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1. INTR ODUCTION

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 tweezersin the fields of (bio-)physics, chemistry and col-
loid physics,hasonly 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 intr oductory Chapter, we wil l shed
light on the optical forces involved in trapping, and wil l showthat 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 thesehigh-index particles can extend the possibilities in the
fields of biophysics, to exert higher forces, and colloid physics, to pattern sur-
faces. We wil l 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 abilit y 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 experiencesa force.

In 1969Arth ur Ashkin realized that the force one photon exerts was small,
but that the many photons in a laser beam generateda total force in the pi-
coNewtonrange| large enoughto acceleratea micrometer-sizedparticle [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 basisfor a new technique, and in 1986,Ashkin and colleaguesdemonstrated
what later becameknown as optical tweezers:the method to manipulate parti-
clesusing a single, tightly-fo cused,laser beam.

The details of how a singlebeamcan hold a particle in its placeare discussedin
Section1.2. First, we will mention several of the many applications that optical
tweezersbrought 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 selectedmalaria-infected cells
using optical tweezers.Red blood cells, approximately 7 �m in diameter, can
be held in optical tweezers,due to the refractive index contrast they have with
aqueousmedia. As Dharmadhikari et al. showed, inside the optical trap the red
blood cellschangedfrom 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 possibleto distinguish
betweeninfected and uninfected cells.

In other experiments, the material under investigation is not trapp ed itself.
Smith et al. [4] attached two microspheresto either side of a DNA strand, of
which onewasheld with a micropipette, while the other spherewaspulled using
optical tweezers. Using this configuration, Smith et al. were able to measure
the 65-pN-forceneededto overstretch a DNA molecule. In the work of Brower-
Toland and colleagues[5], the DNA was in its nucleosomalform, the level of
organization at which it is wrapped around histone protein units. With oneend
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 measuringthe position of the trapp ed particle, the binding positions
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were recorded, revealing the wrapping configuration of the DNA around the
histoneswith sub-nanometerprecision.

Theseexamplesillustrate several of the aspectsof the non-invasive technique
of optical trapping. Microscopic particles can be trapp ed and used as handles
to manipulate even smaller macromolecules,such as2-nm-wide DNA molecules
[4, 5], or 25-nm-diameter microtubules [6]. Step sizesas small as 0.1 nm can be
measuredin real time [7] and, in addition, forces in the picoNewton range can
be exertedon a trapp ed particle, and determined by doing position detection on
that sameparticle. Different kinds of particles can be held in optical tweezers,
from dielectric particles (lik epolystyrene[5] and silica) and metal particles, such
as gold [8] and silver, to biological particles, including viruses [9], bacteria [9],
yeastcells [10,11], red blood cells [3, 12], and chromosomes[13]. Theseparticles
| with a wide variety of shapesranging from spheres,rods [9], dumbbells [14],
disks [3, 15], doughnuts [16], and cylinders [17], to rotors and other arbitrary
shapescreated 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 aremany-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 betrapp edin single-beamgradient tweezers.In addition,
the forcesexerted with optical tweezershave sofar beenlimited to typically 100
pN, keeping a range of applications out of reach. The work described in this
thesis focuseson 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 remainderof this Intro duction, weexaminethe optical forcesexploited
in optical tweezers,and discussthe trapping of high-index particles in counter-
propagating traps. We elaborate on the useof optical tweezersin colloid physics
and on the purposeof high-forceexertion 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 forcesexerted on a particle originate from the momentum change
of the photons impinging on the particle. These forceshave 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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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 axial 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 np of the
particle is larger than the index nm 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
exceedsthe 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 alsopropelled forward, in part by the reflections of
the beamat the surface(not drawn). To compensatefor this destabilizing force
component and confine the particle in three dimensions,Ashkin usedin 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.
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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 focusedGaussianlaser beam, as is often used in
optical trapping, theseeffectsresult 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 regardedas a dipole interacting with the
light field, and we can write for the gradient force Fgr ad :

Fgr ad =
2� r 3

c

�
m2 � 1
m2 + 2

�
r I 0; (1.1)

with r the radius of the particle, c the speedof light, and I 0 the intensity. The
effective refractive index m is the ratio between the index of the particle and
the index of the medium: m = np/ nm . The scattering force is given by:

Fscat =
nm

c
128� 5r 6

3� 3

�
m2 � 1
m2 + 2

� 2

I 0; (1.2)

where � is the wavelength of the light.
As the gradient of the intensity is proportional to the intensity, we seethat

the scattering force, as well as the gradient force, are proportional to the inten-
sity of the laserlight. In addition, both forcecontributions 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 sizeand refractive index, the
scattering force cannot be compensatedby the axial gradient force: there is a
limit to the sizeand index of a particle to be trapp ed. 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 discussthe
optical forcesin 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
quantitativ eway, weusean explicit partial-w ave(Lorenz-Mie) representation, as
presented by Mazolli et al. [22]. With this method, the three-dimensional force
field for a particle in a tightly-fo cusedGaussianlaser beam can be calculated.
For the purposeof this Intro duction, 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-
fractiv e index n = 1.45) and a ZnS particle (n = 2.0), both 1 �m in diameter, in
a single-beamgradient 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 microsphereexperiencesa 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 pushedforward and cannot be stably
trapp ed. 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 curvesfor the two individual beams,with 50% of the power
in each beam.
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Fig. 1.2: Force per Watt laser power along the beam axis. (a) Curves for a silica
particle (n = 1.45) and a ZnS (n = 2.0) particle, both 1 �m 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-�m -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.

BesidesAshkin [2], others have alsousedthe configuration of opposing trap-
ping beams to overcomethe 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
forceson high-refractive index particles that otherwise cannot be trapp ed.
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1.2.1 Force measurements

Optical tweezersare suitable to trap micrometer-sizedparticles, but alsoenable
force measurements on those trapp ed particles.

In the potential well of the trap, a particle will, for a displacement to either
side,experiencea restoring forcekeepingit 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� of the system,
similar to the stiffnessof 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 measurethe displace-
ment [25, 26]. For the optical trap, this force can, for example, be the drag
force on a trapp ed 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 moleculesof the medium. Also
when confinedby optical tweezersdoesa particle display Brownian motion. For
spheres,the motion due to this thermal energyis characterized,and the stiffness
| typically in the order of 10 to 50 pN/ �m | 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 forcesin biophysics

The possibility to exert and measurepicoNewton-level forcesin a non-invasive
manner, make optical tweezersa suitable tool in the field of bio-physics [30].
Optical trapping hasbeenusedto determine material properties at the (macro-
)molecular 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 beenmeasuredas well.

However, while the forcesin single-moleculeexperiments are typically of the
order of a few to several tens of picoNewtons, phenomenaon the cellular level,
with many moleculesinvolved, quickly exceedthe limit of � 100 pN obtainable
by single-beamoptical tweezers.Forcesexertedduring cell division, for example,
have so far beenout of reach for optical trapping. Other techniques that have
beenusedto exert forcesin biophysical studies include atomic force microscopy
(AFM), micropipettes, and magnetic tweezers.With AFM, forcesof 10 { 10.000
pN can be exerted, and the technique can be applied in aqueousmedia. 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 tweezersare non-invasive and locally applicable, and many more

experiments will get into reach when they can exert higher forces. The possi-
bilities to pursuit thesehigher forcesare, 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 sampleand photodamageresulting
from absorption of light. Especially when handling biological material, laser
damageplays a role, even though the absorption is limited by the use of infra
red light [10]. In addition, for biophysical experiments in generalaqueousmedia
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
parameterson the trap stiffness is discussedand investigated in this thesis.

1.4 Optical tweezersin colloid and interfacescience

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 dispersedin
a liquid. Colloidal particles, with sizesranging from a few nanometersup to
several micrometers, display Brownian motion. Due to this thermal motion,
they show phasetransitions such ascrystallization and melting, just like atomic
and molecular systems. However, contrary to atoms and most molecules,their
sizesenable 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 fluorescenceconfocal microscopy,
fluorescently-lab eled core-shellparticles enable3D imaging of individual parti-
cles in densecolloidal structures [33].

Optical tweezersare 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 surfacesand the manipulation
of individual particles in the bulk of a colloid.

Patterned surfacescan be usedto 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 defectsin photonic crystals.

1.5 This thesis

In this thesis,wedevelopedoptical trapping techniqueswith 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 featureswerenecessary, and we describe
those features and show how they can be applied.

In the experimental setupsdevelopedby us, two opposinghigh-NA objectives
wereused. In Chapter 2, this configuration enabledtrapping with oneobjective
and simultaneous 3D fluorescent confocal imaging using the other. Particles
with a high-index core were trapp ed inside a bulk of index-matched particles
to induce colloidal crystallization. The effects of the trapp ed structure on the
surrounding particles were imaged in 3D. When there is a mismatch in the
refractive index betweenthe objective immersion fluid and the medium in which
we trap, the laser focus is distorted. In Chapter 3 we look at the origin of
thesesphericalaberrations, and discussthe consequencesfor both trapping and
imaging.

By splitting the laser beam, the setup could also be usedto create counter-
propagating optical tweezersin which high-refractive index particles could be
stably confined in 3D. In Chapter 4 this was applied to pattern surfaceswith
mixtures of particles, including high-index particles. The colloids were selected
from a separatereservoir, 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 tweezerswas demonstrated, and in Chap-
ter 6 those dynamic counter-propagating traps were used to create counter-
propagating line tweezersin which high-refractive index ZnO rodsweretrapp ed.
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 objectiveswas combined with quadrant pho-
todiode position detection. This enabled force measurements employing high-
index particles. The enhancement of trap stiffnessthat can be expected for the
useof high-index particles was demonstrated and calculated in Chapter 8.
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2. OPTICAL TWEEZERS SETUP FOR INDEPENDENT
THREE-DIMENSIONAL MANIPULA TION AND IMA GING

An optical tweezerssetup is described, in which the use of two high-numerical
aperture objectives, one above and one below the sample,enablesimaging 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 mixture 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-trappableindex-matched particles.
The dispersion wasimaged in three dimensionsusing 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

Sincethe invention of optical tweezersby Ashkin and co-workers [1, 2], optical
tweezershave 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-
tiv e. The strong light gradient near the focus createsa potential well, in which
a particle with a refractive index higher than that of the surrounding medium
is trapp ed. The forceson a particle can be decomposedinto a "gradient force"
in the direction of increasing light intensity and a "scattering force" directed
along the optical axis. The particle is trapp ed at the point wherethesetwo force
contributions balance,if the maximal restoring force of the trap is large enough
to overcomethe effective weight and thermal fluctuations of the particle. The
general calculation of the optical forceson a particle in a trap is a challenging
problem [7]. This task is simpler in the regimeswhere a particle is either much
smaller (Rayleigh) [8] or much larger (geometrical optics (GO)) [9] than the
wavelength of the light usedfor trapping. Dielectric particles, small metal par-
ticles, as well as living materials, with sizesranging from several nanometersto
tens of micrometers, can be trapp ed and manipulated in a single-beamgradient
trap as long as the scattering force is not too large. If there is no difference
in refractive index betweenthe particle and its surroundings, no direct optical
forcesare 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, alternativ e schemessuch as rapid beam scanning[10] and the useof light
beamswith a phasesingularity [11], have beeninvented to manipulate particles
in this situation. Recent developments have broadenedthe kind of forcesthat
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)diffractiv e optical elements [18{21], interfer-
enceof specially designedlight beams[22, 23], or the generalizedphasecontrast
method [24].

At around the sametime the single-beam optical tweezerswere pioneered,
the confocal microscopewasreinvented after it wasfirst demonstratedat the end
of the 1950s[25,26]. At present, confocal 
uorescencemicroscopy is widely used
in biology and medicine,and its usein 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 sameobjective 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 scanningthe beamin the sample,a three-dimensional
imagecan be built up. Besidesthe sectioningcapability, the useof pinholesalso
leadsto an increasein resolution comparedto conventional microscopy [30].

Becauseof their tunabilit y, in size, shape, as well as chemical composition,
and their abilit y to self-organize,colloids find their applications in the devel-
opment of advancedmaterials like photonic crystals [31]. In addition, colloidal
systemsare usedasa model systemin condensedmatter [32{34]. Colloids have,
like atoms, a well-defined thermodynamical temperature, their interaction po-
tential is tunable, and the time and length scalesinvolved are experimentally
accessible.Recent developments in particle synthesis and labeling of particles
with fluorescent dyes opened up the possibility to perform quantitativ e three-
dimensional analysis using confocal microscopy on a single particle level [35].
Examplesare experiments investigating the glasstransition [36] and nucleation
and growth of crystals [34, 37] in colloidal dispersions. Optical tweezershave
been used to manipulate colloidal particles, to pattern substrates with two-
and three-dimensional structures [38, 39], and to measuredouble 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 tweezersand confocal mi-
croscopy opens up seriesof new experiments. For example, three-dimensional
structures can be created with optical tweezersand can be imaged and studied
in detail in three dimensions. In addition, their effect on other particles that are
not trapp ed, can be analyzedin three dimensions. The simplest way of combin-
ing optical tweezerswith a confocal microscope is by using the sameobjective
to image and to trap. However, this makes it impossible to use the three-
dimensional scanningabilit y, and only one plane is imaged [45]. Hoffmann and
co-workers implemented optical trapping and three-dimensional imaging using
one objective and fast scanningcompensating optics to keep the tweezersat a
fixed position [46]. The useof two independent microscope objectivesfor trap-
ping and imaging was pioneeredby Visscher and co-workers [12, 47], although
trapping was limited to a two-dimensionalplane.

In Section 2.2 we describe the use of two microscope objectives, one above
and one below the sample, to decoupleimaging and trapping completely. Sam-
ples could be imaged quantitativ ely in three dimensionswithout affecting the
optical trapping performance. AODs wereusedto create large two-dimensional
arrays of traps that could be changed dynamically. Three-dimensional arrays
of traps were createdby fast switching betweentwo beam paths using AODs, a
Pockels cell, and polarizing beam splitters.

Here we extend the useof optical tweezersin soft condensedmatter systems
to an individual particle level in concentrated dispersionsusing core-shellparti-
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cles. We induced crystallization in a concentrated dispersion and demonstrate
that selective trapping of core-shellparticles inside a concentrated dispersion of
index-matched particles in combination with three-dimensional imaging is pos-
sible. Somepreliminary results were described in Ref. [33]. In addition, using
counter-propagating beams [1, 48] we trapp ed high-refractive index particles
that were not stably trapp ed in a single-beam gradient trap.

2.2 Experimental setup and details

In this optical tweezerssetup (seeFigure 2.1) we usea diode-pumped Nd:YV O4

laser(Spectra Physics,Millennia IR, 10W cw) with a wavelengthof 1064nm and
a TEM 00 mode profile. The wavelengthwaschosensuch that it is well separated
from the excitation and emission wavelengths of the fluorescent dyes used in
the confocal microscopy modes. This wavelengthalsominimizes absorption and
scattering in biological materials. This infrared (IR) laser beam is expanded
6� 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.

AODs

Inverted
objective

Upright
objective

Sample

L1

Laser

C1

W1

Exp

L3i

L4u L3u

M2

M2

C2 W2

L2

L4i

DMi

DMu

D1

M2

CCD or
Confocal microscope

M1

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 waveplateW 2
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, 6� 6 mm2 aper-
ture). In the TeO2 crystals of the AODs, a diffraction grating is set up by a
propagating sound wave. The laser beam is deflected at specific anglesand in-
tensities that depend on the frequencyand 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 addresseda C++ program when faster switching
was needed.Using the AODs, the beam is scannedquickly from point to point
in the sample to create arrays of tweezerswith great control over the position
of the traps. We also usedDirect Digital Synthesizers(DDS, Novatech Instru-
ments Inc., DDS8m 100MHz) to createmultiple traps without time-sharing the
laser beam. Two frequencieswere 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 (D1) is usedto selectthe (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 beamcan be transferred into the
(1,1)-order.

The deflectedbeamis expandedfurther usinga telescopewith lensesL1 (f =
120mm) and L2 (f = 250mm). All lensesareMellesGriot 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 broadensthe laser beam approximately
12 times to a width of 2! 0 = 5.6 mm, filling the back aperture of the 100�
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 beampaths, thereby switching betweeninverted and upright trapping
modes. When both paths are usedat the sametime, inverted and upright single
beam optical traps can be created at different heights in the sample. Dual-
beam counter-propagating optical tweezerscan be created when the inverted
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and upright tweezersare aligned on top of each other.

Mirrors (M2 ) and the 1:1-telescope lenses(L3i;u and L4i;u , all f = 80 mm)
guide the beam to the microscope. The lensesL3i;u are placed on xyz-stages
fitted with micromanipulators. The lensesL3i;u , as well as the AODs, are
positioned in planes conjugate to the back focal planesof the objectives. This
allows for manipulation of the optical traps in the front focal planes of the
objectivesby changing the anglesat which the beamsenter the back apertures
of the microscope objectives. The lensesL3i;u are achromatic doublet lensesto
minimize aberrations. Also, the displacement of these lensesfrom the optical
axis is small, and we have not seenany notable changein trap efficiency when
lensesL3i;u 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 i;u , 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 condenseris 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 usedasa condenserfor imaging aswell
as for trapping. We used 100� (1.4-0.7 NA), 63� (1.4 NA), and 40� (1.25-0.75
NA) oil immersion objectives and a 20� (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 angleof the beamat 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 accessiblefrequency
interval rangesfrom 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 objectiveswasreducedby a factor of 2.1 becauseof the telescope
behind the AODs. The resulting maximum displacement of the optical traps in
the sample was found to be 28, 45, and 71 �m in both the x- and y-direction
for the 100� , 63� , and 40� 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-
it y 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-rangedisplacements. Later, the piezo
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stagewasreplacedby an xyz-piezostage(Physik Instrumente, P-563.3CD)with
a range of 300� 300� 300 �m 3.

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

2.2.1 Arrays of tweezersin more than one plane using one objective

To create multiple traps in different planes and image the sample in three di-
mensionssimultaneously, 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
determinesthe birefringenceof that crystal. By choosing the right electric field
strengths, we can switch the linearly polarized laser beam betweenhorizontally
and vertically polarized, and with that, between the two beam paths. Syn-
chronizing the Pockelscell with the AODs createsindependent arrays of optical
tweezersin the two planes.

A mirror (M3 ) after the AODs reflects the beaminto a 1:1-telescope formed
by two lenses(L5 and L6, both f = 120mm). A polarizing beamsplitting cube
(C3) is placed in front of the Pockels cell (Conoptics, 360-50 LA) to remove
any horizontal component of the polarization intro duced by the AODs. A per-
sonalcomputer with an analogoutput board (NuDAQ PCI-6208V) controls the
Pockels cell. The computer also contains the synthesizer board that generates
the acousticsignalsfor the AODs. Both boardsare controlled and synchronized
using a LabVIEW program to createindependent arrays in each trapping plane.
For increasedspeed,the LabVIEW program calls a C++ program to write the
data to the two boards.

