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Preface

This thesis has been submitted to the Graduate School of Science and
Technology (GSST) at Aarhus University, in order to fulfil the require-
ments for obtaining the PhD degree. The studies presented was con-
ducted at the Department of Physics and Astronomy between August
2008 and November 2012 under the supervision of Professor Henrik Sta-
pelfeldt, Department of Chemistry.

During my PhD I have been one of the driving forces in establishing
an optical trapping laboratory in Aarhus. My dear colleague Martin V.
G. Kristensen and I where the first PhD students working with the trap-
ping setup, which was installed little less than a year before the start of
our PhD studies. Bringing optical trapping to Aarhus is a joint venture
of the Femtolab group, headed by Professor Henrik Stapelfeldt and Pro-
fessor Søren Rud Keiding, at Aarhus University and the Programmable
Phase Optics (PPO) group, headed by Professor Jesper Glückstad, at
the Technical University of Denmark. The purpose of the collaboration
is to join the optical trapping expertise of the PPO group with the spec-
troscopical expertise of the Femtolab group. The first experimental aim
was to differentiate between two morphological identical types of yeast,
on the basis of their CARS-spectra, and use the optical trap for sorting.
Considerable effort was put into the optimization of the spectroscopic
technique, however, no notable difference of the spectra of the two yeast
types was found.

In the following period optical manipulation of protein crystals was
attempted in collaboration with Dr Frank von Delft and Dr Martin Booth
from the University of Oxford. The experiments were predominantly
successful but raised a series of questions regarding the capabilities of
the setup and the optical forces exerted on the crystals. In order to
answer them we realized that it was necessary to carry out a detailed
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characterization of the setup.

The main theme of this thesis is the characterization of our optical
trapping setup. The findings that mechanical noise was influencing the
characterization motivated a redesigning of the setup and, through that,
the construction of the current optical trapping setup. The decision to
carry out the rebuild was further motivated by the desire to perform
certain upgrades to the existing setup. In this thesis the current setup is
explained in detail, and in the context of the design and features of the
initial setup.

In one of the first applications of the current setup I successfully
post-eliminated thermal noise in an experiment using nanosecond laser
pulses to perform pulsed manipulation of a trapped bead. Furthermore,
I tested a model for the pulsed motion power spectrum which provided
a measurement of the push force.
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Outline of the Thesis

Chapter 1 A brief overview of some applications of optical trapping
is given and the contents of the thesis are introduced.

Chapter 2 By means of a simple geometric optics picture this theo-
retical chapter explains how optical trapping is possible. Furthermore,
the forces acting on an optically trapped particle are introduced and
methods for characterizing the optical forces are described.

Chapter 3 The initial experimental setup is introduced.

Chapter 4 Three experimental investigations conducted in the first
half of my PhD is described. This include the use of CARS (and P-
CARS) spectroscopy to differentiate between two types of yeast cells,
the manipulation of protein crystals, and the initial characterization of
the optical trap. The last section of this chapter address problems with
noise in the initial setup.

Chapter 5 The current experimental setup is described in detail and
methods for data processing and setup operation, is provided.

Chapter 6 The three dimensional characterization of an optical trap
holding a 10 µm polystyrene bead is presented. Furthermore, this chap-
ter provide the simultaneous characterization of three such traps and
an investigation of the dependance of the trap stiffness on the distance
between the two foci of the counter-propagating beams.
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Chapter 7 In this chapter it is shown how the periodicity and careful
timing of an experiment can be used to effectively eliminate thermal noise
in the post-processing of data. In addition to this a pulsed version of the
standard power spectrum model is used to determine the force amplitude
of the laser pulses that provide the periodicity of the experiment.

Chapter 8 In this last main chapter the future perspectives of optical
trapping in Aarhus are considered.
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1
Introduction

In the past the concept of optical trapping, to hold and move around
objects with light, was nothing but a figment of a science fiction writer’s
imagination. Nowadays optical trapping is considered to be a versatile
and essential tool in many scientific fields. In this chapter an introduction
to the field of optical trapping and the work presented in this thesis is
given.

As will be described in more detail in the subsequent chapter light
carry momentum and has the ability to exert forces. In a common sce-
nario, defined, among other things, by its shape and refractive index, a
particle will be pushed along an incident laser beam and pulled towards
the most intense part of that laser beam. This physical property of light
makes optical trapping possible.

Optical trapping by two counter-propagating laser beams was re-
ported in 1970 by Arthur Ashkin in the first experimental demonstration
of the ability of light to three-dimensionally (3D) trap a small particle [1].
Over the years other trapping schemes have been demonstrated, includ-
ing the single beam optical tweezers [2], the fiber-optical trap [3], and the
optical mirror trap [4]. In its simplest form the optical tweezers can be
constructed by introducing a single laser beam into an optical microscope
with a high numerical aperture (NA>1) objective. The tightly-focused
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2 Chapter 1. Introduction

beam produced by the high NA objective provides a strong optical trap
but involves a small working distance, from the tip of the objective to
the trapped particle, and a narrow field of view, which hamper some
practical applications. The other schemes mentioned rely on counter-
propagating beams and low NA objectives or, for the fiber-optical trap,
fiber ends sitting opposite to each other. Some of the advantages of traps
based on counter-propagating beams are large trapping volumes [3, 4],
the ability to trap particles with high refractive index (or large particles)
[5], and sideways, i. e. perpendicular to the trapping axis, access to the
probing and monitoring of the trapped particles [6].

