stability of the trapping position can, for example, be
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Fig. 4.10: Silica particles, patterned with an rms deviation of 60 nm. Scale bar is pm.

done by having the trapping laser beam pass through an optical fiber. A pointing
instability will then be translated into a change in laser power. By analyzing
the image of the trapped particle, the deviation can also be compensated for
by moving the laser focus using the AODs. We demonstrated the patterning
of particles with 60 nm rms deviation. The accuracy of patterning is also
affected by the position of the particle in the optical trap, due to Brownian
motion — determined by the trap stiffness — as well as due to reflections and
scattering at the interfaces. Brownian motion can be reduced by trapping at
a higher stiffness. More experiments are needed to optimize the circumstances
and improve the accuracy. In addition, the influence of nearby particles on the
positioning accuracy and effects of heating by the trapping laser beam can be
investigated as well.
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5. HIGH-REFRACTIVE INDEX PARTICLES IN DYNAMIC
ARRAYS OF COUNTER-PROPAGATING OPTICAL
TWEEZERS

We demonstrate the simultaneous trapping of multiple high-refractive index
(n > 2) titania particles in a dynamic array of counter-propagating dual-beam
optical tweezers in which the destabilizing scattering forces are cancelled. A pair
of acousto-optic deflectors allows for fast, computer controlled, manipulation of
the individual trapping positions, while the method to create the patterns ensures
the possibility of arbitrarily chosen configurations. The manipulation of high-
index particles can be applied in the patterning of surfaces for colloidal epitazy
and colloidal lithography, and in exerting higher forces with low laser power in

biophysical experiments.
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5.1 Introduction

In 1986, Ashkin introduced the optical trapping of dielectric particles using a
single-beam gradient trap [1]. In such a configuration, known as optical tweezers,
a large gradient in light intensity is created by tightly focusing a laser beam
using a high-numerical aperture (NA) objective. For particles with a refractive
index n,, higher than that of the surrounding medium n,,, this gradient provides
the necessary force to balance the destabilizing scattering force. In general, an
increase in n, or in the radius r of the particle yields an increase in both these
forces. The dependence on r and on m=ny,/n,,, however, is stronger for the
scattering force than for the gradient force. This limits the size and refractive
index of particles that can be trapped in a single-beam gradient trap, and as a
consequence, a limit is set to the trapping force of a single-beam gradient trap.

By using a second, counter-propagating, trapping beam, the scattering forces
can be cancelled. Such dual-beam traps have been used before in several
configurations [2-6]. In these cases, however, the focusing of the laser beam
was mild, either due to the use of low-NA objectives or because the diameter
of the beam was kept small, yielding a low effective NA of the trapping beam.
Creating high trapping forces with a counter-propagating dual-beam trap was
therefore not fully exploited.

We combine dual-beam trapping with the use of high-NA objectives —
thereby canceling the scattering forces, while a large gradient provides a high
trap stiffness — to trap high-refractive index particles that cannot be trapped
with single-beam gradient tweezers.

In a variety of experiments it is desirable to create multiple traps, and,
moreover, to be able to move these traps with respect to each other, for example
to trap multiple particles [7-9]. In addition, non-spherical particles can be
trapped with multiple dynamic traps for rotational control [10]. There are
several methods to create such dynamic arrays of optical traps, including the use
of holographic tweezers [11], and the generalized phase-contrast (GPC) method
[12]. When using acousto optic deflectors (AODs), multiple traps can be created
by mixing several sound frequencies before applying the combined signal to the
AODs. An alternative method, however, demonstrated by Visscher et al. [7],
is to time-share the laser beam over the array positions on a time-scale faster
than the typical time-scale of the Brownian motion of the trapped particles.

In this Chapter, we combine counter-propagating trapping with the use of
dynamic arrays of traps. Due to the configuration of the counter-propagating
beam paths, the pattern imaged by the upright objective is mirrored with re-
spect to the pattern imaged by the inverted objective. We present a method of
scanning the pattern that enables us to create multiple dual-beam traps with
arbitrary configuration using one pair of AODs.
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5.2 Experimental methods

5.2.1 Experimental setup

To allow for counter-propagating dual-beam trapping in our setup (Figure 5.1a),
the condenser of an inverted microscope (Leica, DM IRB) was replaced by a sec-
ond high-NA objective (both Leica, 100x, 1.4 NA, oil) [13]. For a more detailed
description of the setup, see section 2.2. An infra-red laser beam (Spectra
Physics, Millennia, 1064 nm, 10 W cw) was split at a polarizing beam split-
ter cube, while the rotation of waveplate WP determined the ratio between
the power sent to the inverted objective and the power sent to the upright
objective. In both beam paths a pair of lenses (L%, and L4;, , all f = 80
mm) formed a telescope to provide manual displacement of the laser focus.
The use of dichroic mirrors DM, , allowed for illumination and imaging in the
visible. Before splitting, the laser beam passed a pair of AODs (IntraAction,
DTD-276HB6), positioned at a plane conjugate to the back focal planes of the
objectives. The signal to the AODs was supplied by direct digital synthesizers
(Novatech, DDS 8m), controlled by a LabVIEW (National Instruments) pro-
gram. By fast repositioning of the laser focus, multiple time-shared traps were
created. The position of the traps could be pre-programmed, or changed inter-
actively. The beam was expanded in two steps: before the AODs by a 6x beam
expander (Fzp), and after the AODs ~2x by the lenses L1 and L2 (f = 120
mm and f = 250 mm, respectively). To estimate the power inside the optical
trap, we used the two-objective method [14]; the absorption of a beam passing
the two objectives was measured, which gave — assuming equal absorption of
both — the absorption of one objective.

5.2.2 Creating dynamic arrays of counter-propagating tweezers

A pattern scanned by the AODs is imaged inside the sample by both objectives.
The upright objective, however, will give a mirror image of the pattern imaged
by the inverted objective (see Figure 5.1b). To not be limited to symmetric
patterns, we scanned both the desired pattern and its mirror image. Then,
inside the sample, we placed the pattern from the inverted beam opposite the
mirror image from the upright beam, creating an array of dual-beam traps.

By scaling the added mirror image, we could also compensate for differences
in magnification between the inverted and the upright beam path, introduced
by the telescopes, or by the use of objectives with different magnifications.

5.2.3 Sample cell

The sample cell, with a thickness of approximately 24 pum, consisted of two cover
slips (Menzel, No. 1), sealed together with candle wax. It was filled with a dilute
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Fig. 5.1: Schematics of (a) the dual-beam optical tweezers and (b) the counter-
propagating traps scanned with one pair of AODs. A mirrored and appropri-
ately scaled pattern is added to the original traps, to create dual-beam traps
of which the position can be arbitrarily chosen. The dashed lines indicate
the mirror plane.

mixture of 1.4-pm-diameter SiOy (n = 1.45) particles and 1.1-um-diameter TiO4
(n = 2.4) particles in ethanol (n = 1.36).

5.3 Results and discussion

To create counter-propagating traps, we aligned the beam focused by the upright
objective on top of the beam focused by the inverted objective.

Because the image focal plane was defined by the inverted objective, we
started with trapping a silica particle with the beam coming from below. The
z-position of the focus of the laser beam could be moved relative to the focus of
the objective by moving L3; along the beam axis to change the beam divergence.
Due to the limited difference in refractive index between the particle and the
surrounding medium, the silica particle was trapped only slightly beyond the
focal point of the trapping beam (24 nm, according to calculations for the case
without spherical aberrations, see also Chapter 8). Therefore, by moving L3;
and bringing the silica particle in focus, we positioned the focus of the trapping
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laser approximately at the focus of the inverted objective. Now, the laser beam
was parallel upon entering the inverted objective.

The position of the focus of the beam coming from above was determined
not only by the position of the upright objective, but also by the divergence of
the laser beam entering this objective. In the case of Kohler illumination, the
condenser is in its correct z-position when the field diaphragm is in focus. Using
the upright objective as condenser, we did not have true Kohler illumination,
and using the image of the field diaphragm to determine the z-position was
therefore not possible. We did use the image of the field diaphragm for alignment
of the upright objective in the z- and y-direction. For the z-direction, however,
we used the fact that the magnification of a pattern scanned by the AODs is
different for the inverted than for the upright beam path, when the divergence
of the two paths differ.

To find the position of L3, for which the upright beam is parallel at the
objective, we started by time-sharing the beam over two positions, thus creating
from each side two traps at a lateral distance of several micrometers from each
other. We trapped two silica particles using the inverted objective to determine
the positions of those two traps, and, by moving the upright objective in the z-
direction (along the optical axis), brought the upright traps into the image focal
plane of the inverted objective. Now, by moving L8, and compensating for this
movement of the focus in the z-direction by moving the upright objective, we
matched the magnification, while keeping the upright beam focus in the image
plane of the inverted objective. When the magnifications matched — which was
easily verified by alternatingly blocking the inverted and the upright beam and
visually checking that the trapped particles did not change position — the focal
planes of the two objectives were in close proximity of each other and the traps
were aligned.

Dynamic arrays of dual-beam traps

The pattern in the stills from the movie in Figure 5.2 consisted of an array of
eight traps. By combining them, four counter-propagating traps were created.
The eight single-beam traps that were also formed, four from each side, were
not used. The array of dual-beam traps, positioned at a distance of 12 pm
from either wall, was filled with one silica and three titania particles. The
total power inside the sample was 44 mW, corresponding to 5.5 mW for each
individual dual-beam trap. The positions of the pattern were addressed at 4.5
kHz, and changed in 34 steps over a total period of 1.2 seconds, yielding an
average speed of the particles of approximately 20 um/s. At higher speeds, the
silica particle was the first to escape from the trap, due to the drag force exerted
on it by the medium.

Note that in brightfield microscopy, the 1.1-pm-diameter titania particles
appear to be larger than the 1.4-um-diameter silica particles, due to the higher
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Fig. 5.2: Stills from a movie in brightfield microscopy of four dual-beam traps filled
with one 1.4-pm-diameter SiO2 (arrow) and three 1.1-pm-diameter TiOo
particles. The pattern is changed in 34 steps in 1.2 seconds. Scale bar is 2

pm.

index of refraction [15]. Single-beam traps that are also formed can be positioned
away from the trapping area, as far as the range of the AODs permits, to not
disturb the counter-propagating traps. The 50 % loss of power into these traps
is not a problem with the use of a high-power laser.

5.4 Conclusion and outlook

The trapping of high-refractive index particles in dynamic arrays of counter-
propagating optical tweezers was demonstrated. The method of scanning both
the pattern and its mirror image provides flexibility in manipulating multiple
high-index particles, by supplying the possibility of arbitrarily chosen dynamic
configurations of the dual-beam traps using a single pair of AODs. In addi-
tion, differences in magnification can be compensated for by scaling one of the
patterns.

The trapping of high-index particles finds its application in, for example,
patterning surfaces for colloidal epitaxy [16], colloidal lithography [17], and
doping of photonic crystals, and in manipulating and rotating non-spherical
high-refractive index particles like nanorods (Chapter 6). The possibility to ex-
ert high forces on multiple particles simultaneously will be further explored in
biophysical force measurements (Chapter 8).
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6. THREE-DIMENSIONAL OPTICAL TRAPPING AND
MANIPULATION OF HIGH-REFRACTIVE INDEX
NANORODS IN LINE OPTICAL TWEEZERS

Semiconducting nanowires, such as ZnO and Si rods, are used in the fields of
nanophotonics and nanoelectronics. Optical tweezers offer the promise of flexible
positional control of such particles in liquids, but so far this has been limited to
either manipulation close to the surface, or axial trapping of nanowires. We
show the three-dimensional trapping of ZnO and silica-coated Si high-refractive
index rods in counter-propagating line tweezers, and demonstrate translational
and rotational in-plane manipulation, away from the surfaces. The particles
investigated — 100-nm-thick ZnO rods with lengths varying from a few up to
15 um and 10-um-long silica coated Si rods with an approximate thickness of
200 nm — could not be trapped in single-beam line traps. Full translational and
in-plane rotational control of semiconducting nanorods expand the possibilities
to position individual Tods in complexr geometries significantly.
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6.1 Introduction

Semiconducting nanowires, with optical properties like spontaneous emission,
subwavelength waveguiding, and lasing, are useful as building blocks in nanoscale
electronics [1] or photonic devices [2, 3]. To assemble these building blocks into
functional circuits, specific positioning of nanorods is necessary. There are many
techniques proposed for manipulation of rods, such as electric fields [4], micro-
manipulators [2], and fluidics [5].