After the Pockelscell and a mirror (M4 ), the lensesL7 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 (100� , 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 thesepaths, the beam passesthrough a 1:1-telescope formed
by a pair of lenses(L9a;b and L10a;b , all f = 90 mm). The lensesL9a;b are
positioned in a plane conjugate to the back focal plane of the upright objective.
The lens L9a 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 beamsat polarizing beam splitter
cube C5, the combined beam is coupled into the microscope with the mirrors
M5, M6, and lensesL3u and L4u . A movement of lensL3u results in a collective
displacement of the traps createdwith paths a and b. The lensesL3u and L9a;b ,
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Fig. 2.2: Setup for the creation of arrays of tweezersin 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. Becauseof the length of the Pockels cell
(75 mm) and the small aperture (5� 5 mm2), 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 flipp ers (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 usedfor imaging while both the inverted and upright
objectivescan be used for trapping. The samplecan be imaged in brightfield,
differential interferencecontrast (DIC), epifluorescence,and reflection microscopy
using mercury or halogenlight sources.For DIC imaging, a polarizer and Wol-
laston prism are placedbelow 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
ChargeCoupled Device (CCD) camera(UNIQ, UP-600), which is read out by a
home-built frame grabber using a programmable coprocessor(SiliconSoftware,
microEnable). The images(540� 480pixels, 10 bit grayscale)can be stored dig-
itally on an array of hard disks at a rate of 20 Hz for full imagesand 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 massof 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 fluorescenceis de-
tected using photomultiplier tubes. To image the sample in three dimensions,
either the sample is scannedusing a z-scanner(Leica), or the inverted objec-
tiv e, mounted on the piezo microscope objective scanner operated in closed-
loop mode, is scannedwhile 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-coatedpolystyreneparticles wereimagedin reflection mode usinga 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 wheelwasusedto block the trapping laserfrom 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 trapp ed particles [50, 51],
the IR trapping laser light is used. The back focal plane of the upright objective
can be imagedonto a QPD, which is placedin the beampath betweenDM u and
L4u . 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 i 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 objectivesneedto 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-shellgeometry were synthesized using the
so-calledSt•ober growth process,modified to incorporate a fluorescent dye and



22 2. Optical tweezerssetup for independent 3D manipulation and imaging

followed by a seededgrowth. This method and the particle characterization
are described in more detail elsewhere[52{54]. We used two sizes of silica
particles with averagediameters of 1384 and 1050 nm and polydispersities of
1.5%and 3%, respectively. The diametersof the silica coresweredetermined to
be 386and 400nm, respectively, and the coreswerelabeledwith the fluorescent
dye fluoresceinisothiocyanate (FITC). We will refer to the fluoresceinelabeled
silica particles as FITC-SiO 2. 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 n20

D = 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 n20

D = 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-shellparticles as PS-SiO2. The densities of
the particles usedare not important for the trapping experiments in this article,
as the optical forcesexceedthe gravitational forcesby far. The densitiesof the
particles usedare stated in the referencescited.

The particles were dispersedin 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-SiO 2 particles, we madea
seriesof solvent mixtures with different relativecomposition of DMF and DMSO
but with a constant concentration of silica particles. For each mixture the trans-
missionwasmeasuredat a wavelength of 1064nm using a spectrometer (Perkin
Elmer). A mixture with a volume ratio of DMF:DMSO = 18%:82%was found
to index-match the particles at 1064nm. Using an Abbe refractometer (Atago,
3T), the refractive index of the matching mixture was measuredto be n20

D =
1.4675. For the trapping experiments on particles in a concentrated dispersion,
a small amount of PS-SiO2 particles was added to a concentrated dispersion of
FITC-SiO 2 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 sampleswith a thicknessof 10{15 �m were made by
sandwiching a drop of dispersion between a larger and a smaller microscope
cover slide (Chance or Menzel, No. 1, thickness170 �m ). The sampleswere
sealedwith candle wax. Thin sampleswere clamped on all sides to prevent
them from bending when the objectivesweremoved. Thicker samplesconsisted
of 0.1� 2� 50 mm3 capillaries (VitroCom, wall thickness100 �m ), which were
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closedby 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 20� 20 time-shared optical traps holding 1.4-�m -
diameter FITC-SiO 2 particles. The inverted objective (63� ; 1.4 NA) was used
for trapping aswell asfor imaging. The AODs scannedthe array at a frequency
of 96 Hz. The particles were dispersedin ethanol in a 100-�m -thick capillary.
The tweezersarray was shifted up slightly with respect to the imaging plane.
The untrapp ed particles next to the array weresituated just below the imaging
plane. Sometraps held more than one particle, while several traps on the edge
of the pattern werenot filled. The total laserpower usedto createthe 400traps
was 1.0 W at the back focal plane of the trapping objective.

Fig. 2.3: Transmission microscopy image of 1.4-�m -diameter FITC-SiO 2 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 �m .

When time-sharing a laser beam, the beam has to be scannedfast enough
over the different positions in the sample for a particle to behave like it would
when trapp ed in a non-time-shared optical trap. To determine the necessary
speed, we measured,using a QPD, the roll-off frequency f c to be 10 Hz for a
1.4-�m -diameter silica particle trapp ed 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-sizeparticles; increasingthe viscosity, and thus lowering f c,
would allow for even larger arrays. However, to keep a particle trapp ed, the
particle should not be able to wander too far from the central trap position
during the o� -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
setsa limit to the on/ o� -ratio of each trap, and asa consequence,to the number
of traps that can be created. This on/ o� -ratio is independ of the viscosity of the
medium, but a higher trap sti�ness will increasethe number of possibletraps.
Both considerationshave to be taken into account in setting the time-sharing
frequencyand/or the number of traps in the array.

Figure 2.4a shows 25 FITC-SiO 2 particles (1.4-�m -diameter) dispersed in
ethanol and trapp ed in a 5� 5 squaresymmetric pattern using the inverted mi-
croscope objective (100� ; 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.

dc

ba

Fig. 2.4: (a) Transmission microscopy image of 1.4-�m -diameter FITC-SiO 2 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 �m .

Compared to other techniquesof 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 diffractiv e optical elements [18, 19] in combination with
computer addressedspatial light modulators [20, 21], are very flexible, although
their computational processis complex and time-consuming. Multiple tweezers
generatedwith the generalizedphasecontrast method [24] are much faster than
holographic optical tweezers,but they only trap in two dimensions.

The AODs can alsobe usedto createmultiple tweezerswithout time-sharing
the laser beam. We useddigital synthesizersto generatetwo frequencysignals,
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 tweezersare possible
using this approach, although the intensities of the beamsare interrelated, and
higher-order frequenciesmight appear.

2.4 Optical trapping and decoupledconfocal imaging

The use of two microscope objectives, one on each side of the sample, allows
for optical trapping and simultaneous three-dimensionalimaging 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
(100� ; 1.4 NA) was used to create an array of eight optical traps. Each trap
was filled with two 1.4-�m -diameter FITC-SiO 2 particles. The pairs of parti-
cles in each trap were distributed along the propagation direction of the beam
and formed a three-dimensionalstructure. This method wasdemonstrated{ al-
though not by imaging in three dimensions{ by MacDonald and co-workers[23].
Using the inverted objective (63� ; 1.4 NA), we imaged the sample in confocal
mode. Starting below the structure and ending above it, we scannedthrough
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 c). Between the two planes of particles (Figs 2.5d and
e) some fluorescencewas detected. Moving further upwards, the particles in
the secondlayer were imaged (Fig. 2.5f). Finally, Figure 2.5h shows a plane
just above the structure. Becausethe 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 usedto computer-generatean imageof the structure created
by the optical traps (Figure 2.5i).
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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. Eight time-shared optical traps held two 1.4-�m -diameter FITC-
SiO2 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) wascomputer-generated after determination of the particle coordinates
from the confocal images. The scale bars are 2 �m .

2.5 Arrays of tweezersin more than oneplane using oneobjective

Using the setup asdescribed in Section2.2.1,we createdtwo trapping planesus-
ing the upright objective(100� ; 1.4NA). In each plane, a different configuration
of traps was created by synchronizing the Pockels cell and the AODs. This
three-dimensionalarray was then filled with 1.4-�m -diameter FITC-SiO 2 parti-
cles. The particles weredispersedin ethanol in a 10-�m -thick sample. The lower
objective (100� ; 1.4 NA) was used for imaging. Figure 2.6a shows a confocal
image of the upper plane in which six particles were trapp ed, while the nine
particles in the lower plane are shown in Figure 2.6b. The distancebetweenthe
trapping planes was determined to be 1.7 �m [57]. When the confocal micro-
scope was focusedbetweenthe two trapping planes,fluorescencefrom both the
upper and the lower plane was visible (Figure 2.6c). 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 imagesof particles trapped in a three-dimensional array
of tweezers created by synchronizing the Pockels cell and the AODs. (a) Six
particles were trapped in the upper plane and (b) nine in the lower plane. (c)
Between the two trapping planesfluorescence from particles in both planeswas
detected. The height difference between the two trapping planes was 1.7 �m .
The upright objective was used for trapping while the inverted objective was
used for imaging. The 1.4-�m -diameter FITC-SiO 2 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
�m .

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

To demonstrate selective optical trapping in a concentrated dispersion, we dis-
perseda mixture of PS-SiO2 and FITC-SiO 2 particles in a solvent mixture of
DMF and DMSO with the samerefractive index as SiO2 at 1064nm. The di-
ametersof the particles were 975and 1050nm, respectively. The concentration
of the sampleswas chosen such that, after the dispersion had sedimented in
the 100-�m -thick capillary, a thin sediment formed, which waseither liquid-lik e
or crystalline in the bottom layer. We created a 3� 3 square array of optical
tweezers,with varying spacingsbetween the traps, in the bottom layer of the
dispersion. Eight traps were filled with PS-SiO2 particles, and onetrap was left
empty. The upright objective (63� ; 1.4 NA) was used for trapping, while the
inverted objective (100� ; 1.4 NA) was usedfor imaging.

Figure 2.7 shows combined fluorescenceand reflection confocal imagesof the
eight trapp ed particles surrounded by non-trappable FITC-SiO 2 particles. The
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Fig. 2.7: Combined confocal and fluorescence images of a mixtur e of PS-SiO2 (black)
and FITC-SiO 2 particles (light gray). The mixtur e was dispersed in a fluid
matching the refractive index of the FITC-SiO 2 particles. The PS-SiO2 par-
ticles were trapped in a 3� 3 array of optical tweezers. The upright objective
was used for imaging. The lattice spacing of the templates was (a) 4.1 �m ,
(b) 4.1 �m , (c) 1.6 �m , and (d) 1.8 �m . The template of trapped parti-
cles induced structure in the dispersion of FITC-SiO 2 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 nine traps were occupied and that no FITC-SiO 2 particles are
drawn towards, nor expelled from, the empty trap, demonstrating that optical
forces on these particles are negligible. The scale bars are 5 �m .

trapp ed particles are displayed in black, while the FITC-SiO 2 particles are dis-
played in light gray. The imageswereaveragedover multiple frameswith a time
step of 1.7s betweenthe frames. Becauseof the averaging,mobile particles were
blurred in the images,while particles that werenot moving wereimagedsharply.
Figure 2.7a was averagedover 20 imagesand shows an open structure with a
separation betweenthe traps of 4.1 �m . The concentration of the surrounding
FITC-SiO 2 particles wasbelow the freezingpoint, and they werethus in the liq-
uid state. Within the array of trapp edparticles, the FITC-SiO 2 particles showed
someordering, but did not crystallize. Figure 2.7b (averagedover ten frames)
shows an array with the sametrap separation as in Figure 2.7a, but here the
FITC-SiO 2 spherescrystallized with a hexagonalsymmetry within the array of
trapp ed particles. The particles surrounding the array were still clearly liquid-



2.7. Counter-propagating tweezers 29

like. Figures 2.7c and d (averagedover ten and four frames, respectively) show
arrays with smaller trap separationsof 1.6 and 1.8 �m . In Figure 2.7c, FITC-
SiO2 spherespenetrate the array of PS-SiO2 particles, resulting in an ordered
structure with squaresymmetry, while the surrounding FITC-SiO 2 sphereswere
still liquid-lik e. Figure 2.7d shows that also in a crystalline layer the PS-SiO2

particles can be trapp ed in an array that is incommensuratewith the crystal
lattice. The hexagonallayer incorporated the different symmetry of the trapp ed
structure, although somedefect lines originate from the trapp ed structure. At
the position of the empty trap in the 3� 3 array can be seen that the force
on the FITC-SiO 2 particles was negligible compared to their thermal energy.
If the FITC-SiO 2 particles were either under- or over-matched by the solvent
mixture, the optical forceson theseparticles would either pull them towards or
expel them from the trap.

The high-index core of the PS-SiO2 particles allowed them to be manipu-
lated in a concentrated dispersion of refractive index-matched FITC-SiO 2 par-
ticles. The core-shell morphology of the PS-SiO2 particles has several other
advantages. Becausethe shell of the core-shell particles is of the same ma-
terial as the FITC-SiO 2 particles, all particles in the mixture have the same
surface properties and thus the same interparticle interaction. Furthermore,
the optically induced forces,present betweennon-time-sharedmultiple trapp ed
particles, will be decreased,asonly the coresare trapp ed, and theseforcesdecay
strongly with interparticle distance [22, 58]. Finally, the core-shellgeometry is
advantageous for trapping in three-dimensional arrays of optical traps (as in
Sections2.4 and 2.5) as the scattering unit of a particle is smaller, thus causing
lessdistortion of the laser field behind the particle.

2.7 Counter-propagating tweezers

Counter-propagating optical tweezers1[48], havethe advantageover singlebeam
traps in that they can trap strongly scattering particles. The scattering forceon
a particle is cancelleddue to symmetry of the two beamsalong the optical axis.
At the same time, the gradient force is added resulting therefore in stronger
confinement of the particle in all directions comparedto a single-beam trap.

To demonstrate such a counter-propagating trap, we trapp ed a 0.5-�m -
diameter ZnS particle (n20

D = 2.0) dispersed in ethanol. The large difference
in refractive index meant that the particle could not be trapp ed in a conven-
tional single-beamgradient trap. Figure 2.8ashows on the left the ZnS particle
in a counter-propagating trap. The trap was created using both the inverted
and upright objective (both 100� ; 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-�m -diameter FITC-SiO 2 particle stuck to the lower sample wall. To
demonstrate that the ZnS particle was indeed trapp ed 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-SiO 2 particle
moved out of focus. It waspossibleto 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.

cb

ZnS

SiO2

a

Fig. 2.8: A 0.5-�m -diameter ZnS particle (left) trapped in counter-propagating optical
tweezersnext to a 1.4-�m -diameter FITC-SiO 2 particle (right) that wasstuck
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-SiO 2 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 �m .

2.8 Discussionand outlook

The setup described in this Chapter was developed to both manipulate and
imageindividual colloidal particles in three dimensionsin concentrated colloidal
dispersions. We have shown that the combination of confocal microscopy and
time-sharedoptical tweezersallows independent three-dimensionalimaging 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 planeswere created using a Pockels cell com-
bined with polarizing beam splitters. Such an approach does not enable full
three-dimensional control over the trapp ed particles, but is one of the fastest
methods to create and dynamically change the symmetry of two independent
two-dimensionalarrays of optical tweezers.

In addition, we have shown that selective trapping and manipulation of in-
dividual particles is possibleif a concentrated systemof a mix of index-matched
and non-matched particles is used. The non-matched particles can be trapp ed



2.8. Discussion and outlook 31

and manipulated without exerting forces on the index-matched particles. Be-
causeboth specieshave an index-matched shell, all particles in the mixture
have the samesurface properties. By fluorescently labeling the (cores of the)
particles, it is possibleto follow the effects of the trapp ed sphereson the bulk
dispersion on a single particle level in three dimensions.

In combination with the use of the earlier mentioned arrays of tweezerswe
plan to study crystal nucleation. With our setup, the umbrella-sampling scheme
that usesa local potential to probe unlikely events such ascrystal 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 trapp ed in three dimensionswith con-
ventional single-beam optical tweezers.

Acknowledgements

The major part of the work in this Chapter is published in Ref. [60], to which
Dirk L.J. Vossenand I contributed equally. I would like to acknowledge Dirk
Vossenfor synthesis of the core-shell particles, Krassimir Velikov for the ZnS
particles, and Jacob Hoogenboom for the silica particles. I am grateful to Koen
Visscher for the opportunit y to develop the trapping in two planesin his lab at
the University of Arizona, from November 2001until March 2002.



BIBLIOGRAPHY

[1] A. Ashkin. Acceleration and trapping of particles by radiation pressure. Phys.
Rev. Lett., 24(4):156{159, 1970.

[2] A. Ashkin. Observation of a single-beam gradient force optical trap for dielectric
particles. Opt. Lett., 11(5):288{290, 1986.

[3] K. Visscher, S. P. Gross, and S. M. Block. Construction of multiple-b eam opti-
cal traps with nanometer-resolution position sensing. IEEE J. Sel. Top. Quant.
Electronics, 2(4):1066{1076, 1996.

[4] D. G. Grier. Optical tweezersin colloid and interface science.Curr. Opin. Colloid
Interface Sci., 2:264{270, 1997.

[5] K. Dholakia, G. Spalding, and M. MacDonald. Optical tweezers:the next gener-
ation. Phys. World , 15:31{35, 2002.

[6] D. G. Grier. A revolution in optical manipulation. Nature, 424:810{816, 2003.
[7] P. A. Maia Neto and H. M. Nussenzveig. Theory of optical tweezers.Europhys.

Lett., 50(5):702{708, 2000.
[8] Y. Harada and T. Asakura. Radiation forceson a dielectric spherein the Rayleigh

scattering regime. Opt. Commun., 124:529{541, 1996.
[9] A. Ashkin. Forces of a single-beam gradient laser trap on a dielectric sphere in

the ray optics regime. Methods in Cell Biology, 55:1{27, 1998.
[10] K. Sasaki, M. Koshioka, H. Misawa, N. Kitam ura, and H. Masuhara. Optical

trapping of a metal particle and a water droplet by a scanning laser beam. Appl.
Phys. Lett., 60(7):807{809, 1992.

[11] H. He, M. E. J. Friese, N. R. Heckenberg, and H. Rubinsztein-Dunlop. Direct
observation of transfer of angular momentum to absorptive particles from a laser
beam with a phasesingularit y. Phys. Rev. Lett., 75(5):826{829, 1995.

[12] K. Visscher and G. J. Brakenho�. Micromanipulation by "m ultiple" optical traps
created by a single fast scanning trap integrated with the bilateral confocal scan-
ning laser microscope. Cytometry, 14(2):105{114, 1993.