The applications of optical traps are diverse and numerous and con-
tribute to important measurements in both physics, chemistry and biol-
ogy. The motivation for using traps stems from their nanometer position
resolution, the force range they address, and their ability to perform
non-invasive studies in cell biology. Some of the pioneering work have
demonstrated the optical trapping of virus and bacteria [7], living cells
[8], organelles [9, 10, 11], metal colloids [12], DNA using a dielectric
particle as a handle [13], and even a single neutral atom [14].

Dielectric beads are ideal test particles and their highly symmetric
shape provide the means for characterizing the optical forces. Therefore,
beads are also the common choice of handle in optical trapping exper-
iments allowing experimentalists to generate known forces in the range
of a few to a few hundreds of picoNewton [15] to, for example, attached
molecular motors in biology [16, 17, 18, 19]. This force range is not eas-
ily accessed with other techniques like atomic force microscopy. Equally
important to the success of single molecule studies are the capability of
optical traps to provide high position stability and sensitivity down to
the sub-nanometer scale [20]

Addressability of the microscopic length scale make optical traps very
useful in microrheology. Rheology is the study of flow properties of flu-
ids and with the optical trap these properties can be studied in situ in
laboratory-on-a-chip devices and within living cells [21]. To probe mi-
croscopic flows [22] and viscosities [23] is crucial to the designing of flow
systems for polymer injection micro-moulding and ink jet printing, and
of laboratory-on-a-chip devices [24]. Studies in this field also contribute
to the validation of computational hydrodynamic simulations. The field
of microrheology, furthermore, include the studies of the elastic and vis-
cous properties of cells. Cell membrane studies have been conducted
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using bead handles [25, 26, 27] and by trapping the whole cell [28]. A
strong motivation for doing rheological studies in biology is the possi-
bility to learn about causes and mechanisms of diseases. In particular,
studies have shown that the elasticity of cells can be used as an indicator
of cell diseases [29]. In addition to this, the optical chirality of trapped
cells have been used for the same purpose [30].

During the years different schemes to produce multiple traps have
been demonstrated. An early strategy was to very quickly shift the beam
position to different locations using acousto-optical deflectors (AOD) [31]
or galvano mirrors [32] which gives rise to a time-sharing of the laser
power between multiple traps. More versatile methods based on spatial
light modulators (SLM) generate dynamic light fields of arbitrary shapes
[33, 34, 35]. These methods enable a higher number of traps, compared
to the time-sharing approaches, since the SLM generated traps are con-
tinuously existing and are not limited by the need to periodically retrieve
the trapped object (subsequent to its release).

Multiple trapping of particles have been used to study the interac-
tions of colloids which contribute to the understanding of colloid sedi-
mentation and aggregation. Measurements have been performed in both
the gas and liquid phase [36, 37, 38].

Optical trapping has been part of the research activities in Aarhus
for only a few years. Shortly after the implementation of the initial
trapping setup the possibility to spectroscopically analyse the trapped
objects, independently of the trapping beams, was demonstrated [6].
From the applications of optical traps described above it is evident that
a detailed knowledge about the trapping setup is essential. In this the-
sis a detailed characterization of our optical trapping setup is presented,
based on the motion analysis of trapped beads and beads sticking to the
sample cuvette respectively. In the process of establishing a methodology
and understanding of the analysis evidence of noise sources was encoun-
tered. These suggested that the noise was influencing our results and,
therefore, led to a complete rebuild of the setup. The current setup will
be described in detail and the sources of noise is considered. The motion
analysis and the rebuild of the setup is concluded with a 3D characteriza-
tion of the optical trap. Furthermore, an experimental strategy enabling
the post-elimination of the thermal noise, using laser pulses to push a
trapped bead, is described. An analytical model of the push dynamics
is presented and from this the force exerted by the laser pulses on the
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bead is determined.
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2
Optical Trapping Theory

The objective of this chapter is to explain how optical trapping is pos-
sible. Furthermore, the forces acting on an optically trapped particle
are introduced and the methods that have been used to characterize the
optical forces in our setup are described.

2.1 Light-Induced Forces

To explain how optical trapping is possible we start by recalling that light
carries momentum. Light consists of photons and each photon carries
momentum p,

p =
h

λ
, (2.1)

where h is Planck’s constant and λ is the optical wavelength. From
everyday life we know that light impinging on a transparent surface is
partly reflected and refracted. For example, a glass of water can create
an artistic light pattern on the kitchen table, and the windows on the
skyscrapers can cast a blinding glint on a sunny day. In both cases the
propagation of the light is changed by the interfaces between air, glass,
and water. Reflecting or refracting light, thus, correspond to changing
the photon momentum. Conservation of momentum implies that the
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6 Chapter 2. Optical Trapping Theory

momentum of the interface is changed and according to Newton’s second
law, F = dp/dt, the photons, thus, exert an optical force on the interface.