Recently, optical manipulation has been explored as a method to position
individual nanowires as well. This was first demonstrated by Yu et al. [6],
with CuO rods being held against a surface in line optical tweezers. However,
the use of a cylindrical lens to create the line tweezers limited the rotational
control. Agarwal and colleagues [7] showed the trapping, by pressing them
against a surface, of multiple CdS nanowires in dynamic holographic line tweez-
ers, with the possibility of rotating, cutting, and fusing the wires. The first
three-dimensional trapping away from the surface was reported by Pauzauskie
et al. [8], who demonstrated trapping of nanowires, including GaN, ZnO, and
Si, along the beam axis of the optical tweezers. Here, use was made of the fact
that rods in an optical trapping beam experience forces that tend to align the
particles along the optical axis. Rotational control, however, was in this case
only obtained at the surface, after positioning one end onto the surface.

For spheres, an almost complete theoretical description of the trapping po-
tential that has been verified by experiments, is possible [9, 10]. For strongly
scattering rod-like particles, however, this is not the case. Based on our expe-
rience with the trapping of high-refractive index spheres (see also Chapter 8),
it was expected that many high-index rods that are interesting for applications
cannot be stably trapped in single-beam line tweezers.

In this Chapter, we demonstrate counter-propagating dual-beam line tweez-
ers, in which ZnO and silica-coated Si nanorods are trapped in three dimensions,
away from the surface. The use of two opposing high-numerical aperture ob-
jectives supplies the necessary intensity gradient, while the scanning of the line
tweezers with Acousto-Optic Deflectors (AODs) enables full dynamic in-plane
orientational control.

6.2 Experimental setup and details

6.2.1 Optical tweezers setup

An infra red laser beam (Spectra Physics, Millennia IR, 10 W c¢w, 1064 nm) was
focused inside a microscope (Leica, DM IRB) to form optical tweezers. First,
the beam passed a set of AODs, with which the zy-displacement of the laser
traps inside the sample was controlled, and time-shared traps were created.
After the AODs, the beam was split using a polarizing beam splitter cube. The
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horizontally polarized beam entered the inverted objective, while the vertically
polarized beam was focused by the upright objective (both objectives: Leica,
100x, 1.4 NA, oil immersion). These two opposing beams then formed counter-
propagating traps, in which high-refractive index particles could be trapped.
The setup is described in more detail in Section 2.2.

When creating counter-propagating tweezers, the two objectives remained
at a fixed distance from each other. To move the traps, the sample was moved,
using motorized actuators for long range displacement, in addition to an zyz-
piezo stage (PI, 300x300x300 um3) for accurate positioning. A digital Charge
Coupled Device (CCD) camera (Uniq Vision, UP-600) was used for imaging in
brightfield microscopy.

Counter-propagating line tweezers

Using the AODs, line tweezers were created, which consisted of individual traps
spaced 0.5 MHz apart, corresponding to 0.9 um for the 100x objectives. De-
pending on the length of the nanowires, we used lines made up out of 5, 7,
9, 11, or 13 points, varying in length from approximately 3.5 to 11 um. The
two lines of a pattern were addressed one after the other, for each line starting
at the center point, going, alternatingly left and right, outwards. Direct Dig-
ital Synthesizers (Novatech Instruments Inc., DDS8m) provided the signals to
the AODs, and a LabVIEW program was used to create and switch between
different arrays of traps. Addressing the pattern was done on a time scale of
<1 ms; fast enough compared to the Brownian motion of a trapped rod in the
tweezers. Per pattern, two lines of traps were created and superimposed, to
create counter-propagating line tweezers. In this scheme, the two lines were in-
dependent, enabling full dynamic rotational control over the lines. By switching
to pattern with different oriented lines, the trapped rods could be rotated. More
information on creating dynamic dual-beam traps can be found in Chapter 5.

Because it was not possible to trap the rods in single-beam line tweezers,
the alignment in xyz of the inverted and the upright beams was investigated
by looking at the camera image of the trapping beams. After removing the
IR filter, the upright beam, as well as the reflection of the inverted beam,
were visible. Now, with the inverted objective focused onto the glass-medium
interface, the divergence of the two beams was changed until satisfactory focused
images appeared for both beams. Then, the line traps were placed on top of
each other in the zy-direction.

6.2.2 Rod dispersions and sample cells

The ZnO rods were grown using the Vapor-Liquid-Solid mechanism, with gold
nanoclusters as the catalyst particles and carbothermal reduction of ZnO powder
as the vapor source [11, 12]. The index of refraction n of the zinc-oxide was 1.9
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at the trapping wavelength, and the rods, with lengths varying from ~0.5 to
15 pum, were dispersed in water (n = 1.33). The silicon rods (n = 3.6) were
coated with a 50-nm-thick layer of silica (n = 1.45); their synthesis is described
elsewhere [13]. They were dispersed in water, had a thickness of ~200 nm, and
lengths of 5 to 15 um.

The samples consisted of two cover slips (Menzel, No. 1) sealed together
with candle wax. Silica spheres were attached to the top surface by putting a
dispersion of spheres onto the cover slip, and letting them dry before assembly
of the sample cell.

Fig. 6.1: Transmission microscopy image of a ZnO rod in water, trapped in counter-
propagating line tweezers, at a distance of 30 um from both top and bottom
surface. The rod is rotated in steps of 10°, over (a) 0°, (b) 10°, (c) 20°, (d)
30°, (e) 40°, (f) 50°, and (g and h) 60°. For different orientations, the stable
trapping position is located at a different depth z, due to the orthogonal
polarizations of the inverted and upright trapping beams. Scale bar is 5 um.

6.3 Results and discussion

Using single-beam line tweezers, the ZnO and silica-coated Si rods could be
trapped against the surface. However, three-dimensional trapping in the plane
perpendicular to the beam-axis, was not possible using single-beam line tweez-
ers; the rods were expelled from the laser focus (not shown). Figure 6.1 shows a
13-pm-long ZnO nanowire, trapped in counter-propagating line tweezers. First,
the rod was trapped horizontally with respect to the camera image, and was
slightly out of focus. Then, the rod was rotated over 60°, in steps of ten degrees,
and with each step, the rod moved in the z-direction and came more into focus.
This is expected to be due to the influence of the polarization of the laser light.
The polarization of the inverted trapping beam was left-right in the image plane,
while the upright beam was perpendicular polarized, thus up-down in the image
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Fig. 6.2: Transmission microscopy image of a ZnO rod in water, trapped in counter-
propagating line tweezers. The nanorod is rotated from (a) 0°, over (b) 10°,
(c) 20°, (d) 30°, (e — g) 40°, and (h) 50°, to be (i) placed on top of two silica
particles that were adhered to the top surface of a >30-um-thick sample.
Scale bar is 5 um.

plane.

The ZnO rods could be stably trapped, translated in all three dimensions,
and rotated in the plane perpendicular to the beam axis, which can be clearly
seen in the Figures 6.2 and 6.3. In Figure 6.2, a rod was trapped and moved
from the bottom to the top surface, over a distance of more than 30 pm. Silica
spheres were attached to the top surface, and by translating the stage in zy,
two spheres were selected. The rod was rotated over the desired angle, and
positioned on top of these two spheres. Again, the dependence of the z-position
of the rod on the rotation angle of the line tweezers is apparent.

Figure 6.3 also shows the trapping and lifting of a ZnO nanowire towards
a silica sphere-coated top surface. Now, two touching spheres were selected,
and the rod was trapped against the surface and then moved into the space in
between the spheres and the surface. The rod was stuck there, but could still
be rotated with the laser tweezers (Figures 6.3e—j). Figures 6.3k and 1 show
images with an additional 1.6x optical zoom. It can be clearly seen that the
rod is sticking through the space in between the surface and the two spheres.

In Figure 6.4, a silica-coated Si rod dispersed in water, is trapped in counter-
propagating line tweezers, lifted off of the surface over 8 um, and then rotated
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Fig. 6.3: Transmission microscopy image of a ZnO rod in water, trapped in counter-
propagating line tweezers. The ZnO rod is (a — d) translated in the sample
and (e) positioned underneath a pair of touching silica spheres that are ad-
hered to the top surface. The rod could not be removed, although it could be
rotated (f —j). (k and 1) 1.6x optical zoom images of the nanorod, sticking
through the space in between the surface and the spheres, and moved with
tweezers. Scale bars are 5 pum.

over 10°. The Si rods could not be trapped in single-beam line tweezers, and
were, in general, more difficult to trap in three dimensions than the ZnO rods.
Stable axial trapping of the rods, like Pauzauskie and colleagues [8] did, was
not possible, probably due to the large thickness of our rods (approximately 200
nm).

A separation of 0.9 um between the traps that made up the line tweezers,
was sufficient for in-plane trapping of the nanowires. Only very short rods (< 3
um) tended to prefer an axial trapping direction, but, due to the limited stiffness
in the z-direction for line-tweezers (see Section 6.5, page 89), it is doubtful that
a closer spacing of traps would prevent this. Trapping with two 63x objectives
(Leica, 63x, 1.32 and 1.4 NA, oil immersion) was not achieved, possibly because
of a lower effective NA of the trapping beams due to underfilling of the back
focal planes. The 63x objectives have a 1.5x larger opening than the 100x
objectives; expanding the trapping beam to overfill the 63x objectives might
make trapping of high-index rods with these objectives possible.

6.4 Conclusions and outlook

Zn0O rods were trapped in counter-propagating line tweezers, and lifted >60
um off of the bottom of the sample cell. We showed full rotational control in
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Fig. 6.4: A silica-coated Si rod in water, trapped in counter-propagating line tweezers
(a) against the bottom surface, and (b) 8 um above the bottom surface,
where it is (c) rotated over 10°. Scale bar is 2 pm.

the plane perpendicular to the beam axes. As a demonstration, ZnO rods were
brought to the top surface, where they were translated in the sample cell, and
placed on top of two silica particles, or, alternatively, positioned in between the
surface and two touching silica spheres. In addition, we showed the 3D trapping
of silica-coated Si rods.

The trapping of these high-refractive index rods in the plane perpendicular
to the beam axis away of the surface was not possible with single-beam line
tweezers — in the axial direction no sufficient gradient force could be obtained
to balance the destabilizing scattering force — and, to the best of our knowledge,
has not been shown before. The possibility to manipulate, translate, and rotate
individual nanowires, expands the range of possibilities in using these rods in
nanoelectronics and nanophotonic applications.

Currently, we are working on coating the top surface of the sample cell to be
able to attach the rods [14]. Free rods can reside at the bottom, and be selected,
to then be transferred and adhered to the top surface. This way, configurations
and structures of nanowires on the surface can be made permanent, and used
in, for example, photoluminescence experiments.

When using line tweezers with a length shorter than the trapped rod, the
rod tends to be tilted with respect to the focal plane. We plan to investigate the
possibilities to combine line traps that are too short with intensity manipulation
of the individual traps that make up the line, to control the pitch of trapped
rods.

The use of AODs offers the flexibility to expand the arrays of traps to create
two line traps, which can be moved independently from each other within the
range of the AODs. This way, rods away from the surfaces can be positioned
with respect to each other .
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6.5 Appendix — Reduced axial trap stiffness in line tweezers

For line optical tweezers, created by closely-spaced optical traps, the axial
stiffness is reduced in comparison to the stiffness of each individual trap. In
this Section, we will look at the effects of nearby optical traps on the stiffness
and trapping position of a particle in a single-beam trap. Calculations of the
trap stiffness and the trapping depth are presented, and qualitative arguments
are given to explain the effects of nearby traps on the trapping potential. In
addition, we experimentally confirm the influence of traps in close proximity on
the trapping depth of a particle. The difficulties in predicting the potential in a
multiple-trap system from the potentials of the individual traps, are discussed.

A particle trapped in a multiple time-shared trap configuration, experiences
the time-averaged potential of these traps when the time-sharing takes place on a
time-scale faster than the typical time-scale of the Brownian motion of a particle
in the traps [15, 16]. Because the individual traps do not exist simultaneously,
no interference occurs, and the three-dimensional (3D) potential of the multiple-
trap configuration is the sum of the 3D potentials of each individual trap in the

system.

Trapping plane

Focal plane

Focal plane

c i

Fig. 6.5: Schematic view of (a) a particle trapped in an individual single-beam trap,
(b) the same particle trapped in the middle one of three identical traps with
trap separation d, and (c) the particle with respect to the right trap at the
trapping position of the three-trap situation.

Calculations

To examine the influence of nearby traps on the trapping potential in a multiple-
trap system, we considered the situation of a particle, held in a system of three
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identical time-shared traps in close proximity to each other (Figure 6.5b).