[13] M. E. J. Friese, T. A. Nieminen, and N. R. Heckenberg. Optical alignment and
spinning of laser-trapped microscopic particles. Nature, 394:348{350, 1998.

[14] L. Paterson, M. P. MacDonald, J. Arlt, W. Sibbett, P. E. Bry ant, and K. Dho-
lakia. Controlled rotation of optically trapp ed microscopic particles. Science,
292:912{914, 2001.

[15] J. Guck, R. Ananthakrishnan, T. J. Moon, C. C. Cunningham, and J. K•as.
Optical deformabilit y of soft biological dielectrics. Phys. Rev. Lett., 84(23):5451{
5454, 2000.

[16] K. Sasaki, M. Koshioka, H. Misawa, N. Kitam ura, and H. Masuhara. Pattern
formation and flow control of fine particles by laser-scanningmicromanipulation.
Opt. Lett., 16(19):1463{1465, 1991.

[17] C. Mio, T. Gong, A. Terray, and D. W. M. Marr. Design of a scanning laser
optical trap for multiparticle manipulation. Rev. Sci. Instrum. , 71(5):2196{2200,



BIBLIOGRAPHY 33

2000.
[18] J.-M. Fournier, M. M. Burns, and J. A. Golovchenko. Writing di�ractiv e struc-

tures by optical trapping. Proc. SPIE, 2406:101{111,1995.
[19] E. R. Dufresne and D. G. Grier. Optical tweezer arrays and optical substrates

created with diffractiv e optics. Rev. Sci. Instrum. , 69(5):1974{1977, 1998.
[20] Y. Hayasaki, M. Itoh, T. Yatagai, and N. Nishida. Nonmechanical optical manip-

ulation of microparticle using spatial light modulator. Opt. Rev., 6:24{27, 1999.
[21] J. Liesener, M. Reicherter, T. Haist, and H. J. Tiziani. Multi-functional optical

tweezersusing computer-generated holograms. Opt. Commun., 185:77{82, 2000.
[22] M. M. Burns, J.-M. Fournier, and J. A. Golovchenko. Optical matter: Crystal-

lization and binding in intense optical fields. Science, 249(4970):749{754,1990.
[23] M. P. MacDonald, L. Paterson, K. Volke-Sepulveda, J. Arlt, W. Sibbett, and

K. Dholakia. Creation and manipulation of three-dimensional optically trapp ed
structures. Science, 296:1101{1103,2002.

[24] R. L. Eriksen, P. C. Mogensen,and J. Gl•uckstad. Multiple-b eam optical tweezers
generated by the generalized phase-contrast method. Opt. Lett., 27(4):267{269,
2002.

[25] M. Minsky. Microscopy apparatus. U.S. Patent No. 301467, 1961.
[26] J. K. Stevens, L. R. Mills, and J. E. Trogadis. Three-dimensional Confocal Mi-

croscopy: Volume Investigation of Biological Systems. Academic, San Diego, CA,
1994.

[27] M. H. Chestnut. Confocal microscopy of colloids. Curr. Opin. Colloid Interface
Sci., 2:158{161, 1997.

[28] A. van Blaaderen. Quantitativ e real-space analysis of colloidal structures and
dynamics with confocal scanning light microscopy. Prog. Colloid Polym. Sci.,
104:59{65, 1997.

[29] A. D. Dinsmore, E. R. Weeks,V. Prasad, A. C. Levitt, and D. A. Weitz. Three-
dimensional confocal microscopy of colloids. Appl. Opt., 40(24):4152{4159, 2001.

[30] J. B. Pawley. Handbook of Biological Confocal Micr oscopy. Plenum, New York,
1995.

[31] A. van Blaaderen, K. P. Velikov, J. P. Hoogenboom, D. L. J. Vossen,A. Yethira j,
R. P. A. Dullens, T. van Dillen, and A. Polman. Photonic crystals and light local-
ization in the 21st century, pages239{251. Edited by C. M. Soukoulis (Klu wer,
Dordrecht), 2001.

[32] M. Brunner, C. Bechinger, W. Strepp, V. Lobaskin, and H. H. von Gr•unberg.
Density-dependent pair interactions in 2D colloidal suspensions.Europhys. Lett.,
58(6):926{932, 2002.

[33] A. van Blaaderen, J. P. Hoogenboom, D. L. J. Vossen,A. Yethira j, A. van der
Horst, K. Visscher, and M. Dogterom. Colloidal epitaxy: playing with the bound-
ary conditions of colloidal crystallization. Faraday Discussions, 123:107{119,
2003.

[34] A. Yethira j and A. van Blaaderen. A colloidal model system with an interaction
tunable from hard sphere to soft and dipolar. Nature, 421:513{517, 2003.

[35] A. van Blaaderen and P. Wiltzius. Real-spacestructure of colloidal hard-sphere
glasses.Science, 270:1177{1179,1995.

[36] W. K. Kegel and A. van Blaaderen. Direct observation of dynamical hetero-
geneities in colloidal hard-sphere suspensions.Science, 287:290{293, 2000.

[37] U. Gasser,E. R. Weeks,A. Scho�eld, P. N. Pusey, and D. A. Weitz. Real-space
imaging of nucleation and growth in colloidal crystallization. Science, 292:258{



34 BIBLIOGRAPHY

262, 2001.
[38] J. P. Hoogenboom, D. L. J. Vossen,C. Faivre-Moskalenko, M. Dogterom, and

A. van Blaaderen. Patterning surfaceswith colloidal particles using optical tweez-
ers. Appl. Phys. Lett., 80(25):4828{4830, 2002.

[39] D. L. J. Vossen,J. P. Hoogenboom, K. Overgaag, and A. van Blaaderen. Build-
ing two and three-dimensional structures of colloidal particles on surfacesusing
optical tweezersand critical point drying. Materials Research Society Symposium
Proceedings, edited by L. Merhari, Boston, 705:y6.8.1{6.8.6, 2002.

[40] J. C. Crocker and D. G. Grier. Microscopic measurement of the pair interaction
potential of charged-stabilized colloid. Phys. Rev. Lett., 73(2):352{355, 1994.

[41] J. C. Crocker, J. A. Matteo, A. D. Dinsmore, and A. G. Yodh. Entropic attraction
and repulsion in binary colloids probed with a line optical tweezer. Phys. Rev.
Lett., 82(21):4352{4355, 1999.

[42] S. Henderson,S. Mitc hell, and P. Bartlett. Position correlation microscopy: prob-
ing single particle dynamics in colloidal suspensions. Colloids and Surfaces A,
190:81{88, 2001.

[43] P. T. Korda and D. G. Grier. A colloidal model systemwith an interaction tunable
from hard sphere to soft and dipolar. J. Chem. Phys., 114(17):7570{7573,2001.

[44] J. Leach, G. Sinclair, P. Jordan, J. Courtial, and M. J. Padgett. 3D manipula-
tion of particles into crystal structures using holographic optical tweezers.Opt.
Express, 12(1):220{226, 2004.

[45] A. Resnick. Design and construction of a space-borne optical tweezerapparatus.
Rev. Sci. Instrum. , 72(11):4059{4065, 2001.

[46] A. Ho�mann, G. M. Z. H•orste, G. Pilarczyk, S. Monajembashi, V. Uhl, and K. O.
Greulich. Optical tweezersfor confocal microscopy. Appl. Phys. B, 71(5):747{753,
2000.

[47] K. Visscher and G. J. Brakenho�. Single beam optical trapping integrated in a
confocal microscope for biological applications. Cytometry, 12(6):486{491, 1991.

[48] S. B. Smith, Y. Cui, and C. Bustamante. Overstretching B-DNA: the elastic
responseof individual double-stranded and single-stranded DNA molecules.Sci-
ence, 271:795{799, 1996.

[49] J. C. Crocker and D. G. Grier. Methods of digital video microscopy for colloidal
studies. J. Colloid Interface Sci., 179:298{310, 1996.

[50] M. W. Allersma, F. Gittes, M. J. deCastro, R. J. Stewart, and C. F. Schmidt.
Two-dimensional tracking of ncd motilit y by back focal plane interferometry .
Biophys. J., 74:1074{1085,1998.

[51] F. Gittes and C. F. Schmidt. Signalsand noise in micromechanical measurements,
volume 55, pages129{156. Edited by M. P. Sheetz(Academic, San Diego), 1998.

[52] A. van Blaaderen and A. Vrij. Synthesis and characterization of colloidal dis-
persions of fluorescent, monodisperse silica spheres.Langmuir, 8(12):2921{2931,
1992.

[53] N. A. M. Verhaegh and A. van Blaaderen. Dispersions of rhodamine-labeled sil-
ica spheres: synthesis, characterization, and fluorescenceconfocal scanning laser
microscopy. Langmuir, 10(5):1427{1438, 1994.

[54] H. Giesche. Synthesis of monodispersed silica powders I I. Controlled growth re-
action and contin uous production process.J. Eur. Ceram. Soc., 14(3):205{214,
1994.

[55] K. P. Velikov and A. van Blaaderen. Synthesis and characterization of monodis-
persecore-shellcolloidal spheresof zinc sulfide and silica. Langmuir, 17(16):4779{



BIBLIOGRAPHY 35

4486, 2001.
[56] C. Graf, D. L. J. Vossen,A. Imhof, and A. van Blaaderen. A general method to

coat colloidal particles with silica. Langmuir, 19(17):6693{6700, 2003.
[57] S. W. Hell and E. H. K. Stelzer. Lens aberrations in confocal 
uor escence mi-

croscopy, pages347{353. Edited by J. B. Pawley (Plenum Press, New York and
London), 1995.

[58] M. I. Antonoyiannakis and J. B. Pendry. Mie resonancesand bonding in photonic
crystals. Europhys. Lett., 40(6):613{618, 1997.

[59] S. Auer and D. Frenkel. Prediction of absolute crystal-nucleation rate in hard-
sphere colloids. Nature, 409:1020{1023,2001.

[60] D. L. J. Vossen, A. van der Horst, M. Dogterom, and A. van Blaaderen. Op-
tical tweezersand confocal microscopy for simultaneous three-dimensional ma-
nipulation and imaging in concentrated colloidal dispersions. Rev. Sci. Instrum. ,
75(9):2960{2970, 2004.



36 BIBLIOGRAPHY



3. SPHERICAL ABERRATIONS DUE TO
REFRACTIVE-INDEX MISMATCH | INFLUENCE ON

OPTICAL TRAPPING AND CONFOCAL IMA GING

When there is a refractive index mismatch between the immersion fluid and the
specimen, the focal depthof 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 increasesand the maximum 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; theseeffects 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 coresas an
in situ measuring stick. We used the results to make a reconstruction of the 3D
configuration of three particles in a single beam trap.
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3.1 Introduction

The effectsof a differencebetweenthe index of refraction n1 of the immersion
fluid and the index n2 of the specimen are of interest in quantitativ e three-
dimensional(3D) light microscopy, such asconfocal microscopy and two-photon
excitation microscopy. Due to the refractive-indexcontrast | for examplewhen
using an oil immersion objective in water | the focal depth of a light ray of
a laser beam focusedby a microscope objective dependson 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], intro ducing 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
n1 > n2) or underestimated (for n1 < n2). This scaling in the axial direction is
of specific importance when microscopy data is usedfor three-dimensional(3D)
reconstruction of scannedobjects [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 compensatefor spherical aberrations [3],
or by deconvolution restoration of the image afterwards [4].

In the field of optical trapping, sphericalaberrations due to a refractive-index
mismatch have recently attracted an increasing amount of attention [10{13].
As a consequenceof the depth dependenceof the PSF distortion, the trap
stiffnessin both axial and radial direction depend on the trapping depth in the
sample. The possibilities to correct for spherical aberrations in trapping have
beeninvestigated. In thesecases,the input beamwasaltered usinga deformable
mirror [12, 14], or by changing the tube length by inserting extra lensesin the
optical path of the laser [10, 15]. Several groups have investigated the effect of
sphericalaberrations 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 sourceof discrepancybetweencalculations
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 canbe usedasa nucleusto inducecolloidal crystallization [20]. When
trapping multiple particles in closeproximit y 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 enhancedray optics approach to
calculate configurations of multiple particles in a trap, and showed for cer-
tain particle sizesand index contrast conditions, that three particles will not
all three be trapp ed exactly on the beam axis. Such deviations are of impor-
tance in creating 3D structures, and can be studied by 3D imaging of trapp ed
structures. The optical sectioning abilit y of confocal microscopy offers the pos-
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sibilit y 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 fluorescencemicroscopy in
ethanol, exploiting a particle with two fluorescently labeled coresas an in situ
measuring stick. The results were used to determine the 3D configuration of
three fluorescently-lab eled particles in a single optical trap.

NFP

AFP(R)

n1

n2

R r

AFP(r)

q1

q2

J 2

J 1

r = R / rrel

Fig. 3.1: Geometric optics representation of the refraction of a light beam focused
through a refractiv e index interface with n2 < n1 . The actual focus position
(AFP) compared to the nominal focal position (NFP) of a ray depends on
the distance 0 < r < R to the optical axis, intro ducing spherical aberrations
of the point spread function of the focus. R is the radial distance of the outer
rays at the interface.

3.2 Sphericalaberrations

High-numerical aperture (NA) objectives used in microscopy are designedfor
use in a medium with a certain refractive index n1; only then does the light
focus to a diffraction-limited spot, with the opening angle � 1 of the beam given
by:

� 1 = arcsin
�

NA
n1

�
: (3.1)
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In the caseof a mismatch in refractive index n1 of the immersion fluid and the
index n2 of the specimen,the light is refracted at the interface (seeFigure 3.1).
For each light ray, the angle of refraction #2 dependson the angle of incidence
#1, and Snell's law of refraction describesthis dependenceas:

n1 sin#1 = n2 sin#2: (3.2)

We will usegeometricoptics (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 laserbeamfocusedby 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.

Becausethe absolute radial distance r of a ray at the interface depends on
the NFP, we expressthe AFP as a function of the relative radial distance r rel

= r / R:

AFP( r rel ) =
r rel R
tan #2

; (3.3)

with, using Eq. (3.2), the angle of refraction #2 given by:

#2(r rel ) = arcsin
�

n1

n2
sin#1

�
; (3.4)

and the angle of incidence#1 by:

#1(r rel ) = arctan
�

r rel R
NFP

�
: (3.5)

The expression(3.3) for the actual focus position can now be rewritten to:

AFP( r rel ) =
r rel R

tan
�

arcsin
�

n 1
n 2

sin
�
arctan

� r r el R
NFP

�� �� : (3.6)

For the maximum radius R of the light coneat the interface, we find:

R = NFPtan � 1; (3.7)

with � 1 the opening angle of the beam given by Eq. (8.14).
This yields, for the actual focusposition AFP asa function of the relative radius
0 < r rel < 1 of the beam at the interface:

AFP( r rel ) = NFP
r rel tan(arcsin ( NA

n 1
))

tan(arcsin( n 1
n 2

sin(arctan(r rel tan(arcsin ( NA
n 1

))))) )
: (3.8)
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Becauseof this dependenceof the focal depth on the radial distance of the
light rays, the effectsof the refractive index interface on the PSF are spherical
aberrations.
Note that for the outer rays, at r = R, Eq. (3.8) collapsesto:

AFP(1) = NFP
tan

�
arcsin

�
NA
n 1

� �

tan
�

arcsin
�

NA
n 2

� � : (3.9)

With Eq. (3.8) we seea linear dependenceof the AFP on the NFP, and we
can define an axial scaling factor (ASF) as:

ASF(r rel ) =
AFP( r rel )

NFP
(3.10)

=
r rel tan

�
arcsin

�
NA
n 1

��

tan(arcsin( n 1
n 2

sin(arctan(r rel tan(arcsin ( NA
n 1

))))) )
; (3.11)

with NA the numerical aperture of the objective, n1 the index of refraction of
the immersion fluid, and n2 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 (n1 = 1.515) used
in water (n2 = 1.33), in ethanol (1.36), and in a silica-matching solution (1.45).
The graph clarifies many aspectsof the index-interface-inducedaberrations. As
can be seen,for small radial distance r , the ASF does not change much, but
in water and in ethanol, the decreasein ASF for large r is dramatic. For the
dispersion with n = 1.45, the decreaseis considerably less. The curve is plotted
for NFP = 50 �m ; the NPF doesnot influence the shape of the curve | as the
ASF is independent of NPF | but it doesdetermine the maximum radius R of
the light coneat the interface. Due to a larger opening angle � 1, R is larger for
the 1.4 NA objective (R = 0.121 mm for NFP = 50 �m ) than for the 1.3 NA
objective (R = 0.084 mm). However, when the NA of the objective is larger
than the index n2 of the specimen,part of the rays will undergo total internal
reflection at the interface; their angle of incidence#1 exceedsthe critical angle
� c, given by � c = 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 examplewhen 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 becomesin
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paraxial approximations
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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) objectiv es in water (n2 = 1.33), in ethanol (n2 = 1:36), and in a silica-
matching solution (n2 = 1:45). The used NFP is 50 �m , which determines
the maximum radial distance R for each objectiv e. For the 1.4 NA objectiv e,
the NA exceedsn2 . Therefore, light rays for which #1 > � c will undergo total
internal reflection. For the three refractiv e-index mismatches, the paraxial
approximation ASF = n1=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 dependenceof
the AFP on the NFP wasalsofound by Kuyp erset al. [5], who useda theoretical
model basedon diffraction theory, and it has beenconfirmed experimentally in
several studies [1, 4, 5]. The paraxial approximation ASF = (n2=n1) [25, 26] is
also plotted in Figure 3.2 for the three specimen indices. This approximation,
however, underestimatesthe effect of the sphericalaberrations on the AFP. The
deviations are limited for small NA, but rapidly increasefor larger NA.

In this GO description, we only useda single refractive-index interface, not
taking the presenceof a cover glassinto account. For an oil immersion objective,
with n1 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
caseof two index interfaces,which will yield a somewhatmore complex relation
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for the ASF.
Moreover, in this derivation, we only consideredillumination 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 fluorescencemicroscopy (CSLM) [27], the specimen
is illuminated point-by-point with a laser beam focused by an objective lens.
The fluorescencein the specimenis detectedby the sameobjective, 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 necessarilyequal. The
filling of the exit pupil, for example by a Gaussianscanning laser beam, is of
influence on the illumination PSF [5]. In addition, a Gaussian-shaped depen-
denceof 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 specimenwith a refractive-index mismatch compared
to the immersion fluid of the objective, both the illumination PSF and the
detection PSF are affectedby sphericalaberrations. As a result, the lateral and
the axial resolution, as well as the maximum intensity, decreasefor 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 �m NFP in water [1]. In addition to
the decreasein resolution, the axial distance is scaled. Theseeffectsof spherical
aberrations affect the abilit y to reconstruct a 3D image of a scannedspecimen.