F2 F1

z

r1

F2
Fg

F1
Fs

r2

z

r1 r2

(a) (b)

Figure 2.1: Geometric optics description of the forces related to rays r1

and r2 on a spherically symmetric particle in the case of (a) a weakly and
(b) a tightly focused laser beam. In (a) Fg and Fs illustrate the direction
of the resulting gradient and scattering force respectively. Forces related
to the reflected part of rays r1 and r2 are not shown. The particle has a
higher refractive index than the surrounding medium.

In the laboratory the light source is an infrared laser and the interface
is formed by a microscopic particle and the medium it is suspended
in. Figure 2.1(a) shows the geometric optics (GO) description of the
optical forces on a dielectric spherically symmetric particle placed off
axis in a weakly focused laser beam. In the bottom of the figure the
intensity profile of the laser beam is illustrated. Ray r1 and r2 refer to
radiation striking the inner and the outer side of the particle, respectively.
For a particle with a higher refractive index, np, than the surrounding
medium, nm, the rays r1 and r2 propagate as illustrated and exert the
forces F1 and F2, respectively, on the particle. Note that contributions
from the reflected rays, acting to push the particle along the laser beam,
are not shown. Because the intensity of the rays are different so are the
magnitudes of the forces. Traditionally the resulting force is split into
two components; the gradient force, Fg, and the scattering force, Fs.
Fs is parallel to the beam axis and Fg is perpendicular to this. The
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forces stemming from the individual rays contribute to both Fg and Fs.
In the case of a Gaussian beam profile the gradient force points toward
the beam axis. Consequently, the particle will be pulled into the beam
which means that it will be optically trapped in the transversal plane.
The scattering force is parallel to the beam axis and pushes the particle
along the beam.

From Fig. 2.1(a) it is clear that the particle will not be trapped in all
three dimensions unless the scattering force is balanced out. In the single
beam optical tweezers, first demonstrated by Ashkin et al. in 1986 [2], this
problem is overcome by having a tight focus, see Fig. 2.1(b). This gives
the refractive forces, F1 and F2, a significantly component antiparallel
to the laser beam and counteracts a movement of the particle along the
beam. An alternatively approach, also mentioned in the Introduction,
was used by Ashkin when he demonstrated optical trapping of a dielectric
particle for the first time in 1970 [1]. He achieved three dimensional
trapping by having a second beam propagating in the opposite direction.
The same approach is used in our trapping setup.

In this thesis the optical forces will not be calculated and we could
proceed without any further discussion of an analytical description. How-
ever, before we do so the main formalisms used in the field of optical
trapping is mentioned and a few references is given, wherein more infor-
mation on optical force theory can be found.

The GO description of Fig. 2.1 shows how optical trapping is possible.
The GO optical forces are calculated using

dFs =
nm

c
qsdP,

dFg =
nm

c
qgdP,

for the differential scattering and gradient force components respectively.
Here P is the laser power, and qs and qg are geometric factors, contain-
ing coefficients of reflection and refraction and relating the fraction of
momentum transferred from the light rays to a differential area of the
particle surface. Integrating these expressions over the particle surface
gives the resulting scattering and gradient forces. Detailed derivations
of the GO description can be found in the references [39, 40].

The GO formalism is only valid if the particle is much larger than
the wavelength of the trapping laser. If the particle is much smaller, also
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referred to as a Rayleigh particle, it can be treated as a dipole interacting
with the light field. In this case the optical forces are given by [2, 41]

Fs =
nm

c

128π5a6

3λ4

(
m2 − 1

m2 + 2

)2

I0,

Fg =
2πa3

c

(
m2 − 1

m2 + 2

)
∇I0,

where a is the radius of the particle, I0 is the intensity of the light field,
and m = np/nm is the ratio of the refractive indexes of the particle and
the medium.

Many optical trap applications take place in between the GO and the
Rayleigh regimes because the particle size and the trapping wavelength
are similar. In this case the more general description called Mie theory
can be used [42, 43].

2.2 Forces on a Trapped Particle

Throughout this thesis optical trapping will take place in water sus-
pension at room temperature. Therefore, the trapped particles will not
only be governed by the optical forces but will be influenced by thermal
noise and drag. In this section the relevant forces acting on an optically
trapped particle are introduced.

2.2.1 Harmonic Potential

The optical forces essentially create a potential energy well inside of
which a particle can be trapped. For single-beam optical tweezers this
trapping potential is known to be approximately simple harmonic close
to the equilibrium position, with an anharmonic contribution that be-
comes apparent as the particle moves further away [15]. This means that,
for small displacements away from the equilibrium position, the optical
trapping force, Ft, is a linear function of the particle displacement, x.
This is expressed by Hooke’s law,

Ft = −κx, (2.2)

where κ is the force constant, i. e. the trap stiffness, associated with
the optical trap. Theoretical investigations by Rodrigo et al. [44] and
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the experimental characterization of our setup, Sec. 4.3, show that the
harmonic approximation of the trapping force also apply for our counter-
propagating beam-geometry.

Note that in this thesis there is no difference between particle posi-
tion and displacement (unless otherwise noted) as the position is always
considered relative to the equilibrium position of the particle.