We used the explicit partial-wave Lorenz-Mie representation given by Mazolli
et al. [10] for our calculations of the axial trapping position and the axial trap

stiffness k,. The three traps, with their beam axes in one plane and their foci at
the same depth, are described by the parameters v = 1.18 and 6y = 72.9° [10].
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Fig. 6.6: Calculations for a 1.4-pm-diameter silica particle in a configuration of three
optical traps. (a) For varying trap separation d, the trapping depth on the
middle beam axis (x = 0) with respect to the focal plane. For certain separa-
tions (dashed line) the over-all minimum of the potential is not at x = 0. (b)
Corresponding axial trap stiffness k.. (c—e) Integrated trapping force ( “po-
tential”) curves parallel to the line connecting the three traps, for several
trap separations d. The Roman numbers correspond to positions indicated

in (a).

The curves illustrate the change from one stable trapping position

(c), via two trapping positions (d), to one (e), before the beams are so far
apart that they form three separate traps (indicated with IV in (a) but not
shown).
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Figure 6.6a shows the calculated axial trapping position of a 1.4-um-diameter
silica particle in ethanol, on the beam axis of the middle trap (x = 0) of a three-
trap system, for varying distance d between the traps. In Figures 6.6¢—f, the
integrated trapping force (the “potential”) parallel to the line connecting the
three traps, is plotted for several trap separations d. For every curve, the over-all
minimum is set to zero. As can be seen, for small d, there is one stable trapping
position at x = 0 (Fig. 6.6¢), and the trapping depth increases for increasing d.
For larger d, the stable trapping position splits up into two positions, located
in between the three traps (Fig. 6.6d). This range, where the particle will
not be stably trapped at x = 0, is indicated by the dashed part of the curve
in Figure 6.6a. For even larger separation, the trapping depth decreases for
increasing d, and the system will again have a stable trapping position at x = 0.
First only at this center position (Fig. 6.6e), but for further increasing d there
are three trapping positions (not shown). For certain separation, the trapping
depth reaches its initial value; the traps are so far apart that a particle in the
center trap does not experience any force from the two outer traps.

In Figure 6.6b, the corresponding axial trap stiffness &, is plotted. For d = 0,
where the particle is trapped in three identical traps, the stiffness is three times
the stiffness for large d, where the traps do not influence each other anymore.

For increasing d, k. first increases, after which it drops blow the value for a
single trap.

It should be noted that the presented calculations only show a very limited
view of the complex 3D trapping potential, and the outcome as given here should
be treated in a qualitative manner.

Fig. 6.7: Brightfield microscopy images of two 1.4-pm-diameter silica particles in four
optical traps. (a) The top particle is trapped in one trap, while the bottom
particle is held in three traps, which were moved away from each other over
(b) 0.55 pm, (¢) 1.27 um, and (d) 1.82 wm. The axial trapping position
depends on the distance between the traps. Scale bar is 2 pm.
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Experimental confirmation

The larger trap position depth with respect to the focus position, as well as the
decrease in trap stiffness for closely-spaced traps can be observed experimentally.
Figure 6.7 shows two 1.4-pm-diameter silica particles in ethanol, in a system of
four time-shared traps. The top particle is held in one trap, while the bottom
particle is confined, in the same trapping plane, in three traps (Fig. 6.7a). Then,
two of those three traps are moved away from the central third one, in steps of
0.18 pm. In Figure 6.7b, the distance between the traps is 0.55 pum, while for
(c) and (d) the distances are 1.27 pm and 1.82 um, respectively. As can be seen
from the changes in the image of the bottom particle, the trapping position is
displaced in the axial direction. In (c), the particle is trapped deeper than in
(b), while in (d) the trapping is less deep than in (c), but still displaced with
respect to (a). This qualitatively corresponds to the curve given in Figure 6.6a.

The decrease in stiffness to below the value for a single trap, was also clearly
visible in the video images; for certain d the deviations of the particle in the
single trap away from its stable trapping position, were smaller than the devia-
tions of the particle in the three-trap configuration. An increase in stiffness for
small d values was not observed. However, at the initial stiffness used, it would
have been difficult to notice a decrease in motion of the particle.

Discussion

We will give a qualitative description of how the trapping depth and the trap
stiffness of a particle are affected by traps in close proximity to the particle.
Because the three traps each have their focal point in the same z-plane, a
particle will be confined at the same z-position and with the same stiffness, when
trapped in one of the three traps individually (Figure 6.5a). However, with all
three traps present, the two outer traps also contribute to the potential of the
particle trapped in the middle. The effect of this added potential is two-fold.
Due to the scattering force, the particle is trapped behind the focus of the single
beam. Only part of the added outer two traps interacts with the particle, and as
a consequence of the symmetry breaking about the focal plane, this added light
moves the equilibrium trapping position of the particle even further from the
focal plane: the particle is trapped at a larger depth in the sample (Figure 6.5b).
In addition, due to the opposite gradients of the neighboring traps, the local
gradient in the trapping region is decreased, which lowers the axial stiffness.
Due to the large opening angle of the trapping beam focused by a high-
NA objective, a particle can be influenced by a trap at a relatively large lateral
distance to the particle. This introduces an experimental difficulty in predicting
the 3D potential landscape of a multiple-trap configuration from the measured
potentials of the individual traps, as we will discuss in the next paragraph.
The 3D potential of an optical trap can be obtained by measuring the 3D
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position of a particle in the trap in time. Due to Brownian motion, a particle will
sample the potential landscape, revealing the shape of the trap [17]. In many
trapping experiments, however, the position of a particle is not detected in three
dimensions. Usually, both with video analysis, as well as with QPD position
detection, the projection of the position onto the zy-plane is recorded, although
information about the z-position is obtainable [17-19]. The 2D information
of the potential well is clearly not sufficient to derive the 3D potential of the
multiple-trap configuration. Moreover, even when the excursions of the particle
in the z-direction can be neglected, the added 2D potentials only yield the 2D
potential in the trapping plane of the individual traps, which is, as we have
shown, not necessarily the trapping plane in a multiple-trap configuration. To
be able to add the potentials of the individual traps, these potentials need to
be known at the trapping position of the particle in the multiple-trap system.
With only the right trap present (Figure 6.5¢), the likelihood of a particle to be
at the position of the trapping region of the three traps, is very small. Only for
very low laser powers will the particle ever visit this region, with the possibility
that then the particle is no longer trapped. An alternative method is to bring
the particle with another trap to this position, let it go, and record its behavior.
In general, the sampling time needed to obtain the potential of the trap in an
area far from the focus of this trap, will be very long.

The results obtained for the simplified situation of a system of three closely-
spaced traps, can be readily applied to a particle in optical line tweezers. A
particle trapped in line tweezers experiences forces from many (time-shared)
trapping beams. Therefore, a possible increase in axial trap stiffness for small
d, as shown in the calculations, will disappear; for every beam at a favorable
distance there are many others at less-favorable distances.

Concluding remarks

In conclusion, in single-beam line tweezers, a particle will be trapped at a larger
depth and with a smaller stiffness, as compared to the trapping in an individual
trap. The use of a different spacing between the individual points, or of a
different-NA objective, cannot prevent this. In addition, the sampling of the
individual traps over the full range necessary to obtain the line potential, is
difficult, frustrating the prediction of the potential landscape of multiple closely-
spaced traps.

When creating a line potential along which the potential differences are small
enough compared to kpT', a shallow z-potential might inhibit trapping in the
z-direction. For counter-propagating line-tweezers, the trapping position will
remain at the focal plane, because the scattering forces counter-act. There-
fore, although the axial stiffness will be reduced in comparison to an individ-
ual counter-propagating trap, the decrease in stiffness will be less compared to
single-beam line tweezers. This advantage of counter-propagating line tweezers
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over single-beam line tweezers can be used in experiments such as, for example,
measuring the pair potential of two particles in a 1D potential well. In the fu-
ture, we will investigate the trapping in counter-propagating line tweezers, both
experimentally and with calculations.
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7. OPTICAL TWEEZERS SETUP FOR FORCE
MEASUREMENTS IN COUNTER-PROPAGATING TRAPS
COMBINED WITH INDEPENDENT QUADRANT
PHOTODIODE POSITION DETECTION

Optical tweezers are well suited to manipulate micron-sized particles and mea-
sure forces in the picoNewton range. Accurate position detection yields the force
exerted on a particle in the trap, after determination of the trap stiffness. Here
we present an optical tweezers setup, in which counter-propagating trapping with
high-numerical aperture objectives is combined with quadrant photodiode position
detection, to measure forces for high-refractive index particles. The stiffnesses
are obtained from power spectral density curves of the position detection sig-
nal. Due to the use of a separate laser, position detection is independent from
trapping, and can easily be combined with time-shared multiple dual-beam laser
traps.



98 7. Optical tweezers setup for force measurements in counter-propagating traps

7.1 Introduction

Optical trapping is a versatile technique to manipulate micrometer-sized par-
ticles in a non-invasive manner, with the possibility of force measurements on
the picoNewton scale [1-3]. This combination of features has been used in the
fields of biology and soft condensed matter physics, with applications including
the study of molecular motors [1], stretching of DNA [4], and microrheology on
colloidal suspensions [5].

It is possible to directly measure the force exerted on a particle, by collecting
all the light from the trapping laser after it interacted with the particle, and
measure the change in momentum flux [6, 7]. Due to conservation of momen-
tum, the change is a direct measure for the gain in momentum of the particle,
thus for the force exerted on the particle. The demand to collect all the light
inhibits overfilling of the objective with the trapping laser, as is mostly done in
optical tweezers setups. Underfilling, however, decreases the effective numeri-
cal aperture (NA) of the laser beam and limits the trapping ability due to a
decrease in gradient force. Grange and colleagues [6] and Smith et al. [7] cir-
cumvented this problem by using a second, opposing, low-NA trapping beam, to
create counter-propagating tweezers, and directly measured forces by collecting
the trapping light exiting from the sample.

In most schemes, though, force measurements are conducted in two steps.
First, the stiffness of the trap — the force per displacement of the trapped particle
at the trapping position — is determined, after which accurate position detection
yields the force exerted on the trapped object. In recent years, several methods
have been used to obtain the trap stiffness [3, 8]. The optical potential analysis
[9], the Equipartition method, and the power spectral method [10], all employ
the Brownian motion of the particle in extracting the stiffness. The latter two
by assuming a harmonic potential. The motion of a particle with certain size in
a harmonic potential, suspended in a medium with temperature T and viscosity
7, is known, and from this the stiffness can be found. In the optical potential
analysis, harmonicity of the potential is not necessary. It uses the fact that due
to the thermal motion, the particle samples the potential well, and after long
enough observation, the position distribution reveals the shape of the potential.
With the drag force method [11, 12], the particle is moved with respect to the
specimen at a certain speed, and from the displacement response of the particle,
the trap stiffness can be obtained.

The accurate position detection, needed to determine the stiffness and conse-
quently detect the displacement of the particle, is done in several ways. The two
most commonly used are video image analysis [13], and quadrant photodiode
(QPD) position detection using the trapping laser [14—16] or a separate detection
laser [8]. Video analysis is accurate to subpixel-level (within a few nanometers),
but does not offer the bandwidth necessary in most schemes to acquire the trap
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stiffness. The use of a QPD for position detection is a very sensitive technique,
and measuring steps as small as 0.1 nm has been reported [17]. Its operating
speed enables the determination of power spectra up to 100 kHz [10, 18].

In this Chapter, we present an optical tweezers setup, in which counter-
propagating trapping employing overfilled high-NA objectives, is combined with
QPD position detection. Due to the use of a second laser, position detection
is independent from trapping. This way, stiffness and force measurements can
be done on high-refractive index particles, trapped in dual-beam time-shared
traps.

7.2 Force measurements with quadrant photodiode position
detection

The force on a particle in an optical trap can be determined by first fitting a
Lorentzian to the power spectral density (PSD) curve of the QPD signal and
obtain the trap stiffness x. Once the stiffness is known, the position of the
particle yields, for small displacements, the force.

7.2.1 Trap stiffness k

In a single Gaussian-beam optical trap, a particle experiences a potential which
can be approximated by a harmonic potential if the displacements of the particle
from the center of the trap are not too large. The motion of a particle in such
a harmonic potential is described by the Einstein-Ornstein-Uhlenbeck theory of
Brownian motion [10, 19], for which the Langevin equation for one dimension
reads:

mi(t) +0i(t) + rea(t) = (2kpTy0) ?E(t), (7.1)

with m the mass of the particle, x(¢) its position in time, 7 the viscous drag
coefficient, —kz(t) the harmonic force from the trap, and kp Boltzmann’s con-
stant. (2kpT0)'/2£(t) represents the random Gaussian distribution of the
Brownian forces at temperature 7. With the experimental time resolution long
in comparison with the typical time scale for loss of kinetic energy through
friction, the inertial term can be dropped. Defining the roll-off frequency fq:

K

= 7.2
fO 27_‘_70 ) ( )

we can rewrite Eq. (7.1), and find for the motion of the particle:
i(t) + 2mfox(t) = (2kpT/70) 2E(1). (7.3)

Fourier transformation will give the power spectral density S, = X*(f) X(f) —
the amount of power per unit of frequency as a function of the frequency — for
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the motion as a Lorentzian [14, 16]:
B kT
Yom2(f§ + f2)

with S, in units of distance?/frequency. The viscous drag coefficient v for

Sa(f) (7.4)

an isolated sphere with radius r, relatively far away (>> r) from a wall, in a
medium with viscosity 7, is given by Stoke’s law:

Yo = 67, (7.5)
so we find for the stiffness x:
k= 127207 fo. (7.6)

By fitting a Lorentzian to the PSD curve, the roll-off frequency fy is obtained.
Equation (7.6) then gives the stiffness x, and measuring the displacement Ax
will yield the force on the particle in the harmonic potential with:

F, =k Ax. (7.7)

For constant drag coefficient 7, x increases linearly with increasing laser power
of the optical trap.