As already mentioned in Section 3.1, the possibility to compensatefor 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 compensatedfor. It
has to be determined, and corrected for, with a calculated or an experimentally
determined factor for the usedexperimental setup.

3.2.2 Spherical aberrations and optical trapping

The forcesexerted by optical tweezersonto 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 forceson 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: broadeningof the focal spot yields
a smaller trap stiffness. Becausethe 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 caseof a refractive-index mismatch.

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

In optical trapping, the potential well is assumedto be harmonic over a
limited range around the trapping position. Due to the changesin the PSF
in the caseof a refractive-index mismatch, the potential of the trap possibly
deviatesfrom the harmonic approximation on a shorter range[11, 16]. This can
intro duce an additional error in the interpretation of force measurement data.

Most calculations of optical trapping forcesassumea diffraction-limited spot
and do not take spherical aberrations into account. Without correction for
sphericalaberrations, the calculated valueswill deviate more from the measured
valuesfor increasingrefractive-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 usedan inverted
microscope (Leica, DM-IRB) in which the condenserwas replacedby a second
objective. This objective was used to focus an infrared laser beam (Spectra
Physics,Millennia IR, 1064nm, 10 W cw) into the specimenfor trapping, while
the opposinginverted objectivewasusedfor independent confocal imaging (both
objectives: Leica, 100� 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-planeswere imaged, which were combined to a 3D representation of
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the specimen. Acousto-optic deflectors(AODs) wereusedto time-sharethe laser
beam over two positions in the specimenat a time-scale fast enoughcompared
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-�m -diameter SiO2 (n = 1.45) particles had a
0.4-�m -diameter SiO2 core labeled with the fluorescent dye fluoresceinisothio-
cyanate (FITC). The samplecell consistedof two cover slides (Menzel, No. 1)
glued together with candlewax and filled with a diluted dispersionof the single-
dumbbell mixture. The 488 nm laser line of the confocal microscope was used
for illumination, and only the FITC-lab eled coresof 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 (1064nm) than for the imaging laser light (488 nm).

NFP=0

NFP

a b c

Fig. 3.3: Schematics of the measuring configurations. For confocal imaging, the in-
verted objectiv e is used, while trapping was done with the upright objectiv e
(arrows). (a) A dumbbell trapp ed flat against the surface, to determine the
core-to-core distance. (b) A dumbbell trapp ed 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 �m , to determine the 3D configuration of three
particles in optical tweezers.

Experimental method

To determine the axial scaling factor, the sizeor thicknessof 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. Kuyp ers and colleagues[5] used an elegant solution to
know the true measureddistance, 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
betweenthe two surfaces,the AFP, wasfound by imaging through the immersion
oil layer, for which no aberrations occurred.

With optical tweezers,a trapp ed particle can be moved over a distancealong
the optical axis, by moving the trapping objective. The displacement of this
objective, however, is also scaleddue to the difference in refractive index; the
displacement of the objective is not equal to the displacement of the trapp ed
particle, and the AFP differenceis therefore not known.

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

With the core-to-core distance d known, the same dumbbell particle was
held in oneof two time-sharedtraps (Figure 3.3b). For several NFPs, z-stacks of
imagesof the dumbbell wereobtained. From theseimagestacks, the uncorrected
3D positions of the two coreswere determined, and used to calculate the local
axial scaling factor, making useof 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 necessarilyalignedexactly alongthe 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 x and y we as-
sumed the confocal microscope data to be accurate, so xm = x and ym = y.
The distance betweenthe coresd is then defined as:

d =
p

x2 + y2 + z2; (3.12)

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

z = ASFzm ; (3.13)

with zm the differencein 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:

ASF =

s
d2 � x2 � y2

z2
m

: (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) intro ducesan
extra sourceof aberration. The effect of theseaberrations is different depending
on whether the beamhas to passonly 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 coordinatesof the particles in the trap [22], a home-written
IDL (Research Systems,Inc.) routine was usedwhich filtered the imagesof the
data stack, before in each frame the particle positions were determined, using
a method similar to the one described in Ref. [36]. A Gaussianwas fitted to
the integrated intensity profile of each particle in the z direction. However, for
particles positioned above each other, it wasdifficult to distinguish betweenthe
cores,due to the axially extendedPSF. For the dumbbell particle, we therefore
plotted the integrated intensity, and fitted a double Gaussian(the sum of two
separateGaussians)to this curve. From this, the z-positions of the coreswere
obtained. Then, we plotted the xy-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 sameprocedurewas 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 scalethe z distances.

3.4 Resultsand discussion

We determined the distance between the two coresof a dumbbell particle by
imaging the particle trapp ed against the bottom surface. Averaging the dis-
tancesover the 40 framesin an xy-series,we found for the core-to-coredistance
d = 1.487,with � = 0.017 �m . The 6% differencewith the expected d for the
particle of 1.4 �m , 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 effectswhen imaging closeto the surface.

In Figure 3.4a, the integrated axial intensity profiles are plotted for the
dumbbell particle at several NFPs | starting at 0 �m , and then going down
from 40 to again 0 �m | together with the double Gaussiansfitted to these
profiles. A stronger fluorescencecan be seenfor the higher core. Comparing the
two curves for NFP = 0 �m gives an indication of the bleaching of the FITC
during the measurements. For clarit y, one of the profiles (for NFP = 30 �m ) is
given in Figure 3.4b, where also the individual Gaussiansof 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 Gaussianwasfitted to each curve, and
the profiles were shifted in z such that the middle betweenthe two Gaussian
peaks was at 5.0 �m 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 �m . Also plotted are
the fitted sum of two Gaussiansand the two individual Gaussians.

The lowering of the maximum intensity for increasingNFP, 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-Gaussianfit scaledto
unit y. The widths ! 1 (left peak) and ! 2 (right) of the fitted Gaussianpeaksare
given in Figure 3.5b, with the fitting errors indicated; the valuescan be found
in Tabel 3.1. Due to the large relative error, a widening of the peakscannot be
claimed.

The differencein position for the peaksof the Gaussiansgave the measured
axial distance zm . Tabel 3.2 lists the measureddifference in xyz-coordinates
betweenthe two coresof 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 averageof the fivevaluesASFav er age = 0.75and the paraxial
approximation ASFpar axial = 1.36/ 1.515= 0.898. As shown in Section3.2, the
paraxial approximation overestimatesthe ASF. However, the spread of values
around the mean { also given in Figure 3.6a in the measureASF are large,
making it precarious to draw strong conclusions. These large errors can be
causedby motion of the dumbbell in the trap, or by the uncertainty in the
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Tab. 3.1: Widths ! 1 and ! 2 of the two Gaussian peaks for which the sum is fitted to
the intensity profiles, for several NFPs.

NFP ! 1[�m ] error ! 1[�m ] ! 2[�m ] error ! 2[�m ]
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 unit y.
(b) Fitted Gaussian peak widths and their fitting errors, for the left and the
right peak.

Gaussianfits to the intensity profiles. We imaged closeto the optical axis.

We used the data at NFP = 20 �m to obtain the coordinates of the three
particles in the secondtrap. 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 seethat the alignment of the three particles is tilted
with respect to the optical axis of the imaging. For the dumbbell we seea
tilt in the samedirection, while the enhancedray optics-basedcalculations of
Gauthier and Ashman [21] for two single particles in a trapping beam predict
alignment of both on the beamaxis. This suggeststhat this tilt might bedueto a
misalignment of the trapping beamwith 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 xy-projection of the positions (Figure 3.7a) shows that the
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Tab. 3.2: Measuredx, y, and zm for several NFPs, with the ASF calculated from these
values using Eq. (3.14) with d = 1:487�m .

NFP x[�m ] y[�m ] zm [�m ] 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
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Fig. 3.6: (a) Axial scaling factor (ASF) measuredat different focal depths in the sam-
ple using a dumbbell particle held in optical tweezers.Als indicated are the
mean value ASFav er ag e = 0.75, and the paraxial approximation ASFpar axial

= 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
Gaussiansare indicated, as is the sum.

particles are not in oneline, in accordancewith thosecalculations. The distance
betweenthe particles is 1.732 �m for the lower and middle particle, and 1.677
�m for the middle and upper particle. This being 12% and 16% larger than
the distance betweenthe dumbbell coresof 1.487�m , 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, intro ducederrors in determining the corecoordinates.
Possibly stiffer trapping can reduce this error. The overlap of the Gaussian
intensity profiles along the optical axis madeit harder to determine the correct z
position, especially for increasingNFP. A larger core-to-coredistanceis expected
to improve the localization of the corepositions, becausethere will be lesssignal
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Fig. 3.7: Positions of the three particles and the dumbbell in two time-shared optical
traps. (a) xy positions of the three particles, (b) xy positions of the dumbbell
cores, and (c) the yz positions of all five cores.

overlap. In addition, with a larger distancebetweenthe 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 spreadfunction causesa decreasein 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 dependenceof 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 broadeningof the PSF. And although the ASF is independent of
the NFP, the broadening increasesfor increasingNFP, becauseof the difference
in ASF for the individual rays.

As a demonstration, we measuredthe 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 measuredASF can be accounted for by inaccuraciesdue to
Brownian motion of the particle in the trap. In addition, the small core-to-core
distance, for which the PDFs overlap, intro duced a large relative error in the
measureddistances.Weusedthe experimentally obtained scalingfactor 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 waspushedslightly outwards, in accordancewith calculations [21]. The
mismatch between the silica dumbbell and the ethanol intro duced additional
aberrations, which differed for imaging the upper core compared to imaging
the lower core. However, it can be advantageousto measurethe 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 regardedas preliminary
work, and no strong conclusionscan be drawn, either about the ASF, or about
the trapping configuration of three particles in a trap. For that, the accuracyof
the particle position detection needsto be improved and the repeatabilit y of the
configurations investigated. In addition, the influence of the mismatch between
the medium and the trapp ed particles should be examined.

3.6 Outlook

With the powerful combination of optical tweezersand confocal microscopy,
we can image multiple trapp ed 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 trapp ed particles. When imaging a higher trapp ed particle, the lower
particles will affect the imaging. To better understand this influence, onecould
use core-shellparticles with higher-index cores,and subsequently index-match
the medium with the shells. The index differenceis neededfor optical trapping
of the particle. Additional information can also be obtained by comparing the
determined ASF with the ASF measuredin a slab geometry [5]. Furthermore,
by using glycerol objectivesand glassthat is index-matched with the immersion
fluid for theselenses(n � 1.48), near-field effectsof 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 trapp ed 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 exchangetheir positions,
the 3D configuration of multiple particles in a trap canbe related to the position
of a single trapp ed particle, without having to take any tilt of the focal plane or
differencesin the trapping potential betweentraps 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.

a b c d

Fig. 3.8: xz-Confocal images of four 1.4-�m -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 closetogether that the particles push
each other out of their original position. Only the 0.4-�m -diameter coresare
imaged, and the imagesare scaledin z with ASF = 0.75. Scalebar is 2 �m .

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-�m -
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 distancebetweenthe traps wasdecreased,the parti-
clesstarted to pusheach other out of this configuration (Figure 3.8cand 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 tweezersare 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 techniquesthat 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-onepatterning enablesthe selection of par-
ticles from a mixture 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 glasswall.
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4.1 Introduction

The patterning of surfaceswith 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 useof optical tweezersfor individual arrangement of particles
on a substrate hasbeenexplored. While the first work waslimited 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 sampleand positioned on the coated top surface,while
either acousto-optic deflectors (AODs) steeredthe laser beam to the different
positions of the intended structure, or a piezostagemoved the sample. Selection
of particles was difficult, and, in addition, placement of the sphereswas not
checked by any feedback mechanism other than by eye, which made it hard to
move far away from the pattern created and comeback with high accuracy.

When patterning surfacesusing optical tweezers,the accuracyof positioning
is not only affected by the motion of the particle in the optical trap, but also
by drift and hysteresisof the microscope stage, drift of the objectives, and by
the pointing stabilit y of the trapping laser.

In this Chapter, wecombine long-rangetravel usingmotorized actuators with
piezopositioning in a feedback loop with the cameraimage, for accuratereposi-
tioning of the sample. Drift of the specimenwith respect to the objective is thus
compensatedfor. We further demonstrate patterning with mixtures of colloids,
including high-refractive index particles. The useof counter-propagating beams
enablesthe stable three-dimensionaltrapping of thesehigh-index particles, giv-
ing full positional control during patterning. The demonstrated technique of
one-by-one patterning of 3D trapp ed particles combined with positional feed-
back control, will enablethe generation of more complex 3D structures and, by
using a two-step self-assembly method, the manipulation of defectsin photonic
crystals.

4.2 Experimental setup and methods

An infrared laser(Spectra Physics,Millennia IR, 1064nm, 10W cw) wassplit at
a polarizing beam splitter cube to create counter-propagating optical tweezers
(seeFigure 2.1, page16) using two opposinghigh-numerical aperture objectives.
The inverted objective was used for imaging, while both the inverted and the
upright objective were usedfor trapping. We usedtwo 100� objectives(Leica,
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1.4 NA, oil immersion), or a 63� objective (Leica, 1.4 NA, oil immersion) for
imaging and a 100� objective for trapping.

For accurate positioning of particles at the top surfaceof a samplecell, the
tweezerswere kept at a fixed xy-position, while the sample was moved, using
an xy-stage(Rolyn, 750-MS) fitted with motorized actuators (Newport, 850G-
LS, closed-loop motorized actuators, 50 mm, accuracy 1 �m ) for long-range
travel, and an xyz-piezo stage (PI, P-563.3CD, 300� 300� 300 �m 3, accuracy
0:5 nm) for accurate positioning (see Figure 4.1). When patterning with an
inverted single-beam gradient trap, the optical tweezerscould also be moved
towards the surfaceby moving the inverted objective, which was mounted on a
piezoobjectivescanner(Physik Instrumente, Pifoc P-721.20). The experimental
setup is described in more detail in Chapter 2, Section 2.2.

upright objective

inverted objective

xyz piezo stage

xy stage with motorized actuators

piezo objective
scanner

sample holder

camera / confocal imaging

Fig. 4.1: Sideviewof 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.



60 4. Improving the accuracy of long-range patterning of colloidal particles

4.2.1 Feedback control of the piezo stage

To control the position of the sampleduring patterning, we usedthe piezostage
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 scannerand the motorized
actuators.

We started by taking a referenceimageof oneor preferably several particles
on the top surface, at a position in the sample with few free particles. Then,
using the motorized actuators, the tweezerswere moved to a laterally displaced
reservoir and a particle was selected(seeFigure 4.2a for a schematic drawing).
Returning to the starting position of the actuators, the referenceparticles were
brought into the field of view again by moving the xyz-piezo stagedown (Fig-
ure 4.2b). The axial trapping position of the particle wasbelow the image focal
plane, to be able to bring the top surfaceinto focuswithout sticking the particle;
this can be seenin Figure 4.3.

Dz
coated top surface

a b

motorized actuators

laterally displaced
reservoir

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 sampleusing 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-correlationroutine, the difference in position between the
referenceimage and the current image was determined with sub-pixel accuracy
(a few nanometers). The pixel sizewastypically 50{75 nm. The piezostagewas
then moved to reposition the sample, and the cross-correlation was executed
a secondtime 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 sixth 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
is 4 �m .

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

By moving to the original starting position first for each particle, the same
referenceimage could be used each time. However, to not be confined to the
rangeof the piezostage,a new referenceimagecan be selectedat any time. The
software for image feedback and control of the stageswas also used to control
the cameraand the stageson 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-�m -
diameter SiO2 (refractiv e index n = 1.45) and 0.5-�m -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-�m -diameter silica particles had a
400-nm-diametersilica core, labeled with the fluorescent dye fluorescein isoth-
iocyanate (FITC) [12{14]. Also, a mixture of 1.0-�m -diameter SiO2 and 1.1-
�m -diameter TiO 2 (n = 2.4) in ethanol [15], was used.

The sample cells consisted of two No. 1 cover slides sealedtogether with
candle wax or UV glue and candle wax. Becauseall particles used sedimented
to the bottom, they were patterned on the top surface, which was positively
chargedafter coating it with 3-aminopropyltri-(m)etho xysilane (APS). For this,
the cover slideswereplacedin a mixture of 170ml 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 N2 gas.

To createa laterally displacedreservoir of particles, the samplecell, 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 imagesand determine the position of each particle with sub-pixel
accuracy, a method, similar to the onedescribed in Ref. [16], wasused,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 piezostage. A rotation could
be intro duced 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
usedto compensatefor a possiblesystematic deviation in the calibration of the
camerapixels and of the confocal pixels.

a b

Fig. 4.4: Two patterns of a mixtur e of 1.4-�m -diameter silica particles and 0.5-�m -
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 �m .

4.3 Resultsand 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 SiO2, using a counter-propagating optical trap; the
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ZnS particles could not be trapp ed in single-beam optical tweezers. By using
a laterally displaced reservoir with a low concentration, we could, one-by-one,
selectparticles from the mixture. The trap waskept stationary, while the sample
was moved using the motorized actuators, and for each particle, we manually
determined the position to pattern it.

a

b

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

In Figure 4.5a, 1.4-�m -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 2

particles from a polydispersesolution, when no selectionbasedon sizewasdone.
This samedispersion of titania particles, now mixed with silica, was used

in the patterning shown in Figure 4.6. Here, 60 TiO 2 particles and 12 SiO2

particles were stuck to an APS-coated surface. From the dilute dispersion,
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particles wereselectedand trapp ed with a counter-propagating dual-beamtrap,
asthe titania particles could not betrapp ed in single-beamoptical tweezers.The
samplewas moved with the motorized actuators, while the tweezerswere kept
at a fixed position. To limit effectsof hysteresisof the motorized actuators, we
approached the sticking position from the sameside each time. However, the
deviations of the particles away from the intended positions, partly causedby
drift of the sample,are clearly visible. Due to selectionof the individual colloids,
the sizedistribution of the patterned particles wasimproved ascomparedto the
distribution in the dispersion.

3 mì

Fig. 4.6: Surface patterned with 60 TiO 2 particles and 12 SiO2 particles. The TiO 2

particles cannot be trapped with a single-beam gradient trap. The diameters
of the particles are 1.1 �m and 1.0 �m for the titania and silica, respectively.
Scale bar is 3 �m .

The use of a laterally displaced reservoir of particles and long-range mo-
torized actuators gave more flexibilit y to select particles from a mixture. This
selectioncould be basedon the material of the particle, or, for example,on the
size of the particle, when using a polydispersesolution (compare Figures 4.5b
and 4.6). One-by-one patterning, however, is time consuming, and for larger
patterns, drift wasoften affecting the position accuracy. To compensatefor this,
feedback control is needed.