2.2.2 Brownian Motion

Although first described in 60 BC by the Roman Lucretius, Brownian
motion is named after the Scottish botanist Robert Brown. In 1827 he
observed a random motion of the water-suspended pollen grains under
his microscope. This motion was later explained by Einstein to be the
product of the enormous number of collisions taking place between the
pollen and the water molecules. For example, the number of collisions
per second for a 10 µm in diameter water-suspended sphere at room tem-
perature is on the order of 1021. Brownian motion is relevant whenever
a microscopic particle is suspended in a fluid (liquid or gas) and, since it
is the thermal energy of the molecules that drives this motion, it is often
referred to as thermal noise. The joint effect of the random collisions
is a stochastic force, ξ(t), acting on the particle. The properties of the
stochastic force can be summarized in the equations [45]

〈ξ(t)〉 = 0, (2.3a)

〈ξ(t1)ξ(t2)〉 = 2kBTγδ(t1 − t2), (2.3b)

sometimes referred to as the first and second moment of the stochastic
force respectively. Here kB is the Boltzmann constant, and γ is the drag
coefficient described in the subsequent section. In words, these equations
state that the average force is zero and that there is no correlation be-
tween the instantaneous forces at two different times. Furthermore, the
stochastic force has a Gaussian distribution given by the properties in
Eq. (2.3).

Without the presence of an optical restoring force the particle on
average travel a distance 〈x〉 away from its starting point in time t [46],

〈x〉 =
√

2Dt. (2.4)
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Assuming that the particle is spherically symmetric the diffusion con-
stant, D [m2/s], can be calculated from known experimental parameters

D =
kBT

6πηa
=
kBT

γ
, (2.5)

where η is the dynamic viscosity [Pa s], and a is the particle radius.
With regards to the trapped particle, the existence of a stochastic

force means that it will continuously be pushed away from its equilibrium
position only to be pulled back by the trapping force.

2.2.3 Stokes’ Drag

The introduction of a (Brownian) motion of the trapped particle gives
rise to a frictional force between the particle and the fluid, i. e. a drag
on the moving particle. For small spherically symmetric particles in a
steadily flowing viscous fluid with a low Reynolds number, Re < 0.1, the
drag force, Fd is given by Stoke’s law,

Fd = −γẋ. (2.6)

Here ẋ is the velocity of the particle with respect to the liquid and γ
is the drag coefficient. When the particle is near a surface, the drag
coefficient depends on the direction of the particle motion relative to
that surface. For motion parallel and perpendicular to a given surface,
the drag coefficients, γ‖ and γ⊥ respectively, are given (to third order)
by [47]

γ‖ = 6πηa

[
1− 9

16

a

d
+

1

8

(a
d

)3
]−1

, (2.7a)

γ⊥ = 6πηa

[
1− 9

8

a

d
+

1

2

(a
d

)3
]−1

. (2.7b)

Here d is the distance between the particle center and the surface. The
second and third terms in the parentheses, called Faxén’s correction, be-
come insignificant as d grows large. Thus, in the bulk the drag coefficient
is isotropic

γ‖ = γ⊥ = γ0 = 6πηa. (2.8)

With typical experimental values, a = 5 µm and d = 125 µm, the correc-
tions of the bulk drag coefficient are γ‖/γ0 = 1.023 and γ⊥/γ0 = 1.047.
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2.2.4 The Langevin Equation

The sum of the three forces, the trapping force, the drag force, and the
stochastic force, equals the total force, Ftot acting on a trapped particle.
This is expressed by the system’s Newtonian equation of motion, the
Langevin equation,

Ft + Fd + ξ = Ftot,

= mẍ,
(2.9)

where m is the mass of the trapped particle and ẍ is the acceleration of
the particle. Due to the low inertia of a microscopic particle, however,
the mass times acceleration term can be neglected. Doing so we arrive
at the modified Langevin equation [48],

ξ = −Ft − Fd,

= κx+ γẋ,
(2.10)

where the expressions for the trapping force, Eq. (2.2), and the drag
force, Eq. (2.2), have been inserted. Note that all force terms are time
dependent and the notation of this was simply omitted for convenience.
As will become apparent in the following section Eq. (2.10) can be used
to derive methods for characterizing the optical trapping force.

2.3 Trap Characterization Methods

In this section the methods used to characterize the optical trapping
force are described. The methods are the drag method, the equipartition
method, the autocorrelation method, and the power spectrum method.

2.3.1 Drag

The basis for the drag method is the modified Langevin equation (2.10).
However, rather than moving the trapped particle at a specific velocity it
is experimentally favorable to move the liquid surrounding the trapped
particle. This means that in Eq. (2.10) the velocity of the particle,
ẋ, is substituted by the velocity of the liquid, vlq (with opposite sign).
Furthermore, the stochastic force, ξ, is ignored when performing drag
method measurements, since the drag and the trap forces are evaluated
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over a long period of time in which case the stochastic force averages
out. The resulting equation of motion reads

κx− γvlq = 0. (2.11)

The primary advantage of the drag method is that it directly probes
the optical trapping force by applying a well defined drag force on the
trapped particle. In this way a displacement of the particle away from its
equilibrium position can be determined as a function of the drag force.
These kind of measurements directly transform into a characterization
of the trapping force as a function of the particle displacement along a
specific axis. From this the degree of harmonic behavior, i. e. the linearity
of the trapping force, can be quantified, see Sec. 4.3.