7.2.2 Quadrant photodiode measurements

The linear regime of the focused Gaussian beam — where the potential well
can be approximated by a harmonic potential — is exploited in QPD position
detection. In this regime, the force exerted on a particle scales linear with the
deviation of the particle from the trap center. As a consequence, the signal
onto the QPD — a measure for the change in momentum flux which is directly
related to the force exerted on a particle [6, 7] — is also linearly related to the
deviation, enabling position detection.

When using a separate laser for QPD detection, the power of the detection
laser is set low enough, so that trapping of the particle by the detection beam
can be neglected compared to the trapping by the trapping beam. The use of a
separate beam offers the advantage in that it can easily be used in combination
with time-shared multiple traps. In addition, the detection laser can be made
to underfill the objective to maximize the collection of light by the opposing
condenser objective, while overfilling with the trapping beam yields a high gra-
dient force. However, unlike the trapping beam, the detection laser has to be
carefully aligned onto the particle, to ensure detection in the linear regime.

7.2.3 Detector sensitivity

To use the QPD for position detection, the detector signal needs to be calibrated.
This can be done in several ways, for example by moving a particle through the
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detection spot with known step sizes using the trapping laser. Alternatively,
when using the trapping laser also for detection, scanning the laser very fast
over a known distance compared to the trapped particle gives the calibration
factor [20].

To determine the detector sensitivity, we used a method which employs the
Brownian motion of the particle in the trap [14]. The conversion factor from
Volts to meters is expressed in the sensitivity 3, and we find for the spectrum
Sy measured in Volts:

Sv(f) = B28:(f)- (7.8)

The sensitivity 3 can be determined by multiplying the PSD (in V2/Hz) with
f?, giving a plateau for f > f; (for example see Figure 7.3b). From the Equa-
tions (7.4) and (7.8), we find that the plateau value Py, in V2 Hz, is given
by [14]:

ko T
Py =3 7.9
Vv ﬁ ')/071_2, ( )
and thus, with Eq. (7.5): 70 = 6 mnr for a sphere, we find:
67r37]TPV 1/2
T P il A 7.10
() (7.10)

with 7 the viscosity and r the radius of the particle.

A disadvantage of using the Brownian motion of the particle for calibration
is the necessity to know the particle radius r» and temperature T and viscosity
7 of the medium.

7.3 Experimental setup and methods

7.3.1 Counter-propagating optical tweezers setup

In the setup for combined counter-propagating trapping and independent QPD
position detection (Figure 7.1), the TEMyy mode of an IR laser (Spectra-
Physics, J201-BL-106C, diode-pumped Nd:YVO4 EOM, 1064 nm, 4 Watt cw)
was used for trapping. The beam was split at polarizing beam splitter cube C2
to be deflected into an inverted and an upright objective by the dichroic mirrors
DM, ., (Chroma Technology Corp., 620dcsxr), while the rotation of half-lambda
zero-order wave plate W2 determined the relative power in the two beam paths.
In each path, the lenses L3; ,, and L4, ,, (all f =120 mm) formed a telescope pair
for manual control over the beams. The zyz-displacements of the lenses L3; ,,
— mounted on translation stages and placed at planes conjugate to the back
focal planes of the objectives — translated into corresponding displacements of
the foci of the beams inside the specimen.

For computer-controlled zy-positioning of the laser focus, a pair of orthog-
onal AODs (IntraAction, DTD-276HD6 2-axis deflector) was used, making the
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Fig. 7.1: Schematic diagram of the setup for combined counter-propagating trapping
and independent quadrant photodiode (QPD) position detection. The QPD
part is depicted in more detail in Figure 7.2. The IR laser beam is split at
polarizing splitter cube C2, to create counter-propagating traps. AODs enable
computer controlled dynamics of the traps and time-shared trapping.

creation of time-shared multiple traps possible. The AODs were placed, mounted
on an aligner (NewFocus, 9071-M), in a plane conjugate to the back focal plane
of the objectives, and were controlled using a LabVIEW program, an inter-
face board (National Instruments, NI PCI-6534), and direct digital synthesizers
(DDSs, Novatech Instruments Inc., DDS8m). The signals from the DDSs were
amplified (IntraAction, DPA-502D).

The laser beam was expanded to overfill the exit pupil of the trapping ob-
jectives. Due to the limited aperture of the AODs, this was done in two steps;
before the AODS by a beam expander (Melles Griot, 09LBZ103, 6x ), and after
the AODs ~3.8x by the lens pair L1 and L2 (Melles Griot, achromat doublets,
f =65 mm and f = 250 mm, respectively), to a total 1/e? beam waist of 9.6
mm. Any expansion after the AODs limits the lateral range of the AODs in the
focal plane by an equal factor.

On the microscope (Leica, DM IRB), the inverted objective was fixed in a
mounting block, while a second objective, in upright orientation, replaced the
condenser. For alignment, the upright objective was mounted on an xyz-piezo
stage (Thorlabs, MDT630), which had a range of 20 um, in addition to a manual
range of 3 mm, in all three directions.

To move the sample with respect to the objectives, an xyz-piezo stage
(Physik Instrumente, P-517.3CL, 100 x 100x 20um?, capacitive sensor) was used.
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For long-range travel, the piezo stage was mounted on a home-built stage, which
employed two motorized actuators (Newport, 850G-LS, closed-loop, low speed)
controlled by a computer board (NI PCI-7344, 4-axis servo/step motion con-
troller).

For imaging, we used a digital charge coupled device (CCD) camera (Uniq
Vision, UP-600), and a LabVIEW program that controlled both the camera
and the piezo stage, as well as the motorized actuators. A pair of oil immersion
objectives (Leica, 100x, 1.30-0.60 NA) and a pair of water immersion objectives
(Leica, 63x, 1.2 NA) were available for trapping and imaging.

7.3.2 Quadrant photodiode position detection using a second laser beam

For independent position detection, a HeNe-laser (JDS Uniphase, 1137/P, 633
nm, 7 mW) was incorporated in the optical tweezers setup, together with a
QPD (UDT, SPOT-9DMI, 10-mm-diameter active area). The red laser beam,
with a 1/e? beam waist of approximately 1 mm at the back focal plane of
the objective, was split at polarizing beam splitter cube C8 (Figure 7.2), at
which the vertically polarized light was passed through towards the inverted
objective, while the horizontal polarization was reflected into a beam dump.
The orientation of half-lambda wave plate W3 determined the ratio of powers
going into each beam path.

The vertically polarized beam was merged with the inverted trapping beam
at dichroic beam combiner mirror BC; (Chroma Technology Corp., z633bcm),
after it passed a pair of telescope lenses (L5, and L6,, both f = 140 mm), used
for beam steering. L&, was positioned in a plane conjugate to the back focal
plane of the inverted objective, and mounted on an zyz translational stage.
Dichroic mirror DM; deflected the beam into the inverted objective, which then
focused the beam inside the specimen. After passing the upright objective, the
beam was coupled out of the trapping laser path by BC, and imaged onto QPD,,
by lens L7,. A bandpass filter (633 nm) was placed in front of the QPD to block
ambient light.

The setup can readily be expanded to the use of two QPDs. In this scheme,
the horizontal polarized beam is directed towards the upright objective, instead
of into the beam dump (dashed beam path in Figure 7.2). The beam follows a
similar path as the vertical polarized beam, yet in opposite direction, passing
telescope pair Ly, and L6y, (both f = 140 mm). The beam is coupled into, and
out of, the vertically polarized beam path at polarizing beam splitter cubes C/
and C9, respectively, after which L7, images the beam onto QPD;,. While wave
plate W3 determines the ratio of light going into each beam path, an additional
waveplate (no drawn) combined with a beam splitter cube can be used for power
control. Currently, only QPD,, is used for position detection.

The three signals from the QPD — the difference between the light intensity
on the left and the right half (z), the difference between top and bottom signal



104 7. Optical tweezers setup for force measurements in counter-propagating traps

DM, , .
[ IR beam path
= .
BC, xyz

L4

L3

u u

upright objective

inverted objective
L3;

L4
Xyz

BC; Y
N .
[ IR beam path
DM; ~ o
beam dump

mul ul
o5 N D><C I ] |

] L

. xyz

C3 W3 HeNe laser
€ wo,

Fig. 7.2: Schematic diagram of the independent QPD position detection. A HeNe laser
is split into two orthogonally polarized beams, of which the vertical polariza-
tion passes the sample traveling from the inverted to the upright objective to
be imaged onto QPD,. The setup can readily be expanded to the use of double
position detection, with horizontal polarized beam (dashed beam path) passing
the specimen in counter-propagating direction, to be imaged onto QPDy,.
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(y), and the sum over all four quadrants — were first amplified and anti-alias
filtered at 20 kHz, before being sampled by a data acquisition board (NI, PXI-
6251). A LabVIEW program controlled the sampling, and was used to calculate
the power spectra of the z- and y-signal (both divided by the sum signal and
with a Hanning window applied to them). A Lorentzian was fitted to these
normalized spectra to obtain fy, from which x was calculated.

7.4 Results and discussion

Depth dependence of trap stiffness

When using an oil immersion objective in an aqueous specimen, spherical aber-
rations due to the refractive-index mismatch affect the focus of the beam. This
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Fig. 7.3: Data for a 1.0-um-diameter silica particle in water, trapped in inverted tweez-
ers using a water immersion objective. (a) Power spectral density (PSD) for
420 mW at the back focal plane, and a Lorentzian fit to the curve with fo
= 325 Hz. (b) PSDxf? curve, with plateau value Py = 1.18 V? Hz, the
mean of the plateau between the two dashed lines. (c) Trap stiffness k and
(d) the sensitivity obtained from the plateau value Py, for the particle trapped
at different depths in the 50-pum-thick sample. (a) and (b) are the data for
the y-signal at 15 pm into the sample.

distortion increases with focus depth, causing the stiffness « [21] and the sensi-
tivity 8 [20] to decrease (see also Chapter 3).

We used water-immersion objectives when trapping in water to prevent
spherical aberrations. As a check whether the ring on the objective to com-
pensate for the thickness of the cover slide was set correctly, we measured the
PSD for a 1.0-um-diameter silica particle trapped in a single-beam gradient
trap at several depths. We used the inverted objective for trapping, with a laser
power of 420 mW at the back focal plane. Figure 7.3a shows the spectrum of
the y-signal, measured at a focal depth of 15 um. Also shown is the Lorentzian
fit to the spectrum, giving a roll-off frequency fy of 325 Hz. With a particle
radius of 0.5 pm and a viscosity = 1.0 x 1073, this yields, using Eq. (7.6),
a stiffness r, of 19.2 pN/um. In Figure 7.3b, the product of the PSD with



106 7. Optical tweezers setup for force measurements in counter-propagating traps

f? is plotted, together with the mean of the plateau value Py = 1.18 V2 Hz,
which gives, with Eq. 7.10 and assuming T = 300 K, a detector sensitivity 8 =
5.14 V/um. The stiffness and sensitivity are plotted in Figures 7.3c and d, re-
spectively, for both the z- and y-direction for several depths in the 50-um-thick
sample. The average stiffness in the z-direction is k, = 17.3 pN/um, while the
average ry = 18.5 pN/um. The average sensitivities are 5, = 4.8 V/um and
By = 5.1 V/um. Both k and § do not show a decrease with depth, indicating
minimal spherical aberrations and a correct setting of the compensation ring of
the water-immersion objective at 160 um.
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Fig. 7.4: (a) Power spectral density (PSD) curves without a particle in the trap, with
and without weights applied to the upright objective holder. The weight clearly
decrease the vibrational noise. Also plotted, for comparison, is the PSD from
Figure 7.3a. (b) Quadrant photodiode signals (x, y, and sum) for a 1.0-
um-diameter silica particle in water, trapped in inverted tweezers using a
water-immersion objective. In the sum signal, 100 Hz noise coming from the
ambient tube lights, is visible.