4.3.1 Patterning with feedback control

Wecompensatedfor drift of the sample,by performing feedback control basedon
the video microscopy image. To investigatethe accuracyof 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 seenin the Figures 4.7h{
m, where Figure 4.7a is subtracted from the Figures 4.7b{f. The patterned
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a b c d e f g

h i j k l m

Fig. 4.7: Brightfield microscopy imagesof 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, +73, and +98 minutes. Repositioning of the sample
was accurate to sub-pixel 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 theseimages, indicating good
repositioning of the sample. The drift of the trapped particle is clearly visible.
Scale bar is 4 �m .

particles are not visible in these images, indicating good repositioning of the
sample. (For clarit y, a pixel value of 150 was added to the images.) Also clear
from the imagesis that the trapp ed particle moved with respect to the camera.
This could be due to pointing instabilit y of the trapping laser, or to drift of one
objective with respect to the other. This drift was not compensatedfor in the
feedback control. The 63� inverted objective was used for imaging, while the
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100� upright objective was usedfor trapping. For a typical trap stiffnessof 50
pN/ �m , 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 fluorescenceconfocal image of the struc-
ture.

a b

Fig. 4.8: A pattern of 1.4-�m diameter SiO2 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 �m .

First, we will look at the reproducibilit y of the position detection, which
includes the image processingmethod, of the particles. For both the confocal
imagesand the video microscopy imageswe 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 averageposition
of that particle in the images. For the confocal data of five images(pixel size
97� 97 nm2), taken shortly after each other, we found an averagerms deviation
of 15 nm, while for five cameraimages(pixel size75� 75 nm2), taken from one
movie with the samplekept 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 accuracyof 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 imageswith the intended positions we obtained an rms value of
� 132nm, and an rms value of approximately 102nm wasfound 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
causedby 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
moveswith 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 thirt y 1.4-�m -diameter silica particles at 5 �m distance from each other.
Although the accuracyof the wholepattern was> 100nm rms (data not shown),
we found a valueof 60nm rms deviation of the positions away from the intended
positions, for thesethirt y particles that were first patterned. We useda single-
beam trap with 0.4 W laser power (corresponding to 45 mW in sample).

4.4 Conclusionsand outlook

By combining counter-propagating trapping with separatereservoirs, mixtures
of particles could be patterned, including high-refractive index particles that
could not be trapp ed in single-beamgradient tweezers.One-by-onethe particles
could be selected, or discarded, based on their material, size, or suitabilit y.
By using feedback control based on image processingtogether with a high-
accuracy piezo stage, we were able to compensatefor 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 compensatedfor, which increased
the deviation of the position of patterned particles away from their designated
position. Improving the stabilit y of the trapping position can, for example, be
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Fig. 4.10: Silica particles, patterned with an r ms deviation of 60 nm. Scale bar is �m .

doneby having the trapping laserbeampassthrough an optical fiber. A pointing
instabilit y will then be translated into a change in laser power. By analyzing
the image of the trapp ed 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 neededto 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-REFRA CTIVE 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 tweezersin which the destabilizingscattering forcesare 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 chosenconfigurations. The manipulation of high-
index particles can be applied in the patterning of surfaces for colloidal epitaxy
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 intro duced the optical trapping of dielectric particles using a
single-beamgradient trap [1]. In such a configuration, known asoptical 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 np higher than that of the surrounding medium nm , this gradient provides
the necessaryforce to balancethe destabilizing scattering force. In general,an
increasein np or in the radius r of the particle yields an increasein both these
forces. The dependenceon r and on m= np/ nm , however, is stronger for the
scattering force than for the gradient force. This limits the size and refractive
index of particles that can be trapp ed 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 usinga 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 becausethe diameter
of the beam was kept small, yielding a low effective NA of the trapping beam.
Creating high trapping forceswith 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 trapp ed
with single-beam gradient tweezers.

In a variety of experiments it is desirable to create multiple traps, and,
moreover, to be able to move thesetraps with respect to each other, for example
to trap multiple particles [7{9]. In addition, non-spherical particles can be
trapp ed with multiple dynamic traps for rotational control [10]. There are
several methods to createsuch dynamic arrays of optical traps, including the use
of holographic tweezers[11], and the generalizedphase-contrast (GPC) method
[12]. When using acoustooptic deflectors(AODs), multiple traps can be created
by mixing several sound frequenciesbeforeapplying the combined signal to the
AODs. An alternativ e 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-scaleof the Brownian motion of the trapp ed 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 enablesus 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-beamtrapping in our setup (Figure 5.1a),
the condenserof an inverted microscope(Leica, DM IRB) wasreplacedby a sec-
ond high-NA objective (both Leica, 100� , 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(L3i;u and L4i;u , all f = 80
mm) formed a telescope to provide manual displacement of the laser focus.
The use of dichroic mirrors DM i;u allowed for illumination and imaging in the
visible. Before splitting, the laser beam passeda pair of AODs (IntraAction,
DTD-276HB6), positioned at a plane conjugate to the back focal planesof 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 changedinter-
actively. The beamwasexpandedin two steps: beforethe AODs by a 6� beam
expander (Exp), and after the AODs � 2� by the lensesL1 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 { assumingequal absorption of
both { the absorption of one objective.

5.2.2 Creating dynamic arrays of counter-propagating tweezers

A pattern scannedby the AODs is imagedinside the sampleby 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 scannedboth 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 addedmirror image,we could alsocompensatefor differences
in magnification between the inverted and the upright beam path, intro duced
by the telescopes,or by the useof objectiveswith different magnifications.

5.2.3 Samplecell

The samplecell, with a thicknessof approximately 24 � m, consistedof two cover
slips (Menzel, No. 1), sealedtogether with candlewax. It wasfilled with a dilute
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Fig. 5.1: Schematics of (a) the dual-beam optical tweezers and (b) the counter-
propagating traps scannedwith one pair of AODs. A mirrored and appropri-
ately scaledpattern 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-� m-diameter SiO2 (n = 1.45)particles and 1.1-� m-diameter TiO 2

(n = 2.4) particles in ethanol (n = 1.36).

5.3 Resultsand discussion

To createcounter-propagating traps, wealignedthe beamfocusedby the upright
objective on top of the beam focusedby the inverted objective.

Becausethe 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 beamcould be moved relative to the focus of
the objectiveby moving L3i along the beamaxis to changethe beamdivergence.
Due to the limited difference in refractive index between the particle and the
surrounding medium, the silica particle was trapp ed only slightly beyond the
focal point of the trapping beam (24 nm, according to calculations for the case
without spherical aberrations, seealso Chapter 8). Therefore, by moving L3 i

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 divergenceof
the laser beam entering this objective. In the caseof K•ohler illumination, the
condenseris in its correct z-position when the field diaphragm is in focus. Using
the upright objective as condenser,we did not have true K•ohler illumination,
and using the image of the field diaphragm to determine the z-position was
thereforenot possible. Wedid usethe imageof the field diaphragm for alignment
of the upright objective in the x- and y-direction. For the z-direction, however,
we used the fact that the magnification of a pattern scannedby 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 L3u for which the upright beam is parallel at the
objective, we started by time-sharing the beamover two positions, thus creating
from each side two traps at a lateral distance of several micrometers from each
other. We trapp ed 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 imagefocal
plane of the inverted objective. Now, by moving L3u and compensating for this
movement of the focus in the z-direction by moving the upright objective, we
matched the magnification, while keepingthe 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 trapp ed particles did not changeposition { the focal
planesof the two objectiveswere in closeproximit y 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 consistedof 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 � m
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 addressedat 4.5
kHz, and changed in 34 steps over a total period of 1.2 seconds,yielding an
averagespeedof the particles of approximately 20 � m/s. At higher speeds,the
silica particle wasthe first to escape from the trap, due to the drag forceexerted
on it by the medium.

Note that in brightfield microscopy, the 1.1-� m-diameter titania particles
appear to be larger than the 1.4-� m-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-� m-diameter SiO2 (arrow) and three 1.1-� m-diameter TiO 2

particles. The pattern is changed in 34 steps in 1.2 seconds. Scale bar is 2
� m.

index of refraction [15]. Single-beamtraps that arealsoformedcanbepositioned
away from the trapping area, as far as the range of the AODs permits, to not
disturb the counter-propagating traps. The 50 % lossof power into thesetraps
is not a problem with the useof a high-power laser.

5.4 Conclusionand outlook

The trapping of high-refractive index particles in dynamic arrays of counter-
propagating optical tweezerswas demonstrated. The method of scanningboth
the pattern and its mirror image provides flexibilit y in manipulating multiple
high-index particles, by supplying the possibility of arbitrarily chosendynamic
configurations of the dual-beam traps using a single pair of AODs. In addi-
tion, differencesin magnification can be compensatedfor 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 forceson multiple particles simultaneously will be further explored in
biophysical force measurements (Chapter 8).
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6. THREE-DIMENSIONAL OPTICAL TRAPPING AND
MANIPULA TION OF HIGH-REFRA CTIVE INDEX

NANORODS IN LINE OPTICAL TWEEZERS

Semiconducting nanowires, such as ZnO and Si rods, are used in the fields of
nanophotonicsand nanoelectronics. Optical tweezersoffer the promiseof 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
showthe 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 �m and 10-�m -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 rods in complex geometries significantly.



82 6. Three-dimensional trapping and manipulation of high-refractiv e index nanorods

6.1 Introduction

Semiconducting nanowires, with optical properties like spontaneous emission,
subwavelengthwaveguiding,and lasing,areusefulasbuilding blocks in nanoscale
electronics[1] or photonic devices[2, 3]. To assemble thesebuilding blocks into
functional circuits, specific positioning of nanorods is necessary. There are many
techniques proposedfor 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 tweezerslimited 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 surfacewas 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, usewas made of the fact
that rods in an optical trapping beam experienceforcesthat 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. Basedon our expe-
rience with the trapping of high-refractive index spheres(seealso Chapter 8),
it was expected that many high-index rods that are interesting for applications
cannot be stably trapp ed in single-beam line tweezers.

In this Chapter, we demonstratecounter-propagating dual-beam line tweez-
ers, in which ZnO and silica-coatedSi nanorodsare trapp ed in three dimensions,
away from the surface. The use of two opposing high-numerical aperture ob-
jectivessupplies the necessaryintensity gradient, while the scanningof the line
tweezerswith Acousto-Optic Deflectors (AODs) enablesfull dynamic in-plane
orientational control.

6.2 Experimental setup and details

6.2.1 Optical tweezerssetup

An infra red laserbeam(Spectra Physics,Millennia IR, 10 W cw, 1064nm) was
focusedinside a microscope (Leica, DM IRB) to form optical tweezers. First,
the beam passeda set of AODs, with which the xy-displacement of the laser
traps inside the sample was controlled, and time-shared traps were created.
After the AODs, the beamwassplit using a polarizing beamsplitter cube. The
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horizontally polarized beam entered the inverted objective, while the vertically
polarized beam was focusedby the upright objective (both objectives: Leica,
100� , 1.4 NA, oil immersion). Thesetwo opposingbeamsthen formed counter-
propagating traps, in which high-refractive index particles could be trapp ed.
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 samplewas moved,
using motorized actuators for long range displacement, in addition to an xyz-
piezo stage(PI, 300� 300� 300�m 3) for accurate positioning. A digital Charge
Coupled Device (CCD) camera(Uniq Vision, UP-600) was usedfor imaging in
brightfield microscopy.

Counter-propagating line tweezers

Using the AODs, line tweezerswerecreated,which consistedof individual traps
spaced0.5 MHz apart, corresponding to 0.9 �m for the 100� 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 �m . The
two lines of a pattern were addressedone 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 scaleof
< 1 ms; fast enoughcompared to the Brownian motion of a trapp ed 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 trapp ed rods could be rotated. More
information on creating dynamic dual-beam traps can be found in Chapter 5.

Becauseit was not possible to trap the rods in single-beam line tweezers,
the alignment in xyz of the inverted and the upright beamswas 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 focusedonto the glass-medium
interface, the divergenceof the two beamswaschangeduntil satisfactory focused
imagesappeared for both beams. Then, the line traps were placed on top of
each other in the xy-direction.

6.2.2 Rod dispersionsand samplecells

The ZnO rods were grown using the Vapor-Liquid-Solid mechanism, with gold
nanoclustersasthe 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 �m , were dispersed in water (n = 1.33). The silicon rods (n = 3.6) were
coatedwith a 50-nm-thick layer of silica (n = 1.45); their synthesis is described
elsewhere[13]. They were dispersedin water, had a thicknessof � 200 nm, and
lengths of 5 to 15 �m .

The samplesconsisted of two cover slips (Menzel, No. 1) sealedtogether
with candle wax. Silica sphereswere attached to the top surfaceby putting a
dispersion of spheresonto the cover slip, and letting them dry before assembly
of the samplecell.

a b c d

e f g h

Fig. 6.1: Transmission microscopy image of a ZnO rod in water, trapp ed in counter-
propagating line tweezers,at a distance of 30 �m 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. Scalebar is 5 �m .

6.3 Resultsand discussion

Using single-beam line tweezers,the ZnO and silica-coated Si rods could be
trapp ed against the surface. However, three-dimensional trapping in the plane
perpendicular to the beam-axis,was not possibleusing single-beam line tweez-
ers; the rods wereexpelled from the laser focus (not shown). Figure 6.1 shows a
13-�m -long ZnO nanowire, trapp ed in counter-propagating line tweezers.First,
the rod was trapp ed horizontally with respect to the camera image, and was
slightly out of focus. Then, the rod wasrotated over 60� , in stepsof ten degrees,
and with each step, the rod moved in the z-direction and camemore into focus.
This is expected to be due to the influence of the polarization of the laser light.
The polarization of the inverted trapping beamwasleft-righ t in the imageplane,
while the upright beamwasperpendicular polarized, thus up-down in the image
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Fig. 6.2: Transmission microscopy image of a ZnO rod in water, trapp ed 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-�m -thic k sample.
Scalebar is 5 �m .

plane.

The ZnO rods could be stably trapp ed, translated in all three dimensions,
and rotated in the plane perpendicular to the beam axis, which can be clearly
seenin the Figures 6.2 and 6.3. In Figure 6.2, a rod was trapp ed and moved
from the bottom to the top surface,over a distance of more than 30 �m . Silica
sphereswere attached to the top surface, and by translating the stage in xy,
two sphereswere selected. The rod was rotated over the desired angle, and
positioned on top of thesetwo spheres.Again, the dependenceof the z-position
of the rod on the rotation angle of the line tweezersis apparent.

Figure 6.3 also shows the trapping and lifting of a ZnO nanowire towards
a silica sphere-coatedtop surface. Now, two touching sphereswere selected,
and the rod was trapp ed against the surfaceand then moved into the spacein
between the spheresand the surface. The rod was stuck there, but could still
be rotated with the laser tweezers(Figures 6.3e{j). Figures 6.3k and l show
imageswith an additional 1.6� optical zoom. It can be clearly seenthat the
rod is sticking through the spacein betweenthe surfaceand the two spheres.

In Figure 6.4, a silica-coatedSi rod dispersedin water, is trapp ed in counter-
propagating line tweezers,lifted off of the surfaceover 8 �m , and then rotated
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a b c d
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Fig. 6.3: Transmission microscopy image of a ZnO rod in water, trapp ed in counter-
propagating line tweezers. The ZnO rod is (a { d) translated in the sample
and (e) positioned underneath a pair of touching silica spheresthat are ad-
hered to the top surface. The rod could not be removed, although it could be
rotated (f { j). (k and l) 1.6� optical zoom images of the nanorod, sticking
through the spacein between the surface and the spheres,and moved with
tweezers.Scalebars are 5 �m .

over 10� . The Si rods could not be trapp ed in single-beam line tweezers,and
were, in general,more difficult to trap in three dimensionsthan the ZnO rods.
Stable axial trapping of the rods, like Pauzauskieand colleagues[8] did, was
not possible,probably due to the large thicknessof our rods (approximately 200
nm).

A separation of 0.9 �m between the traps that made up the line tweezers,
wassufficient for in-plane trapping of the nanowires. Only very short rods (< 3
�m ) tendedto prefer an axial trapping direction, but, due to the limited stiffness
in the z-direction for line-tweezers(seeSection 6.5, page89), it is doubtful that
a closerspacingof traps would prevent this. Trapping with two 63� objectives
(Leica, 63� , 1.32and 1.4 NA, oil immersion) wasnot achieved, possibly because
of a lower effective NA of the trapping beamsdue to underfilling of the back
focal planes. The 63� objectives have a 1.5� larger opening than the 100�
objectives; expanding the trapping beam to overfill the 63� objectives might
make trapping of high-index rods with theseobjectivespossible.

6.4 Conclusionsand outlook

ZnO rods were trapp ed in counter-propagating line tweezers,and lifted > 60
�m off of the bottom of the sample cell. We showed full rotational control in
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a b c

Fig. 6.4: A silica-coated Si rod in water, trapp ed in counter-propagating line tweezers
(a) against the bottom surface, and (b) 8 �m above the bottom surface,
where it is (c) rotated over 10� . Scalebar is 2 �m .

the plane perpendicular to the beam axes. As a demonstration, ZnO rods were
brought to the top surface,where they were translated in the samplecell, and
placedon top of two silica particles, or, alternativ ely, positioned in betweenthe
surfaceand two touching silica spheres.In addition, we showed the 3D trapping
of silica-coatedSi rods.

The trapping of thesehigh-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 balancethe destabilizing scattering force| and, to the bestof our knowledge,
hasnot beenshown before. The possibility to manipulate, translate, and rotate
individual nanowires, expands the range of possibilities in using these rods in
nanoelectronicsand nanophotonic applications.

Currently , we are working on coating the top surfaceof the samplecell to be
able to attach the rods [14]. Freerods can resideat the bottom, and be selected,
to then be transferred and adheredto the top surface. This way, configurations
and structures of nanowires on the surfacecan be made permanent, and used
in, for example, photoluminescenceexperiments.

When using line tweezerswith a length shorter than the trapp ed rod, the
rod tends to be tilted with respect to the focal plane. We plan to investigatethe
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 trapp ed
rods.

The useof AODs offers the flexibilit y 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 surfacescan be positioned
with respect to each other .
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6.5 Appendix | Reducedaxial trap stiffnessin line tweezers

For line optical tweezers, created by closely-spacedoptical traps, the axial
stiffness is reduced in comparison to the stiffness of each individual trap. In
this Section, we will look at the effectsof nearby optical traps on the stiffness
and trapping position of a particle in a single-beam trap. Calculations of the
trap stiffnessand the trapping depth are presented, and qualitativ e arguments
are given to explain the effects of nearby traps on the trapping potential. In
addition, we experimentally confirm the influence of traps in closeproximit y 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 trapp ed in a multiple time-shared trap configuration, experiences
the time-averagedpotential of thesetraps whenthe time-sharing takesplaceon a
time-scalefaster than the typical time-scaleof the Brownian motion of a particle
in the traps [15, 16]. Becausethe individual traps do not exist simultaneously,
no interferenceoccurs,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.