2.3.2 Equipartition

One of the fundamental statements of classical statistical mechanics is
the equipartition theorem. It states that the thermal energy of a given
system is shared equally between the system’s degrees of freedom. In
fact, as a consequence of the equipartition theorem, all quadric degrees
of freedom1 posses a thermal energy of 1

2kBT . For the particle trapped in
a harmonic optical potential the average mechanical energy is 1

2κ
〈
x2
〉
.

The equipartition theorem, thus, provides a relation between the trap
stiffness and the measured particle position,

κ =
kBT

〈x2〉
. (2.12)

A consequence of the equipartition theorem is, furthermore, that the
particle position is Gaussian distributed with σ2 = kBT/κ. This can be
understood by considering the Boltzmann distribution [49]

PD(x) = K exp

(
−U(x)

kBT

)
,

= K exp

(
−κx2

2kBT

)
, (2.13)

1If a system’s mechanical energy is proportional to the squared property, e. g. the
position, of a given degree of freedom, that degree of freedom is said to be quadric.
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where PD(x) is the probability distribution of the particle position, K
is a normalization constant, and U(x) = 1

2κx
2 is the potential energy of

the particle at a given position in the harmonic trap.

In practice the position distribution is influenced by the detection
system, which in our case is a camera, and Eq. (2.13) fails to describe
the measured probability distribution correctly. While the camera is
open the particle undergo rapid stochastic motion which blur the images
of the particle. Consequently, the position of the particle is averaged
over the camera exposure time, W = 1.5 ms. This averaging makes it
impossible to resolve the extreme positions and in general acts to draw
the measured position towards the trap center. Following the work of
Wong and Halvorsen [50] the variance, σ2

meas, of the position distribution
is, thus, corrected for motion blur. The blur correction is defined in terms
of α = W/τt, the ratio between the exposure time and the characteristic
relaxation time of the trap, τt = γ/κ. In our case the trap is weak and
α < 1 making the correction well determined by the first few orders of
the Taylor expansion of Eq. (7) in [50]. We obtain the blur-corrected
variance

σ2
meas '

kBT

κ

(
1− α

3
+
α2

12

)
. (2.14)

The trap stiffness is, then, determined by fitting the position histogram
of a particle in a stationary trap with the blur-corrected probability
distribution

PDmeas = K exp

(
−x2

2σ2
meas

)
. (2.15)

The beauty of the equipartition method is that no knowledge of the
viscosity of the medium is required. Since the variance is positive by
definition, however, any influence of mechanical noise or drift on the
particle position will serve to increase the measured variance and lead
to an underestimation of the trap stiffness. On the other hand, low pass
filtering of the position, in an attempt to remove the effect of mechanical
drift, may lead to an underestimation of the variance and, thus, an over-
estimation of the trap stiffness. The smaller(larger) the variance(trap
stiffness) is the more sensitive the equipartition method is to mechanical
noise.
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2.3.3 Autocorrelation Function

From the time dependent particle position the position autocorrelation
function, defined by

〈x(t+ τ)x(t)〉 =

∫ ∞
−∞

x(t+ τ)x(t)dt, (2.16)

with the lag time τ , can be calculated. In our case, with a Brownian par-
ticle trapped in a harmonic potential, it can be shown that the analytical
expression for this function is [51, 52]

〈x(t+ τ)x(t)〉 =
〈
x2
〉

exp

(
− τ
τt

)
. (2.17)

The trap stiffness is obtained by fitting Eq. (2.17) to the measured
position autocorrelation. As it turns out, however, the time dependence
of the autocorrelation function provides a more precise determination of
the trap stiffness than the amplitude, i. e. the variance in Eq. (2.12),
does [53]. For this reason the variance is substituted by an arbitrary
κ-independent amplitude in Eq. (2.17) when this is fitted in the data
analysis.

2.3.4 Power Spectral Density

So far, three different approaches to trap characterization in the time
domain were considered. In this section we turn to the spectral domain
and describe the power spectrum method.

The spectrum, X(f), of the particle position, x(t), is derived from
the Fourier transform of the modified Langevin equation, Eq. (2.10),

ξ(f) = κX(f)

(
1 + i

f

fc

)
. (2.18)

This result is obtained by using the relation, Ẋ(f) = i2πfX(f), between
the Fourier transform of the speed, Ẋ(f), and the position respectively.
The corner frequency, fc, is related to the trap stiffness,

fc =
κ

2πγ
, (2.19)
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and defines the main characteristic feature of the spectrum which falls
off when f > fc.

In principle, X(f) is immediately determined by Eq. (2.18), however,
its stochastic nature makes it impractical to use for fitting in the anal-
ysis of experimental data. Instead, the expectation value of the power
spectral density (PSD) is calculated [45, 48, 54],

〈P (f)〉 =
〈X(f)X∗(f)〉

tmsr
, (2.20)

=
1

tmsrκ2

〈
ξ2(f)

〉
1 + f2

f2c

,

=
1

2π2

D

f2
c + f2

. (2.21)

To arrive at this result we inserted the Fourier transform of Eq. (2.3b),
〈ξ(f1)ξ(f2)〉 = 2kBTγδ(f1 − f2)tmsr. The expression was simplified by
substitution of D, defined in Eq. (2.5). Note that in the literature an
extra factor of two sometimes occur because the one-sided, as opposed
to the two-sided, power spectrum is used [55].