Noise

Figure 7.4a shows PSDs obtained without a particle in the trap. For the lower
PSD, weights were applied to the upright objective holder. As can be clearly
seen, after removing the weights, the overall noise increased, while certain peaks
shifted. This confirms that the noise, with its peak between 20 and 200 Hz,
finds its origin in mechanical vibrations of the upright objective with respect
to the inverted objective. For comparison, also the spectrum from Figure 7.3a
is plotted. This was obtained with the weights applied to the objective holder.
The spectrum has a plateau at the noise level; for decreasing plateau values,
the noise will show up more. With the use of two high-NA objectives, the
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QPD position detection was very sensitive to these vibrational displacements;
a typical condenser lens has a large-diameter front lens, while the objective
lens that we use as a condenser, has a small front lens of the same size as the
inverted illumination objective. This makes it harder to collect the light with
the condenser objective, which probably amplifies the effects of vibration.

In Figure 7.4b, the detector signals are plotted from which the spectrum
in Figure 7.3a is obtained. The large low-frequency deviation in the x and y
signals are due to air currents; the detection laser beam path was not closed off.
The 100-Hz noise visible in the sum signal is due to ambient tube light, which
came through the laser line bandpass filter in front of the QPD.
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Fig. 7.5: Data for a 1.0-um-diameter silica particle in water, trapped in inverted tweez-
ers using a water immersion objective. (a) Power spectral density (PSD)
curves for the x-signal, for 105, 210, 420, and 825mW at the back focal
plane, and Lorentzian fits to the curves with fo = 79, 151, 286, and 628 Hz,
respectively. (b) The corresponding PSDx f* curves. (c) Trap stiffness s and
(d) the sensitivity obtained from the plateau value Py, for the four powers. In
(c) the fit to the first three data points for x is shown (k = 40.9 pN/um/W).
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Laser power dependence of trap stiffness

In Figure 7.5a, PSDs are plotted of the z-signal for a 1.0-um-diameter silica
particle in water, confined in a single-beam optical trap. The laser power at
the back focal plane of the inverted water-immersion objective was varied, from
105, 210, and 420, to 825 mW. Figure 7.5b shows the corresponding PSD x f2
curves, from which the sensitivities were obtained. For the four powers, k., and
ky are plotted in Figure 7.5c.

The trap stiffness x is expected to increase linearly with laser power, and for a
linear fit to all four data points, we find stiffnesses of 44.0 and 47.6 pN/um /W,
for x and y, respectively. When we fit only to the first three data points,
however, we find 40.9 pN/um/W for the x direction and 44.9 pN/um/W for y.
In Figure 7.5¢, the fit to the first three data points is plotted for the z-direction.
The fits are forced through zero.

For constant viscosity 7, the roll-off frequency fy will show a linear depen-
dence on the laser power (Eq. (7.6)). However, Peterman and colleagues [22]
showed that the trapping laser heats the suspension, decreasing the viscosity,
and consequently increasing fo. Therefore, if heating is not taken into con-
sideration, the trap stiffness will be overestimated and the detector sensitivity
(Eq. (7.10)) underestimated. A higher trap stiffness for high laser power is in
accordance with what we see in Figure 7.5c. However, at the highest laser power
of 825 mW at the back focal plane of the objective we estimate the power of the
truncated Gaussian beam after absorption by the objective to be no more than
200 mW in the laser focus. This is not enough to account for the 10% difference
between measured and expected . In addition, we do not see a corresponding
decrease in the detector sensitivity 5 (Figure 7.5d). We subscribe the devia-
tion at higher laser power to the high noise level between 20 and 120 Hz in the
PSD, which frustrated a good fit to the data. Because the plateau value at low
frequencies decreases for increasing power, the noise is more dominant for high
than for low trap stiffnesses.

QPD detection and counter-propagating trapping

For counter-propagating trapping, we used two opposing high-numerical aper-
ture water-immersion objectives, and positioned the foci of the two beams in
close proximity of each other (see Section 5.3 for the aligning method). This
fixed the axial distance between the two objectives.

We used 1.2-pm-diameter TiO9 particle dispersed in water. The particles
had a thin silica shell, and could be trapped in single-beam gradient tweezers.
Figure 7.6 shows the data for a particle trapped in counter-propagating tweezers
for four powers (with sums of 52, 105, 210, and 412 mW at the back focal planes
of the two water-immersion objectives; to partly compensate for a difference in
transmittance, 30% of this power was sent to the upright objective and 70% to



7.4. Results and discussion 109

1E-4 . : 1 T T
x-signal QPD
o fit

1E-5y 5
5 ¥
T 1E-64 o~
N\ >
> o
o 1E-7] M
2 1E-7. a
o g .

1E-84

b x-signal QPD
1E-9 | . ® 1E-3 | .
100 1000 10000 100 1000 10000
Frequency [Hz] Frequency [Hz]
_. 50 . : . : 25
1S C —_
= 40 E 20{
z X = b S %
— 30 2 15
¥
=N
[
» 2
3 204 £ 1.0
] e a 3
5 10 = {1 § 05 A
8 v,--'x" ————— fitto x ] d vy
= 04— ; ‘ | 0.0 ‘ ; ; ;
0 100 200 300 400 500 0 100 200 300 400 500
Laser power [ mW ] Laser power [ mW ]

Fig. 7.6: (a) Power spectral density (PSD) curves for a 1.8-pm-diameter TiO2 particle
trapped in water using counter-propagating tweezers. The sums of the laser
powers at the back focal planes of the two objectives were 52, 105, 210, and 412
mW. The highest power yields the lowest plateau value. (b) The corresponding
PSDx f? curves. (c) Trap stiffness k and (d) the sensitivity obtained from
the plateau value Py, for the four powers. In (c) the fit to the first three data
points for x is shown (k = 62.6 pN/um/W).

the inverted objective). In Figure 7.6a, the PSDs and the Lorentzian fits to them
are plotted for the z-signal, while in Figure 7.6b the corresponding PSDx f2
curves are shown. The obtained x; and k,, and the sensitivities are given in the
Figures 7.6¢ and d, respectively. A linear curve, forced through zero, was fitted
to the first three data points of Figures 7.6¢, giving for the z-direction a slope
of 62.6 pN/um/W, and for the y-direction 65.7 pN/um/W. The deviation of
40% for the highest laser power is due to a bad Lorentzian fit, as can be clearly
seen in Figure 7.6a. The low detector sensitivity is subscribed to the fact that
due to the scattering of the particles, not all light is captured by the upright
objective; after adjustment of the focus-to-focus distance between the objectives,
the plateau value Py increased to 1 V2/Hz (not shown), approximately the same
level as found for the 1.0-pm-diameter silica particle (Figure 7.5b).
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7.5 Conclusions and outlook

We have demonstrated an optical tweezers setup, in which counter-propagating
trapping using two high-NA objectives is combined with QPD position detec-
tion, enabling force measurements on particles in dual-beam optical tweezers.
The use of a separate laser makes position detection on particles in time-shared
traps possible. By using two water-immersion objectives, spherical aberrations
were prevented, which followed from the constant trap stiffness and detector
sensitivity for increasing focal depth. The trap stiffness increased, as expected,
linearly with increasing laser power. However, for high laser power, mechani-
cally induced noise frustrated a good Lorentzian fit to the PSD. For high trap
stiffness and low sensitivity, the plateau at low frequencies in the PSD drops
below the noise level, inhibiting the fitting of a Lorentzian and obtaining the
correct trap stiffness. This mechanically induced noise originates for a large part
from vibrations of the upper objective and will be improved by better fixation
of the objective holder. Due to the small front lens of the condenser objective
compared to a conventional condenser, collecting the detection light is more
sensitive to the alignment of the objectives, and thus to vibrational noise of the
objectives.

In the future, we will expand the setup with a second QPD, with counter-
propagating beam directions for the two orthogonally polarized detection laser
beams. Crosstalk between the two signals, often a problem with the use of two
QPDs, is expected to be very limited with opposing beam directions and cross-
polarizations. Double position detection can, for example, be used to measure
pair interactions between two particles, or hydrodynamic interactions by cross-
correlating the signals from both QPDs [23, 24]. Also, position detection can
be done from both sides on the same particle, to identify drift and noise in
the signal. Alternatively, the second position detection beam can be directly
imaged onto the QPD, to identify the drift in xyz between the two objectives.
This can be compensated for by moving the upper objective with the piezo stage
on which it is mounted.

At the moment the setup is used in preliminary work to measure high forces
exerted in dividing bacteria. In this Chapter, we limited ourselves to character-
izing the performance of the counter-propagating tweezers setup combined with
independent QPD position detection. In Chapter 8 we will discuss quantitative
trap stiffness measurements, including experiments with high-refractive index
particles that could not be trapped in single-beam gradient tweezers.
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8. FORCES EXERTED ON HIGH-REFRACTIVE INDEX
PARTICLES IN COUNTER-PROPAGATING OPTICAL
TWEEZERS — MEASUREMENTS AND CALCULATIONS

Counter-propagating optical tweezers offer the possibility to stably trap high-
refractive index particles that cannot be manipulated using single-beam gradient
tweezers. Due to their high index contrast, high forces can be exerted on these
particles. In this Chapter, we demonstrate the increase in lateral trap stiffness
for high-index titania particles compared to silica particles under the same con-
ditions. In addition, calculations are given for the azial and lateral stiffnesses.
We investigated, experimentally and with calculations, the influence of parti-
cle size, trapping laser beam width, and alignment, on the trap stiffness, using

polystyrene, silica, titania, and gold particles.
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8.1 Introduction

The possibility to measure picoNewton-level forces is one of the most exploited
features of optical tweezers, applied in various fields. The technique is used in
colloid physics [1-3], to study the mechanical properties of (bio-) polymers —
such as DNA [4] and microtubules [5] — and measure forces exerted by molecu-
lar motors [6, 7]. In these applications, typically, single-beam optical tweezers
combined with silica or polystyrene (PS) particles are used, and the maximum
forces are limited to ~100 pN.

Due to a larger refractive-index difference with the surrounding medium,
high-refractive index particles, such as titania, or metal particle, such as silver,
hold the promise of providing a higher trap stiffness, and thus to be able to
exert higher forces than lower-index particles under the same conditions. This
expected higher trap efficiency, a measure for the trapping force per laser power,
is useful when the available laser power is limited, or when laser-induced damage
plays a role, for example in biophysical experiments on living materials [8, 9].

For particles with a refractive index n, higher than the index n,, of the
surrounding medium, the large intensity gradient in a tightly focused laser beam
provides the necessary force to balance the destabilizing scattering force [10].
In the Rayleigh regime, an increase in n, or in the radius R of a particle, yields
an increase in both these force components. The dependence on R and on
m = ny /Ny, however, is stronger for the scattering force (~R®[m?-1]%/[m?+2]?)
than for the gradient force (~R3*[m?-1]/[m?+2]). This limits the size and index
of particles that can be trapped in a single-beam gradient trap, and with this,
a limit is set to the trapping force of single-beam optical tweezers. By using
a second, opposing, trapping beam, counter-propagating traps [11, 12] can be
created in which the destabilizing scattering forces are cancelled, and high-
refractive index particles can be trapped that cannot be confined in a single-
beam gradient trap. As a rough estimate of the enhancement of trap stiffness
we can expect, we use the Rayleigh theory and find, for a high-refractive index
titania particle (n = 2.4) compared to an equally-large polystyrene (PS) particle
(n = 1.57) in water (n = 1.33), an increase of 2.6x in gradient force.

Exact calculations of the optical forces, however, are not straightforward, as
the sizes of trapped objects are typically in the range of the wavelength A of the
trapping laser light used. For dielectric particles with a diameter d much larger
than the wavelength (d > \), geometric optics (GO) apply [13-17], while for
d < A, the Rayleigh scattering theory can be used [18]. For d ~ X, however,
neither GO nor the Rayleigh theory are sufficient to describe the forces in 3D
on a dielectric particle in a tightly-focused laser beam. To calculate trapping
forces in the intermediate regime, several approaches have been explored [19-23].
Exact partial-wave (Lorenz-Mie) expansions are reported for the axial force
component [24], and for the three-dimensional case [25]. Here, a full so-called
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Mie solution of plane waves interacting with a (metallo-)dielectric particle is
used, in addition to a description of the tightly focused laser beam.

The ability to perform reliable calculations enhances the possibility to tune
the experimental setup and optimize the desired properties, for example in
choosing the microscope objectives, the trapping laser wavelength, and the par-
ticles and medium used, to achieve high forces, a high trap stiffness, and/or a
high detector sensitivity.