Focal plane

Trapping plane
Trapping plane

Dz

Focal plane

a b

c

d d

Fig. 6.5: Schematic view of (a) a particle trapp ed in an individual single-beam trap,
(b) the sameparticle trapp ed 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 examinethe influenceof nearby traps on the trapping potential in a multiple-
trap system,we consideredthe situation of a particle, held in a systemof three
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identical time-shared traps in closeproximit y to each other (Figure 6.5b).

Weusedthe explicit partial-w aveLorenz-Mie representation givenby Mazolli
et al. [10] for our calculations of the axial trapping position and the axial trap
stiffness� z . The three traps, with their beamaxesin oneplane and their foci at
the samedepth, are described by the parameters 
 = 1.18 and � 0 = 72.9� [10].
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Fig. 6.6: Calculations for a 1.4-�m -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 minim um of the potential is not at x = 0. (b)
Corresponding axial trap stiffness � z . (c{e) Integrated trapping force (\p o-
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-�m -diameter
silica particle in ethanol, on the beamaxis of the middle trap (x = 0) of a three-
trap system, for varying distance d between the traps. In Figures 6.6c{f, the
integrated trapping force (the \p otential" ) parallel to the line connecting the
three traps, is plotted for several trap separationsd. For every curve, the over-all
minimum is set to zero. As can be seen,for small d, there is onestable trapping
position at x = 0 (Fig. 6.6c), and the trapping depth increasesfor increasingd.
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 trapp ed at x = 0, is indicated by the dashedpart of the curve
in Figure 6.6a. For even larger separation, the trapping depth decreasesfor
increasingd, and the systemwill again have a stable trapping position at x = 0.
First only at this center position (Fig. 6.6e), but for further increasingd 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 doesnot experienceany force from the two outer traps.

In Figure 6.6b, the corresponding axial trap stiffness� z is plotted. For d = 0,
where the particle is trapp ed in three identical traps, the stiffnessis three times
the stiffness for large d, where the traps do not influence each other anymore.
For increasing d, � z 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 complex3D trapping potential, and the outcomeasgivenhereshould
be treated in a qualitativ e manner.

a b c d

Fig. 6.7: Brigh tfield microscopy imagesof two 1.4-�m -diameter silica particles in four
optical traps. (a) The top particle is trapp ed in one trap, while the bottom
particle is held in three traps, which were moved away from each other over
(b) 0.55 �m , (c) 1.27 �m , and (d) 1.82 �m . The axial trapping position
depends on the distance between the traps. Scalebar is 2 �m .
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Experimental confirmation

The larger trap position depth with respect to the focus position, as well as the
decreasein trap stiffnessfor closely-spacedtraps canbeobservedexperimentally .
Figure 6.7 shows two 1.4-�m -diameter silica particles in ethanol, in a systemof
four time-shared traps. The top particle is held in one trap, while the bottom
particle is confined, in the sametrapping plane, in three traps (Fig. 6.7a). Then,
two of those three traps are moved away from the central third one, in stepsof
0.18 �m . In Figure 6.7b, the distance between the traps is 0.55 �m , while for
(c) and (d) the distancesare 1.27�m and 1.82 �m , respectively. As can be seen
from the changesin the image of the bottom particle, the trapping position is
displaced in the axial direction. In (c), the particle is trapp ed deeper than in
(b), while in (d) the trapping is lessdeep than in (c), but still displaced with
respect to (a). This qualitativ ely corresponds to the curve given in Figure 6.6a.

The decreasein stiffnessto below the value for a single trap, wasalsoclearly
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 increasein stiffness for
small d valueswas not observed. However, at the initial stiffnessused,it would
have beendifficult to notice a decreasein motion of the particle.

Discussion

We will give a qualitativ e description of how the trapping depth and the trap
stiffnessof a particle are affected by traps in closeproximit y to the particle.

Becausethe three traps each have their focal point in the samez-plane, a
particle will beconfinedat the samez-position and with the samestiffness,when
trapp ed 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 trapp ed in the middle. The effect of this added potential is two-fold.
Due to the scattering force, the particle is trapp ed behind the focusof the single
beam. Only part of the addedouter two traps interacts with the particle, and as
a consequenceof 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 trapp ed 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
distanceto the particle. This intro ducesan experimental difficult y in predicting
the 3D potential landscape of a multiple-trap configuration from the measured
potentials of the individual traps, as we will discussin the next paragraph.

The 3D potential of an optical trap can be obtained by measuring the 3D



6.5. App endix | Reduced axial trap stiffness in line tweezers 93

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 detectedin three
dimensions. Usually, both with video analysis, as well as with QPD position
detection, the projection of the position onto the xy-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 excursionsof 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 necessarilythe 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 6.5c), 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 trapp ed. An alternativ e method is to bring
the particle with another trap to this position, let it go, and record its behavior.
In general, the sampling time neededto 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 systemof three closely-
spacedtraps, can be readily applied to a particle in optical line tweezers. A
particle trapp ed in line tweezersexperiencesforces from many (time-shared)
trapping beams. Therefore, a possible increasein 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-beamline tweezers,a particle will be trapp ed at a larger
depth and with a smaller stiffness,ascomparedto 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 necessaryto obtain the line potential, is
difficult, frustrating the prediction of the potential landscapeof multiple closely-
spacedtraps.

When creating a line potential alongwhich the potential differencesaresmall
enough compared to kB T, 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, becausethe scattering forces counter-act. There-
fore, although the axial stiffness will be reduced in comparison to an individ-
ual counter-propagating trap, the decreasein stiffnesswill be lesscomparedto
single-beam line tweezers.This advantage of counter-propagating line tweezers
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over single-beam line tweezerscan be usedin experiments such as, for example,
measuring the pair potential of two particles in a 1D potential well. In the fu-
ture, we will investigatethe 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 tweezersare 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 presentan optical tweezerssetup, in which counter-propagating trappingwith
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.
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7.1 Introduction

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

It is possibleto directly measurethe forceexertedon a particle, by collecting
all the light from the trapping laser after it interacted with the particle, and
measurethe change in momentum flux [6, 7]. Due to conservation of momen-
tum, the changeis a direct measurefor 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 tweezerssetups. Underfilling, however, decreasesthe effective numeri-
cal aperture (NA) of the laser beam and limits the trapping abilit y due to a
decreasein 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 measuredforcesby collecting
the trapping light exiting from the sample.

In most schemes,though, force measurements are conducted in two steps.
First, the stiffnessof the trap { the forceper displacement of the trapp edparticle
at the trapping position { is determined, after which accurateposition detection
yields the force exerted on the trapp ed object. In recent years,several methods
have beenusedto 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 assuminga harmonic potential. The motion of a particle with certain sizein
a harmonic potential, suspendedin a medium with temperature T and viscosity
� , is known, and from this the stiffness can be found. In the optical potential
analysis,harmonicity of the potential is not necessary. It usesthe fact that due
to the thermal motion, the particle samplesthe potential well, and after long
enoughobservation, the position distribution revealsthe shape of the potential.
With the drag force method [11, 12], the particle is moved with respect to the
specimenat a certain speed,and from the displacement responseof the particle,
the trap stiffnesscan be obtained.

The accurateposition detection, neededto determine the stiffnessand conse-
quently detect the displacement of the particle, is donein 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 separatedetection
laser [8]. Video analysis is accurate to subpixel-level (within a few nanometers),
but doesnot offer the bandwidth necessaryin most schemesto acquire the trap
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stiffness. The useof 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
speedenablesthe determination of power spectra up to 100 kHz [10, 18].

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

7.2 Forcemeasurements 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 � . Once the stiffness is known, the position of the
particle yields, for small displacements, the force.

7.2.1 Trap stiffness �

In a singleGaussian-beamoptical trap, a particle experiencesa 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:

m•x(t) + 
 0 _x(t) + � x x(t) = (2kB T
 0)1=2� (t); (7.1)

with m the massof the particle, x(t) its position in time, 
 0 the viscousdrag
coefficient, � �x (t) the harmonic force from the trap, and kB Boltzmann's con-
stant. (2kB T
 0)1=2� (t) represents the random Gaussian distribution of the
Brownian forcesat temperature T . 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 f 0:

f 0 =
�

2� 
 0
; (7.2)

we can rewrite Eq. (7.1), and find for the motion of the particle:

_x(t) + 2� f 0x(t) = (2kB T=
 0)1=2� (t): (7.3)

Fourier transformation will give the power spectral density Sx = X � (f ) X(f ) |
the amount of power per unit of frequencyas a function of the frequency | for
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the motion as a Lorentzian [14, 16]:

Sx (f ) =
kB T


 0� 2(f 2
0 + f 2)

; (7.4)

with Sx in units of distance2/frequency. The viscous drag coefficient 
 0 for
an isolated spherewith radius r , relatively far away (>> r ) from a wall, in a
medium with viscosity � , is given by Stoke's law:


 0 = 6� � r ; (7.5)

so we find for the stiffness � :

� = 12� 2� r f 0: (7.6)

By fitting a Lorentzian to the PSD curve, the roll-off frequency f0 is obtained.
Equation (7.6) then gives the stiffness � , and measuring the displacement � x
will yield the force on the particle in the harmonic potential with:

Fx = � x � x: (7.7)

For constant drag coefficient � , � increaseslinearly 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 scaleslinear with the
deviation of the particle from the trap center. As a consequence,the signal
onto the QPD | a measurefor the changein 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 separatelaser 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 neglectedcomparedto the trapping by the trapping beam. The useof a
separatebeamoffers the advantage in that it can easily be usedin 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
condenserobjective, 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 ensuredetection in the linear regime.

7.2.3 Detector sensitivity �

To usethe QPD for position detection, the detector signalneedsto becalibrated.
This can be done in several ways, for exampleby moving a particle through the
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detection spot with known step sizesusing the trapping laser. Alternativ ely,
when using the trapping laser also for detection, scanning the laser very fast
over a known distance compared to the trapp ed particle gives the calibration
factor [20].

To determine the detector sensitivity, we useda method which employs the
Brownian motion of the particle in the trap [14]. The conversion factor from
Volts to meters is expressedin the sensitivity � , and we find for the spectrum
SV measuredin Volts:

SV (f ) = � 2Sx (f ): (7.8)

The sensitivity � can be determined by multiplying the PSD (in V2/Hz) with
f 2, giving a plateau for f � f0 (for example seeFigure 7.3b). From the Equa-
tions (7.4) and (7.8), we find that the plateau value PV , in V 2 Hz, is given
by [14]:

PV = � 2 kbT

 0� 2 ; (7.9)

and thus, with Eq. (7.5): 
 0 = 6� � r for a sphere,we find:

� =
�

6� 3� rPV

kbT

� 1=2

; (7.10)

with � 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
� of the medium.

7.3 Experimental setup and methods

7.3.1 Counter-propagating optical tweezerssetup

In the setup for combined counter-propagating trapping and independent QPD
position detection (Figure 7.1), the TEM 00 mode of an IR laser (Spectra-
Physics, J201-BL-106C, diode-pumped Nd:YV O4 EOM, 1064 nm, 4 Watt cw)
was usedfor trapping. The beam was split at polarizing beam splitter cube C2
to be deflectedinto an inverted and an upright objective by the dichroic mirrors
DM i;u (Chroma Technology Corp., 620dcsxr),while the rotation of half-lambda
zero-orderwave plate W2 determined the relative power in the two beampaths.
In each path, the lensesL3i;u and L4i;u (all f = 120mm) formed a telescope pair
for manual control over the beams. The xyz-displacements of the lensesL3i;u

| mounted on translation stagesand placed at planes conjugate to the back
focal planesof the objectives| translated into corresponding displacements of
the foci of the beamsinside the specimen.

For computer-controlled xy-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-sharedmultiple traps possible.The AODs wereplaced,mounted
on an aligner (NewFocus, 9071-M), in a plane conjugate to the back focal plane
of the objectives, and were controlled using a LabVI EW program, an inter-
faceboard (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 expandedto 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 beamexpander(Melles Griot, 09LBZ103,6� ), and after
the AODs � 3.8� by the lenspair L1 and L2 (Melles Griot, achromat doublets,
f = 65 mm and f = 250 mm, respectively), to a total 1/e2 beam waist of 9.6
mm. Any expansionafter the AODs limits the lateral rangeof 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 secondobjective, in upright orientation, replaced the
condenser.For alignment, the upright objective was mounted on an xyz-piezo
stage(Thorlabs, MDT630), which had a rangeof 20 �m , 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� 100� 20�m 3, capacitivesensor)wasused.
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For long-rangetravel, the piezostagewasmounted 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 piezostage,as well as the motorized actuators. A pair of oil immersion
objectives(Leica, 100� , 1.30-0.60NA) and a pair of water immersion objectives
(Leica, 63� , 1.2 NA) were available for trapping and imaging.

7.3.2 Quadrant photodiode position detection using a secondlaser beam

For independent position detection, a HeNe-laser(JDS Uniphase, 1137/P, 633
nm, 7 mW) was incorporated in the optical tweezerssetup, together with a
QPD (UDT, SPOT-9DMI, 10-mm-diameter active area). The red laser beam,
with a 1/e2 beam waist of approximately 1 mm at the back focal plane of
the objective, was split at polarizing beam splitter cube C3 (Figure 7.2), at
which the vertically polarized light was passedthrough towards the inverted
objective, while the horizontal polarization was reflected into a beam dump.
The orientation of half-lambda wave plate W 3 determined the ratio of powers
going into each beam path.

The vertically polarized beam was mergedwith the inverted trapping beam
at dichroic beam combiner mirror BC i (Chroma Technology Corp., z633bcm),
after it passeda pair of telescope lenses(L5v and L6v , both f = 140mm), used
for beam steering. L5v was positioned in a plane conjugate to the back focal
plane of the inverted objective, and mounted on an xyz translational stage.
Dichroic mirror DM i deflectedthe beaminto the inverted objective, which then
focusedthe beam inside the specimen. After passingthe upright objective, the
beamwascoupledout of the trapping laserpath by BCu and imagedonto QPDv

by lensL7v . A bandpassfilter (633 nm) wasplacedin front of the QPD to block
ambient light.

The setup can readily be expandedto the useof two QPDs. In this scheme,
the horizontal polarized beamis directed towards the upright objective, instead
of into the beam dump (dashedbeam path in Figure 7.2). The beam follows a
similar path as the vertical polarized beam, yet in opposite direction, passing
telescope pair L5h and L6h (both f = 140mm). The beamis coupled into, and
out of, the vertically polarized beam path at polarizing beam splitter cubesC4
and C5, respectively, after which L7h imagesthe beamonto QPDh . While wave
plate W 3 determinesthe ratio of light going into each beampath, an additional
waveplate (no drawn) combined with a beamsplitter cube canbe usedfor power
control. Currently , only QPDv is usedfor position detection.

The three signalsfrom the QPD | the differencebetweenthe light intensity
on the left and the right half (x), the differencebetweentop and bottom signal
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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 passesthe sample traveling from the inverted to the upright objective to
be imaged onto QPD v . 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 QPD h .

(y), and the sum over all four quadrants | were first amplified and anti-alias
filtered at 20 kHz, before being sampledby a data acquisition board (NI, PXI-
6251). A LabVIEW program controlled the sampling, and wasusedto calculate
the power spectra of the x- 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 f 0, from which � was calculated.

7.4 Resultsand discussion

Depth dependenceof trap stiffness

When using an oil immersion objective in an aqueousspecimen,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-�m -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 f 0

= 325 Hz. (b) PSD� f 2 curve, with plateau value PV = 1.18 V2 Hz, the
mean of the plateau between the two dashed lines. (c) Trap stiffness � and
(d) the sensitivity obtained from the plateau value PV , for the particle trapped
at different depths in the 50-�m -thick sample. (a) and (b) are the data for
the y-signal at 15 �m into the sample.

distortion increaseswith focus depth, causingthe stiffness� [21] and the sensi-
tivit y � [20] to decrease(seealso 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-
pensatefor the thicknessof the cover slide was set correctly, we measuredthe
PSD for a 1.0-�m -diameter silica particle trapp ed in a single-beam gradient
trap at several depths. We usedthe 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, measuredat a focal depth of 15 �m . Also shown is the Lorentzian
fit to the spectrum, giving a roll-off frequency f 0 of 325 Hz. With a particle
radius of 0.5 �m and a viscosity � = 1.0 � 10� 3, this yields, using Eq. (7.6),
a stiffness � y of 19.2 pN/ �m . In Figure 7.3b, the product of the PSD with
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f 2 is plotted, together with the mean of the plateau value PV = 1.18 V2 Hz,
which gives,with Eq. 7.10 and assumingT = 300 K, a detector sensitivity � =
5.14 V/ �m . The stiffnessand sensitivity are plotted in Figures 7.3c and d, re-
spectively, for both the x- and y-direction for several depths in the 50-�m -thick
sample. The averagestiffness in the x-direction is � x = 17.3 pN/ �m , while the
average� y = 18.5 pN/ �m . The averagesensitivities are � x = 4.8 V/ �m and
� y = 5.1 V/ �m . Both � and � do not show a decreasewith depth, indicating
minimal spherical aberrations and a correct setting of the compensation ring of
the water-immersion objective at 160 �m .
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Fig. 7.4: (a) Power spectral density (PSD) curves without a particle in the trap, with
and without weightsapplied 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-
�m -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 noiseincreased,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 decreasingplateau 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 condenserlens has a large-diameter front lens, while the objective
lens that we use as a condenser,has a small front lens of the samesize as the
inverted illumination objective. This makes it harder to collect the light with
the condenserobjective, which probably amplifies the effectsof 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
signalsare due to air currents; the detection laserbeampath wasnot closedoff.
The 100-Hz noisevisible in the sum signal is due to ambient tube light, which
camethrough the laser line bandpassfilter in front of the QPD.
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Fig. 7.5: Data for a 1.0-�m -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 f 0 = 79, 151, 286, and 628 Hz,
respectively. (b) The corresponding PSD� f 2 curves. (c) Trap stiffness � and
(d) the sensitivity obtained from the plateau value PV , for the four powers. In
(c) the fit to the first three data points for x is shown (� = 40.9 pN/ �m /W).
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Laser power dependenceof trap stiffness

In Figure 7.5a, PSDs are plotted of the x-signal for a 1.0-�m -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 wasvaried, from
105, 210, and 420, to 825 mW. Figure 7.5b shows the corresponding PSD� f 2

curves,from which the sensitivities were obtained. For the four powers, � x and
� y are plotted in Figure 7.5c.

The trap stiffness� is expectedto increaselinearly with laserpower, and for a
linear fit to all four data points, we find stiffnessesof 44.0and 47.6pN/ �m /W,
for x and y, respectively. When we fit only to the first three data points,
however, we find 40.9pN/ �m /W for the x direction and 44.9 pN/ �m /W for y.
In Figure 7.5c, the fit to the first three data points is plotted for the x-direction.
The fits are forced through zero.