The power spectrum in Eq. (2.21) is a Lorentzian. In practice the
shape of the power spectrum is influenced by experimental factors. Two
important ones are the finite acquisition rate (frame rate) and the finite
acquisition speed (exposure time) of the detection system. For a given
acquisition rate only spectral components smaller than the Nyquist fre-
quency, fNy = fsample/2, can be measured. As a consequence aliasing
of frequency components outside and inside the measurable frequency
range fold (add up) and the real PSD is overestimated. To account for
this the theoretical power spectrum is corrected with an aliasing filter
[45],

P (aliased)(f) =

∞∑
n=−∞

P (f + nfsample). (2.22)

When a camera is used to monitor a trapped particle a finite exposure
time is needed to acquire sufficient light for imaging. As mentioned
above, this gives rise to an averaging effect on the observed particle
position. Consequently, the fast motion, i. e. the high frequency power,
is underestimated and to account for this the theoretical power spectrum
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is corrected with a moving average filter [50],

P (blur)(f) = P (f)

(
sin(πWf)

πWf

)2

. (2.23)

In addition to the aliasing and the blur corrections, all position detec-
tion systems have an limited precision which give rise to a perturbation
of the measured power spectrum. Assuming that this perturbation is
independent of f , a position error with variance ε2 will produce a white
noise level of ε2/fsample. Including the correction for aliasing, blur and
position error the model for the average measured two-sided power spec-
trum becomes [56]

P (f) ≡
〈
P (meas)(f)

〉
=

∞∑
n=−∞

[
1

2π2

D

f2
c + f2

n

(
sin(πWfn)

πWfn

)2
]

+
ε2

fsample
,

(2.24)
where fn = f +nfsample. For real finite measurements summation over a
finite number of n-values suffice (we use |n| ≤ 3) [56]. The trap stiffness
is determined by fitting this expression to the measured power spectrum
and using Eq. (2.19) and (2.5),

κ =
2πkBTfc

D
. (2.25)

The power spectrum method do not require the position detection
to be calibrated. Like in the autocorrelation method it is the time de-
pendence of the position that is investigated and the trade-off is that
the viscosity must be known. A great advantage of the power spectrum
method is the ease with which mechanical noise can be identified as spec-
tral peaks and excluded from the data analysis. On the other hand, the
power spectrum method require temporally long data series if the trap
stiffness is low, i. e. if fc is low. For a low corner frequency to be well
described in the spectrum the spectral resolution (df = 1/tmsr) must be
high and, thus, the measuring time must be long. Measuring times are,
however, not to be chosen freely as the effects of mechanical drift in the
experimental setup become important if the measuring time is long [57].

Fitting the Power Spectrum

In this chapter it was described that the random motion of a trapped
particle gives rise to a Gaussian (normal) distribution of positions. This
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is not the case for the PSD which is proportional to the squared position
and hence is exponentially distributed [45]. These consideration become
important when the power spectrum is fitted. An exponential distri-
bution precludes the use of standard least squares fitting algorithms as
these assume the data points to be normally distributed with a corre-
sponding normal variance. The exponential distribution of the variable
u,

PD(u) =
1

λ
exp

(
−u
λ

)
, (2.26)

has the expectation value λ and the variance λ2. In the case where u is
the power spectral density λ is, thus, given by Eq. (2.24).

It is common to use the central limit theorem to enable least squares
fitting. The central limit theorem states that the mean of a sufficiently
large number of independent random variables, each with finite mean
and variance, will be approximately normally distributed. Following this,
normally distributed data values can be obtained by blocking data points
on the logarithmic scale before fitting, i.e. averaging over exponentially
growing frequency intervals of nb data points. The blocked data can,
then, be fitted using least squares and weighing the data with the stan-
dard deviation of the blocked data points,

σb

(
P (meas)

avg (favg)
)

=
P (favg)
√
nb

.

Here P (meas)(f) is the measured (not model) power spectrum and avg
denotes the average over a given block. A detailed description of the
blocking approach is given in the article by Berg-Sørensen and Flyvbjerg
[45].

In our trapping system the traps are weak and the corner frequency
is in the range of 1 Hz. To have sufficient data points to be able to
block data at such low frequencies the measuring time would have to be
extremely long. Assuming a block size of at least 100 data points and
the number of blocks below fc to be ten, then the measuring time should
be tmsr = 1000 seconds. Instead of blocking we, therefore, make a max-
imum likelihood estimation on the raw non-averaged data based on the
exponential distribution in Eq. (2.26). In words, we maximize the prob-
ability of getting the measured power spectrum, with N exponentially
distributed data points, given the expectation value P (f, fc, D) in Eq.
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(2.24). The optimization parameters are fc and D and the probability
of the measured power spectrum, to be maximized, is

N∏
i=1

[
1

P (fi, fc, D)
exp

(
−
P

(meas)
i (fi)

P (fi, fc, D)