In this Chapter, we describe experiments in which we trapped high-refractive
index particles in counter-propagating tweezers, and determined the enhance-
ment of trap stiffness by obtaining the roll-off frequency from the power spectral
density curve of the quadrant photodiode (QPD) signal. The particles used var-
ied from silica and polystyrene particles that could be confined in 3D in a single-
beam trap, to high-refractive index titania particles and gold particles that we
were only able to trap in counter-propagating tweezers. We use high-numerical
aperture (NA) objectives, and overfill the back aperture of these objectives, to
maximize the forces exerted on the particles and compare the results of these
measurements with calculations based on the approximation given by Maia Neto
and Nussenzveig [24] and Mazolli et al. [25]. In addition, we use calculations to
gain an understanding of the effects of experimental parameters — such as the
axial distance between the two trapping beams, the refractive-index difference,
and the objectives used — on the trapping position, and the lateral and axial
trap stiffness of a particle in optical tweezers.

8.2 Experimental setup and methods

8.2.1 Calculation of forces in optical tweezers

The force F' exerted by a laser beam onto a particle is proportional to the power
P of the laser beam. This is expressed by the trap efficiency ) of the system:

c F

where c is the speed of light and n,, the index of refraction of the medium.

To calculate the trap efficiency @ in three dimensions for a particle trapped
in optical tweezers, we used the explicit partial-wave Mie expansion given by
Mazolli et al. [25], which was first derived for the axial direction by Maia Neto
and Nussenzveig [24]. In their approach, the laser beam is represented as a su-
perposition of electromagnetic plane waves, which correctly describes a focused
beam with large opening angle. The scattering of each of these plane-wave com-
ponents by the (metallo-)dielectric sphere is taken into account, and analytical
results are derived. The parameters that are used in the calculations are the
wavelength A of the trapping beam, the refractive index of the medium n,, and
of the particle n,, the radius R of the particle, the opening angle 6, of the beam
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Fig. 8.1: Parameters used in the calculations. A Gaussian trapping beam, with a 1/ e2-
beam waist wo, is truncated by the opening at the back of the objective with
radius R,. The beam is focused with opening angle 8, and dy is the distance
between the two foci.

in the medium, and -y, a measure for the truncation of the Gaussian trapping
beam at the objective. For v we find (see Appendix, Section (8.5)):

v = (nmR,)/(NAwp), (8.2)

with R, the radius of the opening at the back of the objective, NA the numerical
aperture, and wg the 1/e*-beam waist of the beam (see Figure 8.1). The opening
angle 6y of the focused beam is given by:

0y = arcsin (N—A) . (8.3)

Nm

The trap stiffness x is defined as the force per displacement of the trapped
particle at the trapping position, which, for one direction, reads as:

kg = Fy/x. (8.4)
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Because our two counter-propagating beams are orthogonal polarized, no
interference is expected, and the calculation results for the two individual beam
can be added to obtain the calculated force for the counter-propagating tweezers.
In addition, a circular polarized beam is assumed in the calculations, while in
our experiments we used linear polarized beams. For circular polarized light
the lateral trap stiffness does not depend on the lateral direction (k; = ky).
For a linear polarized beam, the trap stiffness in the direction perpendicular to
the polarization is larger compared to the stiffness in the parallel direction [26].
This difference, however, is limited for particles with sizes comparable to the
wavelength [26], and the approximation of circular polarized light can be used.

Spherical aberrations due to a refractive index mismatch between the immer-
sion fluid of the objective and the medium in which the particle is dispersed,
are not taken into account (see also Chapter 3). Moreover, a dependence of
the transmittance of the objective on the radial distance to the optical axis, as
shown by Viana et al. [27], is not taken into consideration in these calculations
as well; a uniform transmittance is assumed. These issues will contribute to the
discrepancy between experimental results and calculations.

To investigate how the trap stiffness is affected by the size and the refractive
index of a particle, and by the shape of the trapping beam, we will focus on the
differences in force and stiffness between different configurations, rather than
comparing calculated and measured absolute forces.

8.2.2 Experimental setup

An infrared laser (Spectra-Physics, 1064 nm, 4 Watt cw) was split at a po-
larizing beam splitter cube and sent to two opposing high-NA objectives to
create counter-propagating tweezers. The setup is described in more detail in
Chapter 7. A separate HeNe detection laser (JDS Uniphase, 633 nm, 7 mW),
combined with a QPD (UDT, SPOT-9DMI) was used to obtain a power spectral
density (PSD) curve of the positional signal of a particle in the tweezers. By
fitting a Lorentzian to this curve, the roll-off frequency fy was found [28]. From
fo, the trap stiffness k for a spherical particle was calculated with:

k= 121°nR fo, (8.5)

with 7 the viscosity of the medium and R the particle radius.

When trapping in water (n,, = 1.33), two water-immersion objectives (Leica,
63x 1.2 NA) were used. With Eq. (8.3) we find 0y = 64.5°. The water-immersion
objectives have an R, of 4.7 mm, and with the 1/e?-radius of 4.8 mm for the
trapping beam, this yields a v of 1.09 (Eq. (8.2)). For these two objectives, a
large difference in trap stiffness was observed for comparable laser powers. This
is attributed to a difference in transmittance between the objectives.

For one experiment, two oil-immersion objectives (Leica, 100x 1.4 NA) were
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used to trap in ethanol (n,, = 1.36). This was done with the setup described
in Section 2.2, for which the trapping beam had a 1/e2-radius of 2.8 mm. The
objectives had an opening with R, = 3.4 mm. However, because the NA of the
objective exceeded the refractive index of the medium, total internal reflection
occurred (see also Chapter 3), which makes the use of Eq. (8.2) invalid. We
estimated the effective NA to be 1.3. By scaling R, with the same factor,
we then found v = (1.36 x 3.157)/(1.3 x 2.8) = 1.18, and 6y = 72.9°. On
this setup, the QPD position detection was done using the fraction (~1%) of
the IR trapping beam that leaked through the dichroic mirror. The QPD was
placed at the front camera port of the microscope. Using the trapping beam for
detection has an advantage in that the laser is always aligned with the particle.
However, with the use of IR laser light in combination with the QPDs, the PSD
is underestimated at high frequencies [29], because the response time of the
QPD is decreased for IR light.

8.2.3 Colloidal dispersions

We used a dispersion of 1.1-pm-diameter titania particles [30] and 1.4-pum-
diameter SiO9 particles in ethanol (n = 1.36). The synthesis of the silica parti-
cles is described elsewhere [31-33]. The titania particles had a refractive index
n of approximately 2.4. In addition, we used a mixture of 2.17-um-diameter
and 4.1-pm-diameter polystyrene (PS) particles (Spherotech Inc., SVP-20-5
and SVP-40-5, respectively) dispersed in water (n = 1.33). The PS particles
(n = 1.57) were streptavidin-coated, which was not expected to influence our
measurements. The 200-nm-diameter gold colloids in water were obtained from
Ted Pella, Inc.

The sample cells were prepared by sealing two cover slides (Menzel No. 1)
together with candle wax. For sturdiness, some sample cells were glued together
on two sides using UV-curing glue, before they were filled and sealed off with
candle wax.

8.3 Results and discussion

8.3.1 Refractive-index dependence of the trap stiffness

To investigate the increase in trap stiffness for increasing refractive-index con-
trast, we used a dilute dispersion of 1.1-pm-diameter TiO2 particles (n = 2.4)
and 1.4-pm-diameter SiOy (n = 1.45) in ethanol. Because the titania parti-
cles could not be confined in a single-beam gradient trap, we used counter-
propagating tweezers in these measurements. The powers inside the traps were
22, 44, 88, and, only for the titania particle, 176 mW. In Figure 8.2a, the cor-
responding PSDs are given; for clarity, only one curve (44 mW) is plotted for
the silica particle. For this estimated power of 44 mW in the focal region, the
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sum of the powers before entering the objectives was 110 mW. At this power,
fo was 499 Hz for the 1.1-pum-diameter TiOy particle, and with n = 1.2x103
Ns/m? for ethanol, this yields a stiffness k, = 39 pN/um. The trap stiffness
increased linearly with increasing laser power. Because of the large amount of
(mechanical) noise in the curves for the 1.4-pm-diameter SiO2 particle, we fitted
the Lorentzians manually. Assuming for the three curves an increase in stiffness
linear with laser power, we found at 44 mW an fy of approximately 115 Hz,
corresponding to k, = 11.4 pN/um, thus a factor 3.4 lower stiffness than for
the smaller titania particle.
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Fig. 8.2: Measured and calculated data for 1.1-pum-diameter TiO2 and 1.4-pum-
diameter SiO; particles. (a) Measured power spectral density (PSD) curves
for TiO2 and SiO2 in counter-propagating (cp) traps, from which, for P =
44 mW in the sample, the trap stiffnesses k, = 39 pN/um (TiO2) and 11.4
pN/um (SiO2) were obtained. (b) Calculated axial trapping force F. (c)
Calculated lateral trapping force Fi,.

Figure 8.2b shows the calculated axial trapping force per W laser power,
for 1.1-um-diameter TiOy and SiOg particles in single-beam and in counter-
propagating traps. Stable trapping occurs at the position where F = 0 and the
curve has a negative slope. In a single-beam gradient trap, a 1.1-um-diameter
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silica particle will be trapped near the laser focus, whereas for a titania particle,
no stable trapping occurs. For the silica particle, we find that the curve for dual-
beam trapping does not differ much from the curve for single-beam trapping,
which is in accordance with the small role played by the scattering force due
to a small refractive index contrast between silica and ethanol. For the TiO9
particle in the dual-beam trap, however, we now find a stable trapping position.
In Figure 8.2c, the calculated lateral trapping force per W laser power is plotted
for a 1.1-pm-diameter TiO4 particle and for silica particles (1.1 and 1.4 pm in
diameter) in counter-propagating traps.

Tab. 8.1: Comparison of the calculated and the measured trap stiffnesses k., and
Kz (in pN/um/W), between 1.1-um-diameter TiO2 and SiO2 particles, and
between 1.1-pm-diameter TiO2 and 1.4-pm-diameter SiOs particles. All
results for counter-propagating trapping mode in ethanol.

Particle measured Ky | calculated kg, | calculated k.,
TiOy 1.1 um | 355 4844 1354

SiO2 1.4 um | 104 688 250

Factor 3.4x 7.0x 5.4x

SiO2 1.1 pm | n.a. 1176 455

Factor n.a. 4.1x 3.0x

The calculated and measured stiffnesses are given in Table 8.1. We measured
a 3.4x higher trap lateral stiffness for the titania particle compared to the larger
silica particle. The calculated enhancement is 7.0x in the lateral direction and
5.4x in the axial direction. Comparing with an equally-sized silica particle we
find a calculated enhancement of 4.1x and 3.0x for the lateral and axial trap
stiffness, respectively. Note that the trap stiffness is larger for 1.1-um silica
particle than for the 1.4-pm one. In the next Section we will further discuss the
complex size dependence of the trap stiffness.

When comparing the absolute values between the measurement and the cal-
culations, we see large differences. The spherical aberrations — due to the
refractive index mismatch between the immersion oil/glass (n = 1.52) and the
ethanol (n = 1.36) — affect the stiffness, and are not taken into account in the
calculations. In addition, the absorption of light by the objective is not taken
into consideration either. A relatively low transmittance at the edge of the ob-
jective, as reported by Viana et al. [27], will decrease the trap stiffness even
further. Due to these effects, the calculations overestimate the trap stiffness in

axial and radial direction.
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Fig. 8.3: Measured and calculated data for 2.17-pm-diameter and 4.1-pm-diameter
polystyrene (PS) particles in water, trapped in counter-propagating tweezers.
(a) The measured power spectral density (PSD) curves for the z-direction
with 1.65 W total laser power (2.17 pm in black, 4.1 pm in gray). (b)
Measured trap stiffnesses k., and k, at four laser powers, for both sizes PS
particles. Linear fits are forced through zero. (c) Calculated axial trap
efficiency @ on the beam axis for both particles. (d) Calculated radial trap
efficiency Q. at the trapping position z = 0 um.

8.3.2 Size dependence of the trap stiffness

To illustrate the dependence of the trap stiffness on the size of the trapped
particle, we used a dispersion of 2.17-pum-diameter and 4.1-pum-diameter PS in
water. (See also, however, the results of the calculations for the silica particles
in the previous Section.) Two water-immersion objectives were used to create
counter-propagating traps, with laser powers of 90, 175, 350, and 690 mW (this
being the sum of the powers of the two beams before entering the objectives).

Figure 8.3a shows the PSDs for the two PS particles for a total laser power
of 690 mW. From the PSDs, the roll-off frequency fy was obtained, after which
Eq. (8.5) yielded the lateral trap stiffnesses k., which are plotted in Fig-
ure 8.3b. Linear fits, forced through zero, gave k, = 64 and £, = 65 pN/um/W
for the 2.17-pm-diameter particle and s, = 40 and k, = 38 pN/um/W for
the 4.1-um particle; a factor 1.6 and 1.7 difference in the z- and y-direction,
respectively.