For constant viscosity � , the roll-off frequency f 0 will show a linear depen-
denceon the laser power (Eq. (7.6)). However, Peterman and colleagues[22]
showed that the trapping laser heats the suspension, decreasingthe viscosity,
and consequently increasing f 0. 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
accordancewith what we seein Figure 7.5c. However, at the highest laserpower
of 825mW at the back focal plane of the objective we estimate the power of the
truncated Gaussianbeam after absorption by the objective to be no more than
200mW in the laser focus. This is not enoughto account for the 10%difference
betweenmeasuredand expected � . In addition, we do not seea corresponding
decreasein the detector sensitivity � (Figure 7.5d). We subscribe the devia-
tion at higher laser power to the high noise level between20 and 120 Hz in the
PSD, which frustrated a good fit to the data. Becausethe plateau value at low
frequenciesdecreasesfor increasingpower, 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
closeproximit y of each other (seeSection 5.3 for the aligning method). This
fixed the axial distance betweenthe two objectives.

We used 1.2-�m -diameter TiO 2 particle dispersed in water. The particles
had a thin silica shell, and could be trapp ed in single-beam gradient tweezers.
Figure 7.6 shows the data for a particle trapp ed in counter-propagating tweezers
for four powers(with sumsof 52, 105,210,and 412mW at the back focal planes
of the two water-immersion objectives;to partly compensatefor a differencein
transmittance, 30% of this power was sent to the upright objective and 70% to
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Fig. 7.6: (a) Power spectral density (PSD) curves for a 1.3-�m -diameter TiO 2 particle
trapped in water using counter-propagating tweezers. The sums of the laser
powersat the back focal planesof the two objectives were 52, 105, 210, and 412
mW. The highestpower yields the lowestplateau value. (b) The corresponding
PSD� f 2 curves. (c) Trap stiffness � and (d) the sensitivity obtained from
the plateau value PV , for the four powers. In (c) the fit to the first three data
points for x is shown (� = 62.6 pN/ �m /W).

the inverted objective). In Figure 7.6a,the PSDsand the Lorentzian fits to them
are plotted for the x-signal, while in Figure 7.6b the corresponding PSD� f 2

curvesare shown. The obtained � x and � y , and the sensitivities are given in the
Figures 7.6cand d, respectively. A linear curve, forced through zero, was fitted
to the first three data points of Figures 7.6c, giving for the x-direction a slope
of 62.6 pN/ �m /W, and for the y-direction 65.7 pN/ �m /W. The deviation of
40% for the highest laser power is due to a bad Lorentzian fit, as can be clearly
seenin 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-focusdistancebetweenthe objectives,
the plateau valuePV increasedto 1 V2/Hz (not shown), approximately the same
level as found for the 1.0-�m -diameter silica particle (Figure 7.5b).
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7.5 Conclusionsand outlook

We have demonstrated an optical tweezerssetup, 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 useof a separatelasermakesposition 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 increasingfocal 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 frequenciesin the PSD drops
below the noise level, inhibiting the fitting of a Lorentzian and obtaining the
correct trap stiffness. This mechanically inducednoiseoriginates 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 condenserobjective
compared to a conventional condenser,collecting the detection light is more
sensitive to the alignment of the objectives,and thus to vibrational noiseof the
objectives.

In the future, we will expand the setup with a secondQPD, with counter-
propagating beam directions for the two orthogonally polarized detection laser
beams. Crosstalk betweenthe two signals,often a problem with the useof 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 betweentwo 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. Alternativ ely, the secondposition detection beam can be directly
imaged onto the QPD, to identify the drift in xyz between the two objectives.
This can be compensatedfor by moving the upper objective with the piezostage
on which it is mounted.

At the moment the setup is usedin preliminary work to measurehigh forces
exerted in dividing bacteria. In this Chapter, we limited ourselvesto character-
izing the performanceof the counter-propagating tweezerssetup combined with
independent QPD position detection. In Chapter 8 we will discussquantitativ e
trap stiffness measurements, including experiments with high-refractive index
particles that could not be trapp ed in single-beam gradient tweezers.
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8. FORCES EXERTED ON HIGH-REFRA CTIVE 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 samecon-
ditions. In addition, calculations are given for the axial 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 measurepicoNewton-level forcesis 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 measureforcesexerted 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
forcesare 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 forcesthan lower-index particles under the sameconditions. This
expectedhigher trap efficiency, a measurefor the trapping forceper laserpower,
is usefulwhen the available laserpower is limited, or when laser-induceddamage
plays a role, for example in biophysical experiments on living materials [8, 9].

For particles with a refractive index np higher than the index nm of the
surrounding medium, the large intensity gradient in a tightly focusedlaserbeam
provides the necessaryforce to balance the destabilizing scattering force [10].
In the Rayleigh regime, an increasein np or in the radius R of a particle, yields
an increase in both these force components. The dependenceon R and on
m = np/ nm , however, is stronger for the scattering force(� R6[m2-1]2/[ m2+2] 2)
than for the gradient force (� R3[m2-1]/[ m2+2]). This limits the sizeand index
of particles that can be trapp ed 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 trapp ed that cannot be confined in a single-
beam gradient trap. As a rough estimate of the enhancement of trap stiffness
we can expect, we usethe Rayleigh theory and find, for a high-refractive index
titania particle (n = 2.4) comparedto an equally-largepolystyrene(PS) particle
(n = 1.57) in water (n = 1.33), an increaseof 2.6� in gradient force.

Exact calculations of the optical forces,however, are not straightforward, as
the sizesof trapp ed objects are typically in the rangeof the wavelength � 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 � � , the Rayleigh scattering theory can be used [18]. For d ' � , however,
neither GO nor the Rayleigh theory are sufficient to describe the forces in 3D
on a dielectric particle in a tightly-fo cusedlaser beam. To calculate trapping
forcesin the intermediate regime,several approacheshavebeenexplored[19{23].
Exact partial-w ave (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 focusedlaser beam.

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

In this Chapter, wedescribeexperiments in which we trapp edhigh-refractive
index particles in counter-propagating tweezers,and determined the enhance-
ment of trap stiffnessby obtaining the roll-off frequencyfrom the power spectral
density curve of the quadrant photodiode (QPD) signal. The particles usedvar-
ied from silica and polystyreneparticles 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 usehigh-numerical
aperture (NA) objectives,and overfill the back aperture of theseobjectives, to
maximize the forces exerted on the particles and compare the results of these
measurements with calculationsbasedon the approximation givenby Maia Neto
and Nussenzveig [24] and Mazolli et al. [25]. In addition, we usecalculations to
gain an understanding of the effectsof experimental parameters| such as the
axial distance betweenthe two trapping beams,the refractive-index difference,
and the objectives used | on the trapping position, and the lateral and axial
trap stiffnessof a particle in optical tweezers.

8.2 Experimental setup and methods

8.2.1 Calculation of forcesin optical tweezers

The forceF exertedby a laserbeamonto a particle is proportional to the power
P of the laser beam. This is expressedby the trap efficiency Q of the system:

Q =
c

nm

F
P

; (8.1)

where c is the speedof light and nm the index of refraction of the medium.
To calculate the trap efficiency Q in three dimensionsfor a particle trapp ed

in optical tweezers,we used the explicit partial-w ave 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 electromagneticplane waves,which correctly describesa focused
beamwith large opening angle. The scattering of each of theseplane-wavecom-
ponents by the (metallo-)dielectric sphereis taken into account, and analytical
results are derived. The parameters that are used in the calculations are the
wavelength � of the trapping beam, the refractive index of the medium nm and
of the particle np, the radius R of the particle, the opening angle � 0 of the beam
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Fig. 8.1: Parameters usedin the calculations. A Gaussiantrapping beam, with a 1/e2 -
beam waist ! 0 , is truncated by the opening at the back of the objectiv e with
radius Ro . The beam is focusedwith opening angle � 0 , and df is the distance
between the two foci.

in the medium, and 
 , a measurefor the truncation of the Gaussian trapping
beam at the objective. For 
 we find (seeAppendix, Section (8.5)):


 = (nm Ro)=(NA ! 0); (8.2)

with Ro the radius of the opening at the back of the objective, NA the numerical
aperture, and ! 0 the 1/e2-beamwaist of the beam(seeFigure 8.1). The opening
angle � 0 of the focusedbeam is given by:

� 0 = arcsin
�

NA
nm

�
: (8.3)

The trap stiffness � is defined as the force per displacement of the trapp ed
particle at the trapping position, which, for one direction, readsas:

� x = Fx =x: (8.4)
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Becauseour two counter-propagating beams are orthogonal polarized, no
interferenceis expected,and the calculation results for the two individual beam
canbeaddedto obtain the calculatedforcefor the counter-propagating tweezers.
In addition, a circular polarized beam is assumedin 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 (� x = � y ).
For a linear polarized beam, the trap stiffness in the direction perpendicular to
the polarization is larger comparedto the stiffnessin the parallel direction [26].
This difference, however, is limited for particles with sizescomparable to the
wavelength [26], and the approximation of circular polarized light can be used.

Sphericalaberrations due to a refractive index mismatch betweenthe 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 dependenceof
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 thesecalculations
aswell; a uniform transmittance is assumed.Theseissueswill contribute to the
discrepancybetweenexperimental results and calculations.

To investigatehow the trap stiffnessis affectedby the sizeand the refractive
index of a particle, and by the shape of the trapping beam,we will focus on the
differencesin force and stiffness between different configurations, rather than
comparing calculated and measuredabsolute 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 separateHeNe detection laser (JDS Uniphase, 633 nm, 7 mW),
combined with a QPD (UDT, SPOT-9DMI) wasusedto 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 frequencyf 0 wasfound [28]. From
f 0, the trap stiffness � for a spherical particle was calculated with:

� = 12� 2� Rf 0; (8.5)

with � the viscosity of the medium and R the particle radius.
When trapping in water (nm = 1.33), two water-immersionobjectives(Leica,

63� 1.2NA) wereused. With Eq. (8.3) wefind � 0 = 64.5� . The water-immersion
objectives have an Ro of 4.7 mm, and with the 1/e2-radius of 4.8 mm for the
trapping beam, this yields a 
 of 1.09 (Eq. (8.2)). For these two objectives, a
large differencein trap stiffnesswasobserved for comparablelaserpowers. This
is attributed to a differencein transmittance betweenthe objectives.

For oneexperiment, two oil-immersion objectives(Leica, 100� 1.4 NA) were
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used to trap in ethanol (nm = 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
objectiveshad an opening with Ro = 3.4 mm. However, becausethe NA of the
objective exceededthe refractive index of the medium, total internal reflection
occurred (seealso Chapter 3), which makes the use of Eq. (8.2) invalid. We
estimated the effective NA to be 1.3. By scaling Ro with the same factor,
we then found 
 = (1.36 � 3.157)/(1.3 � 2.8) = 1.18, and � 0 = 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
placedat the front cameraport of the microscope. Using the trapping beamfor
detection hasan advantage in that the laser is always aligned with the particle.
However, with the useof IR laser light in combination with the QPDs, the PSD
is underestimated at high frequencies[29], becausethe response time of the
QPD is decreasedfor IR light.

8.2.3 Colloidal dispersions

We used a dispersion of 1.1-�m -diameter titania particles [30] and 1.4-�m -
diameter SiO2 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-�m -diameter
and 4.1-�m -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-diametergold colloids in water wereobtained from
Ted Pella, Inc.

The sample cells were prepared by sealing two cover slides (Menzel No. 1)
together with candlewax. For sturdiness,somesamplecellswereglued together
on two sidesusing UV-curing glue, before they were filled and sealedoff with
candle wax.

8.3 Resultsand discussion

8.3.1 Refractive-index dependenceof the trap stiffness

To investigate the increasein trap stiffness for increasing refractive-index con-
trast, we useda dilute dispersion of 1.1-�m -diameter TiO 2 particles (n = 2.4)
and 1.4-�m -diameter SiO2 (n = 1.45) in ethanol. Becausethe titania parti-
cles could not be confined in a single-beam gradient trap, we used counter-
propagating tweezersin thesemeasurements. 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 clarit y, 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 objectiveswas 110 mW. At this power,
f0 was 499 Hz for the 1.1-�m -diameter TiO 2 particle, and with � = 1.2� 103

Ns/m 2 for ethanol, this yields a stiffness � x = 39 pN/ �m . The trap stiffness
increasedlinearly with increasing laser power. Becauseof the large amount of
(mechanical) noisein the curvesfor the 1.4-�m -diameter SiO2 particle, we fitted
the Lorentzians manually. Assuming for the three curvesan increasein stiffness
linear with laser power, we found at 44 mW an f0 of approximately 115 Hz,
corresponding to � x = 11.4 pN/ �m , 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-�m -diameter TiO 2 and 1.4-�m -
diameter SiO2 particles. (a) Measured power spectral density (PSD) curves
for TiO 2 and SiO2 in counter-propagating (cp) traps, from which, for P =
44 mW in the sample, the trap stiffnesses� x = 39 pN/ �m (TiO 2) and 11.4
pN/ �m (SiO2) were obtained. (b) Calculated axial trapping force Fz . (c)
Calculated lateral trapping force Fxy .

Figure 8.2b shows the calculated axial trapping force per W laser power,
for 1.1-�m -diameter TiO 2 and SiO2 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-�m -diameter
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silica particle will be trapp ed near the laser focus,whereasfor 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 accordancewith the small role played by the scattering force due
to a small refractive index contrast between silica and ethanol. For the TiO 2

particle in the dual-beamtrap, however, we now find a stable trapping position.
In Figure 8.2c, the calculated lateral trapping forceper W laserpower is plotted
for a 1.1-�m -diameter TiO 2 particle and for silica particles (1.1 and 1.4 �m in
diameter) in counter-propagating traps.

Tab. 8.1: Comparison of the calculated and the measured trap stiffnesses � x;y and
� z (in pN/ �m /W), between 1.1-�m -diameter TiO 2 and SiO2 particles, and
between 1.1-�m -diameter TiO 2 and 1.4-�m -diameter SiO2 particles. All
results for counter-propagating trapping mode in ethanol.

Particle measured � x;y calculated � x;y calculated � z

TiO 2 1.1 �m 355 4844 1354
SiO2 1.4 �m 104 688 250
Factor 3.4� 7.0� 5.4�
SiO2 1.1 �m n.a. 1176 455
Factor n.a. 4.1� 3.0�

The calculatedand measuredstiffnessesare given in Table8.1. We measured
a 3.4� higher trap lateral stiffnessfor the titania particle comparedto the larger
silica particle. The calculated enhancement is 7.0� in the lateral direction and
5.4� in the axial direction. Comparing with an equally-sizedsilica particle we
find a calculated enhancement of 4.1� and 3.0� for the lateral and axial trap
stiffness, respectively. Note that the trap stiffness is larger for 1.1-�m silica
particle than for the 1.4-�m one. In the next Sectionwe will further discussthe
complex sizedependenceof the trap stiffness.

When comparing the absolutevaluesbetweenthe measurement and the cal-
culations, we see large differences. The spherical aberrations | due to the
refractive index mismatch betweenthe 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 edgeof the ob-
jective, as reported by Viana et al. [27], will decreasethe trap stiffness even
further. Due to theseeffects, 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-�m -diameter and 4.1-�m -diameter
polystyrene (PS) particles in water, trapp ed in counter-propagating tweezers.
(a) The measured power spectral density (PSD) curves for the x-direction
with 1.65 W total laser power (2.17 �m in black, 4.1 �m in gray). (b)
Measured trap stiffnesses� x and � y at four laser powers, for both sizesPS
particles. Linear fits are forced through zero. (c) Calculated axial trap
efficiency Qz on the beam axis for both particles. (d) Calculated radial trap
efficiency Qx at the trapping position z = 0 �m .

8.3.2 Sizedependenceof the trap stiffness

To illustrate the dependenceof the trap stiffness on the size of the trapp ed
particle, we useda dispersion of 2.17-�m -diameter and 4.1-�m -diameter PS in
water. (Seealso, 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 powersof 90, 175, 350,and 690mW (this
being the sum of the powers of the two beamsbefore 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 frequencyf 0 was obtained, after which
Eq. (8.5) yielded the lateral trap stiffnesses� x;y , which are plotted in Fig-
ure 8.3b. Linear fits, forced through zero,gave � x = 64 and � y = 65 pN/ �m /W
for the 2.17-�m -diameter particle and � x = 40 and � y = 38 pN/ �m /W for
the 4.1-�m particle; a factor 1.6 and 1.7 difference in the x- and y-direction,
respectively.

Figure 8.3cshows calculations of the axial trapping force Fz for single-beam
and counter-propagating trapping. The trap stiffnessis 362and 185pN/ �m /W
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for the 2.17-�m and the 4.1-�m -diameter particle, respectively; a factor 2.0
difference. The calculated lateral trapping forcesare given in Figure 8.3d. We
find 1119 pN/ �m /W and 609 pN/ �m /W, for the 2.17-�m and the 4.1-�m -
diameter particle, respectively; a factor 1.8 difference, and comparable to the
measured1.6� and 1.7� for the x- and y-direction.

For small particle sizes,the trap stiffness increaseswith the diameter of the
particle [13]. The highest trap stiffnessis expectedfor particles with a diameter
comparableto the expected lateral extent of the focus, � 0.8 �m [26], while for
larger particles, the stiffness decreasesfor increasingdiameter. Our results for
the 2.17-�m and 4.1-�m -diameter PS particles | both considerablylarger than
our laser focus,and clearly not in the Rayleigh regime| are in accordancewith
this, just like the results for the 1.1-�m and 1.4-�m -diameter silica particles in
the previous Section.

The largeabsolutedifferencebetweenthe measurements and calculationscan
(partly) beaccounted for by the objectivetransmittance, which is not considered
in the calculations. Spherical aberrations are not expected to play a significant
role, becausewater-immersion objectiveswere usedto trap in water.

8.3.3 Trap alignment dependenceof 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 dependenceof the
trap stiffness on the alignment of the two beamsin the axial (z) direction, by
trapping a 2.17-�m -diameter PS particle in counter-propagating tweezersand
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 changedthe distancedf betweenthe foci by moving the inverted objective
upwards in steps of � 2 �m . At each position, we obtained PSDs and from
these,determined the lateral trap stiffness� x;y (Figure 8.4a). The stiffnessfirst
increasedfor df = � 2 �m and then slightly decreased(df = � 4 �m ). The
particle was trapp ed in betweenthe two foci, which was checked in the camera
image by alternatingly blocking one of the beamsand seeingthe particle jump
to one of the foci. For df = � 6 and � 8 �m , the particle was trapp ed close
to one of the beam foci, and � x;y was strongly reduced. Qualitativ ely, 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-�m -diameter PS particle in water. For the solid lines, the
particle is trapp ed in between the two foci, while the dashedparts on either
side of the curves indicate trapping near one of the foci. At df = � 3 �m , we
seea suddendrop in the lateral trap stiffness,when the particle can no longer
be trapp ed in betweenthe foci.