)]
, (2.27)

where P
(meas)
i (fi), with fi < fNy, is the measured power spectrum, dis-

cretized by the finite measuring time. For numerical reasons (it is better
to add small numbers than multiply them if a significant result is to be
obtained) this problem is rephrased into the problem of minimizing the
negative logarithm of Eq. (2.27),

min

{
N∑
i=1

[
ln(P (fi, fc, D)) +

P
(meas)
i (fi)

P (fi, fc, D)

]}
. (2.28)

From the optimized values of fc and D the trap stiffness is determined
by Eq. (2.25)
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3
Initial Experimental Setup

The initial setup was installed in our laboratory at Aarhus University in
October 2007. The illustration in Fig. 3.1 shows the overall principle
of the system. An infrared laser beam is spatially modulated by the
laser modulation module (LMM) to give two beam patterns. The beam
patterns are relayed along two separate paths and overlapped within the
sample cuvette in a counter-propagating geometry. In this chapter a brief
description of the setup is given. A detailed description of the current
experimental setup is provided in Ch. 5.

3.1 Laser Modulation Module

Due to proprietary rights the exact specifications of the initial LMM
can not be provided (details on the current version of the LMM can
be found in Sec. 5.1). The LMM generates the laser beams used for
trapping by shaping the unpolarized TEM00 mode of an infrared fiber
laser (IPG, YLM-20-SC, 20 Watt cw, 1065.5 nm). Inside the LMM a
spatial light modulator (SLM) enables the possibility to choose the shape
of the output beam, the beam pattern. The SLM is addressed using a
homemade LabVIEW program and with this the beam pattern can be

19
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changed in real time. For spherically symmetric particles, beam patterns
consisting of circularly symmetric disc-shaped intensity profiles are used.
Furthermore, to accommodate the counter-propagating beam geometry
of the trapping setup the LMM automatically produces a second pattern
that is the mirror image of the first one. Then, the patterns match when
the traps are formed by making the counter-propagating overlap in the
sample cuvette.

3.2 Trapping Module and Detection System

Trapping module refers to the optics relaying the trapping beams to the
sample cuvette. Care is taken to relay the beam patterns coming out of
the LMM without perturbing them and introducing abberations. This is
realized in each beam path by placing relay lens L1 and L2 and trapping
objective 1 and 2, respectively, in a 4f configuration. The focal lengths
of the relay lenses and the trapping objectives are 400 mm and 3.6 mm
respectively. The only difference between the original beam patterns and
the images created in the sample is the combined magnification of lens
and objective, M = 0.009.

From the theory of optical trapping, described in Sec. 2.1, it is evident
that the intensity gradient of the light is important to realize stable op-
tical trapping. As a consequence, the patterns consisting of disc-shaped
beams are not expected to be ideal. However, when propagated a few
tens of micron (assuming a 10 µm disc) the disc-shaped intensity profile
becomes Gaussian-like. This is because each disc imitates an aperture
illuminated by a plane wave, and in the far field this has diffracted into
an Airy disc pattern [44, 58]. Indeed, what we measure in Sec. 4.3
is that the traps produced by the disc-shaped beams are harmonic for
small displacements of the trapped bead, which is exactly what is ex-
pected for a Gaussian trap. In practice, the disc separation (DS in units
of µm optical path length) is increased by displacing objective 1 away
from objective 2. Trapping is realized when the scattering forces of the
two counter-propagating beams cancel out and the particle is positioned
approximately midway between the two discs. The optimum disc sepa-
ration depend on the diameter of the trap; the wider the laser beam the
further it has to propagate before it becomes Gaussian-like.

The last mirrors before the beams reach the objectives are dichroic
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Figure 3.1: Schematics of the initial experimental setup consisting of
a fiber-based IR laser, a spatial laser modulation module, optics for
the counter-propagating geometry, trapping objectives (1 and 2), and
a CCD camera for monitoring of the trapped particles or the trapping
beams. The beams are named by their direction relative to the camera.
Nomenclarure: M - mirror, L - lens, D - dichroic mirror, LW - lens wheel,
FW - filter wheel.

(D1 and D2 in Fig. 3.1). These mirrors reflect the laser beams while
allowing the illumination (Schott, KL 2500 LCD, AC light source) com-
ing from behind dichroic mirror D1 to pass through the sample cuvette.
This enables imaging of the trapped particles on the CCD camera (Pul-
nix TM-1327 GE, < 30 fps at 1392×1040 pixels2, pixel size 6.45×6.45
µm2). For alignment purposes, however, the image plane of the camera
is overlapped with the focal plane of objective 2 (the responsible lens is
not shown in Fig. 3.1) and not with the position of the trapped particles.
To accommodate this, additional lenses (sitting in a filter wheel, LW in
Fig. 3.1) are introduced during experiments to adjust the position of
the image plane of the camera. In addition to the correcting lenses a
filter wheel is placed in front of the camera containing two filters: An
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illumination block and a trapping laser (residue) block.
The sample cuvette (Hellma Analytics 131-050-40) is made of quartz,

n1065nm = 1.450 at 20◦ C, and has a square tube, see Table 3.1, to avoid
any additional complexity to the setup from unnecessary shaping of the
trapping beams and the illumination. To prepare a typical sample a
solution of the desired specimen (yeast cells or polystyrene beads) is
made. From experience the concentration of the specimen has to be
approximately 150 units per microliter. The solution is loaded into the
cuvette using a 5 mL glass pipette from where the solution is drawn
into the cuvette by capillary forces, when the tip of the pipette is joined
with the cuvette opening. The cuvette is closed in both ends with tape
to prevent evaporation of the solution. To minimize waste of valuable
specimens a micropipette is sometimes used. Between experiments the
cuvette is stored in a solution of 1 % hydrochloric acid and 70 % ethanol
to chemically clean the cuvette surfaces.