Figure 8.3c shows calculations of the axial trapping force F, for single-beam
and counter-propagating trapping. The trap stiffness is 362 and 185 pN/um/W



124 8. Forces exerted on high-index particles in counter-propagating optical tweezers

for the 2.17-um and the 4.1-um-diameter particle, respectively; a factor 2.0
difference. The calculated lateral trapping forces are given in Figure 8.3d. We
find 1119 pN/pum/W and 609 pN/um/W, for the 2.17-um and the 4.1-um-
diameter particle, respectively; a factor 1.8 difference, and comparable to the
measured 1.6x and 1.7x for the - and y-direction.

For small particle sizes, the trap stiffness increases with the diameter of the
particle [13]. The highest trap stiffness is expected for particles with a diameter
comparable to the expected lateral extent of the focus, ~0.8 um [26], while for
larger particles, the stiffness decreases for increasing diameter. Our results for
the 2.17-pum and 4.1-pm-diameter PS particles — both considerably larger than
our laser focus, and clearly not in the Rayleigh regime — are in accordance with
this, just like the results for the 1.1-um and 1.4-pm-diameter silica particles in
the previous Section.

The large absolute difference between the measurements and calculations can
(partly) be accounted for by the objective transmittance, which is not considered
in the calculations. Spherical aberrations are not expected to play a significant
role, because water-immersion objectives were used to trap in water.

8.3.3 Trap alignment dependence of the trap stiffness

To create counter-propagating dual-beam optical tweezers, the two laser beams
are aligned with respect to each other. We investigated the dependence of the
trap stiffness on the alignment of the two beams in the axial (z) direction, by
trapping a 2.17-um-diameter PS particle in counter-propagating tweezers and
displacing the foci with respect to each other along the beam axis.

We started with the foci of the two beams approximately coinciding, and
then changed the distance dy between the foci by moving the inverted objective
upwards in steps of —2 um. At each position, we obtained PSDs and from
these, determined the lateral trap stiffness x; , (Figure 8.4a). The stiffness first
increased for dy = —2 pm and then slightly decreased (df = —4 wm). The
particle was trapped in between the two foci, which was checked in the camera
image by alternatingly blocking one of the beams and seeing the particle jump
to one of the foci. For df = —6 and —8 um, the particle was trapped close
to one of the beam foci, and x;,, was strongly reduced. Qualitatively, these
results are in agreement with calculations. In Figure 8.4b the calculated axial
and lateral trap stiffness are plotted as a function of the distance df between
the foci, for a 2.17-um-diameter PS particle in water. For the solid lines, the
particle is trapped in between the two foci, while the dashed parts on either
side of the curves indicate trapping near one of the foci. At dy = —3 pm, we
see a sudden drop in the lateral trap stiffness, when the particle can no longer
be trapped in between the foci.

For relatively small deviations away from dy = 0 um, the lateral stiffness
does not change much. Related to this is the independence of the lateral trap
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Fig. 8.4: Measured and calculated data for a 2.17-um-diameter PS particle in water.
(a) Measured lateral trap stiffness for varied distance dy between the foci.
Negative values indicated that the inverted focus was located above the up-
right focus. (b) Calculated dependence of the axial and lateral trap stiffnesses
on dy. The dashed parts in the curve indicate the stiffness when the particle
is not trapped in between the two foci, but near or at one of the two foci (for
dy far from 0). (c) Calculated axial trapping force. (d) Calculated lateral
trapping force for single-beam (sb) and counter-propagating (cp) trapping,
at the axial trapping position (0 pm for cp and 0.47 pum for sb).

stiffness for this particle on whether a single-beam trap is used or counter-
propagating tweezers, even though the particle is trapped at a considerable
distance from the focus when trapped in single-beam tweezers. In Figure 8.4d,
the calculated lateral force perpendicular to the beam axis is plotted for a 2.17-
um-diameter PS particle in counter-propagating tweezers (trapping at z = 0
um) and in a single-beam gradient trap (z = 0.47 pm). For high-refractive
index titania particle (1.1 pm in diameter) we find similar results, in that for
small misalignments along the beam axis, the trap stiffness does not differ much.
For a misalignment of 0.45 um we calculated a difference of 2% in stiffness for
a titania particle in water (data not shown).

For counter-propagating trapping with coinciding foci, also the axial trap
stiffness is not significantly different as compared to single-beam optical trap-
ping (Fig. 8.4c). Changing the distance dy between the foci, though, does
increase the axial stiffness for both positive and negative dy (Fig. 8.4b). The
axial force (Fig. 8.4c) does not have its steepest part at dy = 0 wm, and by
sliding the beams with respect to each other, trapping can take place with high
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trap stiffness.

The exact shape of the trap stiffness dependence on dy, is affected by the

size and index of the particle and by the trapping beams. However, Figure 8.4
indicates that by tuning the parameters of the setup, features like the axial trap

stiffness can be optimized.
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Fig. 8.5: (a—) Calculated axial trapping force F’ along the beam axis for gold particles
in a single-beam (sb) gradient trap. Results for three beam waists are shown:
wo = 3.0 mm (y = 1.74), wo = 4.8 mm (y = 1.09), and wp = 6.0 mm (y =
0.87), for particles with diameters of (a) 100 nm, (b) 140 nm, and (c) 200
nm. In (d) the axial trapping force is given for the three particles in counter-
propagating (cp) tweezers (wo = 4.8 mm). The trap stiffnesses . are 43, 121,
and 317 pN/um/W, for the 100-nm, 140-nm, and 200-nm-diameter particle,
respectively.

8.3.4 Numerical aperture dependence of the trap stiffness

Recently, Hansen and colleagues [34] demonstrated the stable 3D trapping of

large (254 nm diameter) gold particles in a single-beam gradient trap. They

used oil- and water-immersion objectives, and stressed the importance of only
slightly overfilling the back aperture of the objective, and not loosing the tails

of the Gaussian beam at any other optics.
The high effective NA of a trapping beam, necessary to create a large inten-

sity gradient in the axial beam direction, does not only depend on the NA of
the objective lens, but also on the filling of the exit pupil (EP) by the Gaussian
laser beam. The filling of the EP is expressed in the parameter v (see Appendix,
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Section 8.5). When overfilling (the 1/e?-beam waist larger than the radius of
the opening at the back of the objective), less laser power enters the objective.
However, the intensity at the edge of the EP is increased as compared to the
maximum intensity, increasing . For underfilling of the objective, the effective
NA of the trapping beam and ~ are decreased.

To investigate the dependence of the effective NA on the trapping of gold
particles, we calculated the axial trapping force for several configurations. Fig-
ure 8.5 shows calculation for gold particles of various sizes in a single-beam
gradient trap, for three 1/e%-beam waists wg. We used the parameters valid for
our experimental setup with water-immersion objectives (wy = 4.8 mm, v =
1.09), and for underfilling (wp = 3.0 mm, v = 1.74) and overfilling (wy = 6.0
mm, 7 = 0.87) of the objective. The opening angle 6, was 64.5°.

In Figure 8.5a, the results for a 100-nm-diameter Au particle show a stable
axial trapping position for all three wy values. For a 140-nm-diameter gold
particle (Figure 8.5b), however, no trapping position can be found for wg =
3.0 mm. In Figure 8.5¢, the calculations show no stable axial trapping of a
200-nm-diameter Au particle for either of the three beams, contrary to the
experimental results of Hansen et al. [34]. In general, the calculations show a
better trappability for a higher effective NA due to more overfilling.

We attempted to trap 200-nm-diameter gold particles, dispersed in water,
using a single-beam gradient trap. We did not succeed, neither with an oil-
immersion objective, nor with a water-immersion objective. The lenses and laser
beam used are comparable with our tweezers setup, and we have no explanation
for the difference in trapping ability.

We were able to trap the 200-nm-diameter gold particles in counter-propagating
optical tweezers, with water-immersion objectives as well as with oil-immersion.
We used a laser power of 100 mW | measured before entering the objectives. The
calculated trapping forces in counter-propagating traps using water-immersion
objectives, are plotted for the three sizes of gold particles in Figure 8.5d. All
three particles have a stable trapping position at the position of the overlapping
foci. The trap stiffnesses are 43, 121, and 317 pN/um/W for the 100-nm, 140-
nm, and 200-nm-diameter particles, respectively. Compared to the result for a
200-nm-diameter PS particle under the same conditions (k, = 36 pN/um/W,
data not shown), this is a factor >8 enhancement of the trap stiffness.

By using counter-propagating tweezers to trap gold particles, a lower laser
power is needed to obtain the same trap stiffness as compared to single-beam
tweezers. Recently, Seol and colleagues [35] demonstrated local heating of 266
°C/W, for a 100-nm-diameter Au particle in water, using a 1064-nm laser beam.
Therefore, the counter-propagating trapping of gold particles with low laser
power can be advantageous to limit laser heating.
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8.4 Conclusions and outlook

We have experimentally demonstrated a >3 x increase in lateral trap stiffness for
high-refractive index 1.1-um-diameter titania particles as compared to 1.4-pm-
diameter silica particles. Due to their high index, these titania particles could
not be trapped in single-beam gradient traps. In addition, we calculated the
stiffness dependence of a 2.17-um-diameter PS particle and a 1.1-um-diameter
titania particle in counter-propagating tweezers on the distance d; between the
two foci, showing that for small misalignments along the beam axis, the changes
are moderate. The limited change in the lateral trap stiffness is also seen when
comparing trapping in single-beam and in counter-propagating beam traps for
a 2.17-pm-diameter PS particle. This indicates that, when trapping with high-
NA objectives, most improvement in trap stiffness is to be expected from the
counter-propagating trapping of high-index particles that cannot be confined in
single-beam gradient tweezers.

We reported the trapping of 200-nm-diameter gold particles in counter-
propagating tweezers, but were not able to confine these particles in a single-
beam gradient trap. Calculations show the dependence of the trappability of
different sizes of gold particles on the effective NA of the trapping beam; when
overfilling more, gold particles of larger sizes can be trapped. The calculated
trap stiffness of gold particles in counter-propagating tweezers indicate a factor
>8 enhancement as compared to a PS particle, for a diameter of 200 nm. When
trapping gold particles, local heating has to be taken into consideration.

The absolute difference between calculated and measured stiffnesses are
large. Apart from spherical aberrations due to a refractive index mismatch
between the medium and the immersion fluid, the calculations do not take
the transmittance of the objective into account. The fact that our two water-
immersion objectives show considerable difference in trap stiffness for compa-
rable circumstances, is an indication of the importance of (individual) objective
lens properties.

In conclusion, we showed different aspects of the dependence of the axial and
lateral trap stiffness on particle size, refractive index difference, focus shape
and axial alignment of counter-propagating dual-beam traps. By tuning the
parameters, the setup configuration can be optimized, for example in maximum
axial or lateral stiffness, for the desired application. Accurate calculations of the
forces on particles in optical tweezers are an important tool in the understanding,
and tuning, of optical trapping.

Maximizing the trapping stiffness finds its use in bio-physical experiments
where high forces are expected. We also plan on investigating the possibilities of
using silicon particles. A 1-um-diameter Si (n=3) particle, for example, has an
expected lateral trap stiffness of 6.2 pN/um/mW, compared to 1.0 pN/pum/mW
for an equal-sized PS particle. The Si particles can be coated with silica, and
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subsequently functionalized.
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8.5 Appendix — Determining the parameters v and wy

The parameters that are used in the calculations of Neto and Nussenzveig [24]
are the wavelength of the laser beam A, the radius of the particle r, the refractive
index of the particle n, and of the medium n,,. Usually, the Gaussian (TEMgo)
transverse laser mode is used for optical trapping. In the calculations, the
trapping beam is parameterized by 7, a measure for the form of the truncated
Gaussian beam that enters the objective and is focused inside the sample, and
by 6y, the opening angle of this focused beam inside the sample.
To determine 7, we look at the radial intensity I of a Gaussian beam, which
varies as [36]:
I(r) = Iyexp(—2r?/w}), (8.6)

where I is the intensity on the axis, and r is the radial coordinate. The beam
waist wp is the radius of the beam at the 1/e? -point. For a beam truncated by
a centered circular aperture with radius R, the power P is given by:

R
P:/ 21 Iy exp(—2r? Jwi)rdr, (8.7)
0
yielding:

P = Ptotal(1 - exp(f2R2/w§)), (88)

with Piotq; the power of the full Gaussian beam. The fraction A of the total
beam power that enters through the lens aperture is therefore:

A=1—exp(—2R?/w}), (8.9)

with R, the radius of the opening at the back of the objective.