For relatively small deviations away from df = 0 �m , the lateral stiffness
does not change much. Related to this is the independenceof the lateral trap



8.3. Results and discussion 125

F
 / 

P
[ p

N
 / 

W
 ]

Distance between foci [ ]mì

Tr
ap

 s
tif

fn
es

s 
k 

[ p
N

 /
]

mì

Axial distance Z [ ]mì

Distance between foci [ ]mì Lateral distance X [ ]mì

F
 / 

P
[ p

N
 / 

W
 ]

Tr
ap

 s
tif

fn
es

s 
k 

[ p
N

 /
]

m
 / 

W
ì

a

c

b

d

-10 -8 -6 -4 -2 0 2
0

10

20

30

40

50

Measured stiffness (PS 2.17)
x
y

-4 -3 -2 -1 0 1 2 3 4
0

1000

2000

3000

4000

lateral stiffness
axial stiffness

-4 -2 0 2 4
-1000

-500

0

500

1000 cp
sb

-2 -1 0 1 2

-2000

-1000

0

1000

2000 cp, d = 0
sb, d = 472 nm

Fig. 8.4: Measured and calculated data for a 2.17-�m -diameter PS particle in water.
(a) Measured lateral trap stiffness for varied distance df between the foci.
Negative values indicated that the inverted focus was located above the up-
right focus. (b) Calculated dependenceof the axial and lateral trap stiffnesses
on df . The dashedparts in the curve indicate the stiffness when the particle
is not trapp ed in betweenthe two foci, but near or at one of the two foci (for
df 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 �m for cp and 0.47 �m for sb).

stiffness for this particle on whether a single-beam trap is used or counter-
propagating tweezers,even though the particle is trapp ed at a considerable
distance from the focus when trapp ed in single-beam tweezers.In Figure 8.4d,
the calculated lateral force perpendicular to the beamaxis is plotted for a 2.17-
�m -diameter PS particle in counter-propagating tweezers(trapping at z = 0
�m ) and in a single-beam gradient trap (z = 0:47 �m ). For high-refractive
index titania particle (1.1 �m in diameter) we find similar results, in that for
small misalignments along the beamaxis, the trap stiffnessdoesnot differ much.
For a misalignment of 0.45 �m we calculated a differenceof 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 df between the foci, though, does
increasethe axial stiffness for both positive and negative df (Fig. 8.4b). The
axial force (Fig. 8.4c) does not have its steepest part at df = 0 �m , and by
sliding the beamswith respect to each other, trapping can take placewith high
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trap stiffness.
The exact shape of the trap stiffness dependenceon df , is affected by the

sizeand index of the particle and by the trapping beams. However, Figure 8.4
indicates that by tuning the parametersof the setup, featureslike the axial trap
stiffnesscan be optimized.
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Fig. 8.5: (a{c) Calculated axial trapping force Fz along the beamaxis for gold particles
in a single-beam (sb) gradient trap. Results for three beam waists are shown:
! 0 = 3.0 mm (
 = 1.74), ! 0 = 4.8 mm (
 = 1.09), and ! 0 = 6.0 mm (
 =
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(! 0 = 4.8 mm). The trap stiffnesses� z are 43, 121,
and 317 pN/ �m /W, for the 100-nm, 140-nm, and 200-nm-diameter particle,
respectively.

8.3.4 Numerical aperture dependenceof 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 stressedthe importance of only
slightly overfilling the back aperture of the objective, and not loosing the tails
of the Gaussianbeam at any other optics.

The high effective NA of a trapping beam,necessaryto createa 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
laserbeam. The filling of the EP is expressedin the parameter 
 (seeAppendix,
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Section 8.5). When overfilling (the 1/e2-beam waist larger than the radius of
the opening at the back of the objective), lesslaser power enters the objective.
However, the intensity at the edgeof the EP is increasedas compared to the
maximum intensity, increasing
 . For underfilling of the objective, the effective
NA of the trapping beam and 
 are decreased.

To investigate the dependenceof 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/e2-beam waists ! 0. We usedthe parametersvalid for
our experimental setup with water-immersion objectives (! 0 = 4.8 mm, 
 =
1.09), and for underfilling (! 0 = 3.0 mm, 
 = 1.74) and overfilling (! 0 = 6.0
mm, 
 = 0.87) of the objective. The opening angle � 0 was 64.5� .

In Figure 8.5a, the results for a 100-nm-diameterAu particle show a stable
axial trapping position for all three ! 0 values. For a 140-nm-diameter gold
particle (Figure 8.5b), however, no trapping position can be found for ! 0 =
3.0 mm. In Figure 8.5c, 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 Hansenet al. [34]. In general, the calculations show a
better trappabilit y 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-immersionobjective. The lensesand laser
beamusedare comparablewith our tweezerssetup, and we have no explanation
for the differencein trapping abilit y.

Wewereableto trap the 200-nm-diametergold particles in counter-propagating
optical tweezers,with water-immersion objectivesaswell aswith oil-immersion.
We useda laserpower of 100mW , measuredbeforeentering the objectives. The
calculated trapping forcesin counter-propagating traps using water-immersion
objectives, are plotted for the three sizesof gold particles in Figure 8.5d. All
three particles have a stable trapping position at the position of the overlapping
foci. The trap stiffnessesare 43, 121, and 317 pN/ �m /W for the 100-nm, 140-
nm, and 200-nm-diameterparticles, respectively. Compared to the result for a
200-nm-diameter PS particle under the sameconditions (� z = 36 pN/ �m /W,
data not shown), this is a factor > 8 enhancement of the trap stiffness.

By using counter-propagating tweezersto trap gold particles, a lower laser
power is neededto obtain the sametrap stiffness as compared to single-beam
tweezers.Recently , Seol and colleagues[35] demonstrated local heating of 266
� C/W, for a 100-nm-diameterAu particle in water, using a 1064-nmlaserbeam.
Therefore, the counter-propagating trapping of gold particles with low laser
power can be advantageousto limit laser heating.
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8.4 Conclusionsand outlook

Wehaveexperimentally demonstrateda > 3� increasein lateral trap stiffnessfor
high-refractive index 1.1-�m -diameter titania particles as comparedto 1.4-�m -
diameter silica particles. Due to their high index, these titania particles could
not be trapp ed in single-beam gradient traps. In addition, we calculated the
stiffnessdependenceof a 2.17-�m -diameter PS particle and a 1.1-�m -diameter
titania particle in counter-propagating tweezerson the distance df betweenthe
two foci, showing that for small misalignments along the beamaxis, the changes
are moderate. The limited changein the lateral trap stiffness is also seenwhen
comparing trapping in single-beam and in counter-propagating beam traps for
a 2.17-�m -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 dependenceof the trappabilit y of
different sizesof gold particles on the effective NA of the trapping beam; when
overfilling more, gold particles of larger sizescan be trapp ed. The calculated
trap stiffnessof gold particles in counter-propagating tweezersindicate a factor
> 8 enhancement ascomparedto a PS particle, for a diameter of 200nm. When
trapping gold particles, local heating has to be taken into consideration.

The absolute difference between calculated and measured stiffnessesare
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 considerabledifference in trap stiffness for compa-
rable circumstances,is an indication of the importance of (individual) objective
lens properties.

In conclusion,we showed different aspectsof the dependenceof 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 examplein maximum
axial or lateral stiffness,for the desiredapplication. Accurate calculations of the
forceson particles in optical tweezersarean important tool in the understanding,
and tuning, of optical trapping.

Maximizing the trapping stiffness finds its use in bio-physical experiments
wherehigh forcesare expected. We alsoplan on investigating the possibilities of
using silicon particles. A 1-�m -diameter Si (n=3) particle, for example,has an
expectedlateral trap stiffnessof 6.2pN/ �m /mW, comparedto 1.0pN/ �m /mW
for an equal-sizedPS particle. The Si particles can be coated with silica, and



8.4. Conclusions and outlook 129

subsequently functionalized.
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8.5 Appendix | Determining the parameters
 and ! 0

The parameters that are used in the calculations of Neto and Nussenzveig [24]
are the wavelengthof the laserbeam� , the radius of the particle r , the refractive
index of the particle np and of the medium nm . Usually, the Gaussian(TEM 00)
transverse laser mode is used for optical trapping. In the calculations, the
trapping beam is parameterizedby 
 , a measurefor the form of the truncated
Gaussianbeam that enters the objective and is focusedinside the sample,and
by � 0, the opening angle of this focusedbeam inside the sample.

To determine 
 , we look at the radial intensity I of a Gaussianbeam,which
varies as [36]:

I (r ) = I 0 exp(� 2r 2=! 2
0); (8.6)

where I 0 is the intensity on the axis, and r is the radial coordinate. The beam
waist ! 0 is the radius of the beam at the 1/e2 -point. For a beam truncated by
a centered circular aperture with radius R, the power P is given by:

P =
Z R

0
2� I 0 exp(� 2r 2=! 2

0)r dr; (8.7)

yielding:

P = Ptotal (1 � exp(� 2R2=! 2
0)) ; (8.8)

with Ptotal 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(� 2R2
o=! 2

0); (8.9)

with Ro the radius of the opening at the back of the objective.
In an optical tweezerssetup, the trapping laser enters at the back of the

objective. Inside, the light is focusedonto the back aperture at the back focal
plane (BFP), to be then further focusedinside the sample. This back aperture
is known as the exit pupil (EP) with radius RE P , and the beam entering the
objective is focusedonto it by a factor of, approximately, RE P =Ro. The beam
at the EP will have a beam waist ! E P given by:

! E P = (RE P =Ro)! 0; (8.10)

and for 8.9 we can now write:

A = 1 � exp(� 2R2
E P =! 2

E P ): (8.11)

The radius RE P is given by:

RE P = NAf ; (8.12)
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in which the focal length f is the ratio of the referencefocal length, or tube
length, L to the magnification of the microscope objective M :

f = L=M ; (8.13)

while the numerical aperture NA can be written as:

NA = nm sin � 0; (8.14)

where nm is the refractive index of the medium, and � 0 is the opening angle of
the focusedbeam. This givesfor Eq. (8.11):

A = 1 � exp(� 2(nm (L=M )=! E P )2 sin2 � 0): (8.15)

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

AN eto = 1 � exp(� 2
 2 sin2 � 0); (8.16)

we find for 
 :


 = nm (L=M )=! E P : (8.17)

Thus, for 
 , 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 nm L=M , and that
the beam waist is defined at the position of the EP.
Combining Eqs. (8.10), (8.12), (8.13), and (8.17), we can write:


 = (nm Ro)=(NA ! 0): (8.18)

From Eq. 8.18, we seethat not only the NA of the objective influences
 , and
thus the trapping efficiency, but also the radius Ro of the opening at the back
of the objective. To illustrate this, we look at the calculated trapping efficiency
Q for silica core-shellparticles, with a 772-nm-diameterPS core (np = 1.6, size
parameter � is 3.305) in a medium with nm = 1.45 [37]. For four objectives
(seeTable 8.2), we calculate 
 and � 0 for a �xed beam width ! 0, and use this
to determine the axial trapping efficiency Q. This is done for a Leica DM IRB
microscope, which has a referencefocal length L of 200 mm. In Figure 8.6 the
axial trapping efficiency is plotted for all four objectives. We seethat even for
the two 1.4-NA objectives,the efficiency differs, and that for the 63� objective,
the trap stiffness � is a factor 0.75 that of the 100� objective.
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Fig. 8.6: Graphs

When the NA of an objective exceedsthe refractive index of the medium (NA
> nm ), the outer rays, will undergo total internal reflection (seealsoSection3).
This has to be taken in consideration when applying Eqs. (8.14) and (8.18).
Merely taking NA = nm will not be representativ e for the rays in the specimen.
In thesecases,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 
 and � 0 for the oil immersion objectiv esused, with L=200 mm,
�xed beam width ! 0=2.8 and nm =1.45, for given NA, M , calculated RE P ,
and measuredRo .

Objective NA M RE P Ro 
 � 0

PL APO 100� 1.40 { 0.7 1.4 100� 2.80 3.4 1.26 74.9
PL APO 63� 1.40 1.4 63� 4.44 5.25 1.94 74.9
HCX PL APO 63� 1.32 { 0.6 1.32 63� 4.19 4.75 1.86 65.6
HCX PL APO 40� 1.25 { 0.75 1.25 40� 6.25 6.5 2.69 59.5
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SUMMARY

This thesis dealswith various aspects of the optical trapping of high-refractive
index particles. With a tightly-fo cusedsingle-beamlasertrap, alsocalledoptical
tweezers, particles of a few nanometersup to several micrometers in sizecan be
trapp ed and manipulated. The sizeand refractive index of such colloidal parti-
clesare of in
uence on the optical forcesexerted on them in the trap. A higher
refractive-index di�erence betweena particle and the surrounding medium will
increasethe forces. The destabilizing scattering force, however, increasesmore
than the gradient force. As a consequence,particles with a certain refractive
index cannot be trapp ed 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 laserbeam,wecreatedcounter-propagating
tweezersin which the scattering forces in the axial direction were canceledand
high-refractive index and metallic particles could be trapp ed. In Chapter 4 of
this thesis, we used the counter-propagating trapping to pattern surfaceswith
high-refractive index particles. The samplecell wasmounted on a high-accuracy
piezostagecombined with a long-rangestageand motorized actuators. Because
we usedmicroscopy imageanalysisof the patterned structure to accurately �nd
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 separatereservoir of a mixture of (high-index) particles, and, one-by-one,
position them at the chosenlocations.

In Chapter 5, wecreatedmultiple counter-propagating traps by time-sharing
the laser beam using acousto-optic de
ectors. We trapp ed an array of high-
refractiveindex particles, and by changingthe positionsaddressedby the acousto-
optic de
ectors, were able to move those particles individually . In Chapter 6,
such a dynamic array of counter-propagating tweezerswas 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 usedto pattern surfacesand create more complex structures.

The forces exterted with counter-propagating tweezersare 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 objectiveswas
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combined with quadrant photodiodeposition detection. This enabledforcemea-
surements employing high-index particles, and the useof a separatelaser 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 dimensionson particles in the tightly-fo cusedGaussianlaser beam.

In addition to counter-propagating trapping, we demonstrate the useof 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 trapp ed
inside a bulk of index-matched particles to induce colloidal crystallization. The
effects of the trapp ed 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 consequencesfor both trapping and imaging.



SAMENVATTING

Licht is in staat om eenkracht 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 oefeneneen kracht uit op het
deeltje.

In 1969realiseerdeArth ur Ashkin zich dat dekracht die eenenkel lichtdeeltje
{ eenfoton { uitoefent heelklein is, maar dat met eenlaserbundelde kracht van
alle fotonen samengroot 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 laserbundelskleine 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 nanometerstot een paar micrometer groot
te manipuleren, en dit is wat we nu optical tweezers, eenoptisch pincet, of een
optical trap, eenoptische 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
gefocuseerdelaserbundelin eenmicroscoop ondervindt eendergelijk deeltje dus
altijd eenkracht gericht naar het focus van de laser, omdat daar de intensiteit
hogeris. De kracht ten gevolgevan de verstrooiing van het licht duwt het deeltje
echter vooral in de richting die het licht van de laserbundelopgaat.

Voor een groter verschil in brekingsindex tussen het deeltje en het omrin-
gendemedium zijn ook dezeoptische krachten groter. De destabiliserendever-
strooiings-kracht wordt echter snellergroter 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 laserbundelkan worden uitgeoefend.

In dit proefschrift worden verschillende aspecten van het vastpakken van
hoge-brekingsindex-deeltjesbehandeld. Wij demonstreren een experimentele
opstelling waarin twee microscoopobjectieven tegenover elkaar zijn geplaatst.
Door de laserbundel te splitsen pakken we de deeltjes van tweekanten 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 deeltjesmet eenhogebrekingsindex. Het monster wasvastgemaaktop een
piezo-translatietafel, voor verplaatsingenmet eenhogenauwkeurigheid, terwijl
eentweedetafel met motors werd gebruikt voor de verplaatsingenover langere
afstand. Doordat we het microscoopbeeld gebruikten om heel nauwkeurig de
beginpositie terug te vinden konden we het monster over grote afstandenvanaf
de positie waar we plakten verplaatsen. Hierdoor konden we deeltjesselecteren
uit eenverzamelingvan verschillende deeltjes,en zeeenvoor eenop de gekozen
posities plaatsen.

In Hoofdstuk 5, hebbenwemeerdereoptischevallen van tweekanten gemaakt
door de laserbundelin de tijd te verdelenmet behulp van acoustisch-optischede-

ectoren. We hebben eenreeksvan deeltjesmet eenhogebrekingsindexvastge-
houdenen dezedeeltjesten opzichte van elkaar verplaatst. In Hoofdstuk 6 werd
eendergelijke dynamische reeksvan optische vallen gebruikt om eenzinkoxide
staafje met eenhogebrekingsindex vast te houden in drie dimensies.Wij laten
zien dat de staafjes op dezewijze kunnen worden verplaatst in alle richtingen
en geroteerdin het focusvlak van het objectief. De staafjeskondenniet worden
vastgehoudenmet eenlaserbundelvan eenkant. De manipulatie van halfgeleider
nanodraden kan worden gebruikt om patronen op oppervlakken en complexere
structuren te maken.

De krachten die worden uitgeoefendmet eenoptisch pincet van tweekanten
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 eenkwadranten-fotodiode. Hiermeekon de
positie van deeltjes met een hoge brekingsindex worden bepaald. Doordat we
eenaparte laser gebruikten voor de positiebepaling kon dit gecombineerd wor-
den met het in de tijd verdelenvan de laserbundelvan het pincet. De toename
van de kracht die verwacht kan worden met het gebruik van deeltjes met een
hogeindex hebben we onderzocht en berekend in Hoofdstuk 8.

Behalvevoor het vasthoudenvan deeltjesvan tweekanten, hebbenwedecon-
�guratie van tweeobjectieven tegenover elkaar ook gebruikt om met het boven-
ste objectief deeltjes vast te houden en tegelijkertijd met het andere objectief
beeldenop te nemenin drie dimensiesmet confocale 
uorescentie microscopie.
In Hoofdstuk 2 laten we zien dat deeltjesmet eenhoge-indexkern konden wor-
den vastgepakt in eenverzamelingvan deeltjeswaarvan de brekingsindexgelijk
was aan die van de omringende vloeistof. Op dezelaaste deeltjes werden geen
optische krachten uitgeoefendomdat er geenverschil in brekingsindex was. De
e�ecten van de vastgehoudendeeltjes op de deeltjes eromheenkonden worden
afgebeeld in drie dimensies.Als er eenverschil in brekingsindex is tussende 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 dezesferische aberraties en bespreken we de gevolgen hiervan voor
het afbeeldenen voor het vasthoudenvan deeltjes met eenlaserbundel.
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