In an optical tweezers setup, the trapping laser enters at the back of the
objective. Inside, the light is focused onto the back aperture at the back focal
plane (BFP), to be then further focused inside the sample. This back aperture
is known as the exit pupil (EP) with radius Rgp, and the beam entering the
objective is focused onto it by a factor of, approximately, Rgp/R,. The beam
at the EP will have a beam waist wgp given by:

wgp = (Rep/Ro)wo, (8.10)
and for 8.9 we can now write:
A=1—exp(—2R%,p/whp). (8.11)
The radius Rgp is given by:

Rpp = NAF, (8.12)
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in which the focal length f is the ratio of the reference focal length, or tube
length, L to the magnification of the microscope objective M:

f=1L/M, (8.13)

while the numerical aperture NA can be written as:

NA = n,, sin 6y, (8.14)

where n,, is the refractive index of the medium, and 6y is the opening angle of
the focused beam. This gives for Eq. (8.11):

A =1—exp(=2(nm(L/M)/wrp)?sin®bp). (8.15)

Comparing this to the relation given by Neto et al.:

Aneto = 1 — exp(—27y%sin? ), (8.16)

we find for :

v =nm(L/M)/wpp. (8.17)

Thus, for 7, defined by Neto et al. as ”the ratio of the objective focal length to
the beam waist”, it should be noted that the focal length is n,, L/M, and that
the beam waist is defined at the position of the EP.

Combining Egs. (8.10), (8.12), (8.13), and (8.17), we can write:

v = (nmRs)/(NAwy). (8.18)

From Eq. 8.18, we see that not only the NA of the objective influences -y, and
thus the trapping efficiency, but also the radius R, of the opening at the back
of the objective. To illustrate this, we look at the calculated trapping efficiency
Q@ for silica core-shell particles, with a 772-nm-diameter PS core (n, = 1.6, size
parameter 3 is 3.305) in a medium with n,, = 1.45 [37]. For four objectives
(see Table 8.2), we calculate v and 6y for a fixed beam width wp, and use this
to determine the axial trapping efficiency (. This is done for a Leica DM IRB
microscope, which has a reference focal length L of 200 mm. In Figure 8.6 the
axial trapping efficiency is plotted for all four objectives. We see that even for
the two 1.4-NA objectives, the efficiency differs, and that for the 63x objective,
the trap stiffness & is a factor 0.75 that of the 100x objective.
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Fig. 8.6: Graphs

When the NA of an objective exceeds the refractive index of the medium (NA
> N ), the outer rays, will undergo total internal reflection (see also Section 3).
This has to be taken in consideration when applying Egs. (8.14) and (8.18).
Merely taking NA = n,,, will not be representative for the rays in the specimen.
In these cases, the focus is distorted by spherical aberrations — which are not
taken into account by Mazolli et al. [25] — and an approximation of the NA

should be made when applying the theory.

Tab. 8.2: Calculated v and 6y for the oil immersion objectives used, with L=200 mm,
fixed beam width wo=2.8 and n.,,=1.45, for given NA, M, calculated Rgp,

and measured R,.

Objective NA | M Rep | R, ¥ 0o

PL APO 100x 1.40 — 0.7 1.4 | 100x | 2.80 | 3.4 | 1.26 | 74.9
PL APO 63x 1.40 1.4 63 % 4.44 | 525 | 1.94 | 74.9
HCX PL APO 63x 1.32 — 0.6 1.32 | 63x 4.19 | 475 | 1.86 | 65.6
HCX PL APO 40x 1.25-0.75 | 1.25 | 40x 6.25 | 6.5 | 2.69 | 59.5
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SUMMARY

This thesis deals with various aspects of the optical trapping of high-refractive
index particles. With a tightly-focused single-beam laser trap, also called optical
tweezers, particles of a few nanometers up to several micrometers in size can be
trapped and manipulated. The size and refractive index of such colloidal parti-
cles are of influence on the optical forces exerted on them in the trap. A higher
refractive-index difference between a particle and the surrounding medium will
increase the forces. The destabilizing scattering force, however, increases more
than the gradient force. As a consequence, particles with a certain refractive
index cannot be trapped in a single-beam gradient trap, and a limit is set to
the force that can be exerted.

We demonstrated an experimental setup with two opposing high-numerical
aperture objectives. By splitting the laser beam, we created counter-propagating
tweezers in which the scattering forces in the axial direction were canceled and
high-refractive index and metallic particles could be trapped. In Chapter 4 of
this thesis, we used the counter-propagating trapping to pattern surfaces with
high-refractive index particles. The sample cell was mounted on a high-accuracy
piezo stage combined with a long-range stage and motorized actuators. Because
we used microscopy image analysis of the patterned structure to accurately find
back the starting position and compensate for drift of the sample, we could
move far away from the patterning region. This enabled us to select particles
from a separate reservoir of a mixture of (high-index) particles, and, one-by-one,
position them at the chosen locations.

In Chapter 5, we created multiple counter-propagating traps by time-sharing
the laser beam using acousto-optic deflectors. We trapped an array of high-
refractive index particles, and by changing the positions addressed by the acousto-
optic deflectors, were able to move those particles individually. In Chapter 6,
such a dynamic array of counter-propagating tweezers was used to trap high-
refractive index ZnO nanorods in three dimensions. The rods could not be held
in single-beam line-tweezers. We demonstrate full translational and in-plane
rotational control over the rods. The manipulation of such semi-conducting
nanowires can be used to pattern surfaces and create more complex structures.

The forces exterted with counter-propagating tweezers are further investi-
gated in the Chapters 7 and 8. In Chapter 7, a setup is presented in which
counter-propagating trapping with two high-numerical aperture objectives was
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combined with quadrant photodiode position detection. This enabled force mea-
surements employing high-index particles, and the use of a separate laser beam
for detection made position detection on particles in time-shared optical traps
possible. The enhancement of trap stiffness that can be expected for the use
of high-index particles was demonstrated and calculated in Chapter 8. Partial-
wave Lorenz-Mie expansion calculations were used to calculate the forces in
three dimensions on particles in the tightly-focused Gaussian laser beam.

In addition to counter-propagating trapping, we demonstrate the use of two
opposing high-numerical aperture objectives to combine trapping of particles
with the upright objective with simultaneous 3D fluorescent confocal imaging
using the inverted objective. Particles with a high-index core were trapped
inside a bulk of index-matched particles to induce colloidal crystallization. The
effects of the trapped structure on the surrounding particles were imaged in
3D. When there is a mismatch in the refractive index between the objective
immersion fluid and the medium in which we trap, the laser focus is distorted.
In Chapter 3 we look at the origin of these spherical aberrations, and discuss
the consequences for both trapping and imaging.



SAMENVATTING

Licht is in staat om een kracht uit te oefenen. Als er een verschil in brekings-
index is tussen een deeltje en het medium eromheen — bijvoorbeeld voor een
glasbolletje in water — dan worden de lichtstralen die door het bolletje heen
gaan afgebogen. Met dit afbuigen zijn krachten gemoeid: het deeltje oefent een
kracht uit op de lichtstralen, en de lichtstralen oefenen een kracht uit op het
deeltje.

In 1969 realiseerde Arthur Ashkin zich dat de kracht die een enkel lichtdeeltje
— een foton — uitoefent heel klein is, maar dat met een laserbundel de kracht van
alle fotonen samen groot genoeg kan zijn om een klein deeltje vast te pakken.
In 1970 liet hij zien dat dit inderdaad het geval is, onder andere door met
twee laserbundels kleine waterdruppeltjes in de lucht beet te pakken. In 1986
gebruikten Ashkin en collega’s voor het eerst een enkele, sterk gefocuseerde
laserbundel om deeltjes van enkele nanometers tot een paar micrometer groot
te manipuleren, en dit is wat we nu optical tweezers, een optisch pincet, of een
optical trap, een optische val, noemen.

Als de brekingsindex van een deeltje groter is dan die van het omringende
medium, dan wordt het deeltje door de zogenoemde gradient-kracht altijd in
de richting geduwd waar de intensiteit van het licht hoger is. In een sterk
gefocuseerde laserbundel in een microscoop ondervindt een dergelijk deeltje dus
altijd een kracht gericht naar het focus van de laser, omdat daar de intensiteit
hoger is. De kracht ten gevolge van de verstrooiing van het licht duwt het deeltje
echter vooral in de richting die het licht van de laserbundel opgaat.

Voor een groter verschil in brekingsindex tussen het deeltje en het omrin-
gende medium zijn ook deze optische krachten groter. De destabiliserende ver-
strooiings-kracht wordt echter sneller groter dan de gradient-kracht, wat maakt
dat deeltjes met een bepaalde grootte en brekingsindex niet kunnen worden
gevangen met een enkele laserbundel. Als een gevolg hiervan is er ook een
limiet aan de kracht die met de laserbundel kan worden uitgeoefend.

In dit proefschrift worden verschillende aspecten van het vastpakken van
hoge-brekingsindex-deeltjes behandeld. Wij demonstreren een experimentele
opstelling waarin twee microscoopobjectieven tegenover elkaar zijn geplaatst.
Door de laserbundel te splitsen pakken we de deeltjes van twee kanten vast en
worden de verstrooiingskrachten in de richting van de bundel opgeheven. Op
deze wijze konden ook deeltjes met een hoge brekingsindex en metaaldeeltjes
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worden vastgehouden.

In Hoofdstuk 4 van dit proefschrift hebben we dit vasthouden met twee
tegengesteldgerichte bundels gebruikt om patronen op oppervlakken te maken
met deeltjes met een hoge brekingsindex. Het monster was vastgemaakt op een
piezo-translatietafel, voor verplaatsingen met een hoge nauwkeurigheid, terwijl
een tweede tafel met motors werd gebruikt voor de verplaatsingen over langere
afstand. Doordat we het microscoopbeeld gebruikten om heel nauwkeurig de
beginpositie terug te vinden konden we het monster over grote afstanden vanaf
de positie waar we plakten verplaatsen. Hierdoor konden we deeltjes selecteren
uit een verzameling van verschillende deeltjes, en ze een voor een op de gekozen
posities plaatsen.

In Hoofdstuk 5, hebben we meerdere optische vallen van twee kanten gemaakt
door de laserbundel in de tijd te verdelen met behulp van acoustisch-optische de-
flectoren. We hebben een reeks van deeltjes met een hoge brekingsindex vastge-
houden en deze deeltjes ten opzichte van elkaar verplaatst. In Hoofdstuk 6 werd
een dergelijke dynamische reeks van optische vallen gebruikt om een zinkoxide
staafje met een hoge brekingsindex vast te houden in drie dimensies. Wij laten
zien dat de staafjes op deze wijze kunnen worden verplaatst in alle richtingen
en geroteerd in het focusvlak van het objectief. De staafjes konden niet worden
vastgehouden met een laserbundel van een kant. De manipulatie van halfgeleider
nanodraden kan worden gebruikt om patronen op oppervlakken en complexere
structuren te maken.

De krachten die worden uitgeoefend met een optisch pincet van twee kanten
worden verder onderzocht in de Hoofdstukken 7 en 8. In Hoofdstuk 7 presen-
teren we een opstelling waar we het vasthouden van twee kanten combineren
met positiedetectie met behulp van een kwadranten-fotodiode. Hiermee kon de
positie van deeltjes met een hoge brekingsindex worden bepaald. Doordat we
een aparte laser gebruikten voor de positiebepaling kon dit gecombineerd wor-
den met het in de tijd verdelen van de laserbundel van het pincet. De toename
van de kracht die verwacht kan worden met het gebruik van deeltjes met een
hoge index hebben we onderzocht en berekend in Hoofdstuk 8.

Behalve voor het vasthouden van deeltjes van twee kanten, hebben we de con-
figuratie van twee objectieven tegenover elkaar ook gebruikt om met het boven-
ste objectief deeltjes vast te houden en tegelijkertijd met het andere objectief
beelden op te nemen in drie dimensies met confocale fluorescentie microscopie.
In Hoofdstuk 2 laten we zien dat deeltjes met een hoge-index kern konden wor-
den vastgepakt in een verzameling van deeltjes waarvan de brekingsindex gelijk
was aan die van de omringende vloeistof. Op deze laaste deeltjes werden geen
optische krachten uitgeoefend omdat er geen verschil in brekingsindex was. De
effecten van de vastgehouden deeltjes op de deeltjes eromheen konden worden
afgebeeld in drie dimensies. Als er een verschil in brekingsindex is tussen de im-
mersievloeistof van het objectief en het medium waarin we werken, dan wordt
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het focus van de laserbundel verstoord. In Hoofdstuk 3 bekijken we de oor-
sprong van deze sferische aberraties en bespreken we de gevolgen hiervan voor
het afbeelden en voor het vasthouden van deeltjes met een laserbundel.
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