Table 3.1: Physical dimensions of the sample cuvette in millimeters.

Outer dim. Inner dim.

Length (x) 20.3 20.3
Width (y) 4.2 0.25
Height (z) 4.2 0.25

An important feature of the setup is the possibility to monitor and
study the trapped particles from the side, along the y-axis, see Fig. 3.2.
This is a consequence of the choice of the trapping objectives (Olympus
LMPlan IR 50×, f = 3.6 mm), with a low NA of 0.55 and a long work-
ing distance of 6 mm, which in turn requires the counter-propagating
trapping geometry to overcome the optical scattering forces. During ex-
periments the inclusion of the sample cuvette adds ∼1 mm to each objec-
tive’s working distance and the separation between the tips of objective
1 and 2 is ∼14 mm. The free space available due to the large working
distances makes room for the side-view objectives A and B (Olympus
LMPlan IR 20×, f = 9 mm) with a NA of 0.40 and a working distance
of 8.1 mm, see Fig. 3.2. Earlier studies by Ulriksen et al. utilized the
side-viewing capability of this setup to successfully decouple trapping
and spectroscopic characterization of the trapped particles [6]. Further-
more, any study where the trapped particle do not have a high degree
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of symmetry the side-view is a great asset, see for example [59]. Thus,
depending on the experiment the side-view objectives are used either for
an excitation laser and a spectrometer or illumination and imaging. In
the subsequent sections the viewing angle along the trapping axis, the
z-axis, will be referred to as the end-view.

2

1

A

B

x yz
B

Figure 3.2: The geometry of the trapping objectives (blue rings and
numbers) and the side-view objectives (green rings and letters) illustrated
by a photograph from the lab (left) and a sketch including axes (right).

Apart from the side-view camera and the sample cuvette the trapping
module is mounted on a vertical breadboard. This is a key factor in
making the system as a whole very mobile. When it was first installed in
Aarhus the developers, the Programmable Phase Optics group at DTU
Fotonik, brought it by car and it was up and running in a single day. As
it turns out however, in some experiments, this is also the Achilles heel
of the system as it makes it susceptible to mechanical noise, see Sec. 4.4.

The particle positions are obtained through post-processing of the
captured image files, see Sec. 5.3 for details hereon. Our tracking al-
gorithm finds the particle by template matching with a Gaussian. It
identifies the highest intensity peaks over a given minimum threshold as
particle centers and uses a neighborhood-suppression method to ensure
that each particle produces only one peak. To obtain sub-pixel accuracy
the positions are refined with a centroid calculation [60, 61].

The computational sub-pixel precision has been estimated by mea-
suring the constant distance between two stuck beads. Figure 3.3(a) and
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Figure 3.3: Plots of (a) the x- and (b) the y-position of two beads sticking
to the surface of the sample cuvette. The histogram in (c) shows the
variation of the measured distance between the two beads.

(b) show examples of the x- and y-position, respectively, of the beads.
The computed distance between them varies according to the distribu-
tion in 3.3(c). The computational precision was determined as the full
width at half maximum (FWHM) of a Gaussian fit (blue line) to the
distance distribution, ∆res = 7.6 ± 1.2 nm. This number indicates the
precision, or resolution, with which the position of a trapped bead can
be determined.
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4
Initial Results

The initial experimental aim of my PhD studies was to combine the trap-
ping setup and the side-view access with different spectroscopic tech-
niques for characterization of the trapped particles. This was realized
by using coherent anti-Stokes Raman scattering (CARS) spectroscopy
to study yeast cells. Hereafter, a collaboration on the manipulation of
protein crystals motivated an investigation of the optical forces in the
trapping setup. In connection with these investigations the mechanical
noise in the setup was addressed. This chapter presents the experimental
findings of these studies.

4.1 CARS-spectroscopy on Yeast

In a previous study by Ulriksen et al. [6] the setup was used to demon-
strate the possibility to spectroscopically analyse a trapped particle via
the side-view access. Ulriksen et al. successfully performed coherent
anti-Stokes Raman scattering (CARS) spectroscopy and Fluorescence
spectroscopy on a trapped polystyrene bead. Inspired by this we set
out to investigate whether CARS could be used to differentiate between
two morphological identical yeast cells (Saccharomyces Cerevisiae and

25
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Torulaspora Delbrueckii) for the purpose of sorting. Infrared spectra in-
dicated that small spectral differences could be expected and previous
reports demonstrated that Raman spectroscopy could be used to analyze
single trapped cells [62]. However, as it turned out, no notable difference
was found in the CARS spectra of the two cell types. On the way to this
negative result considerable efforts was put into increasing the signal to
background ratio in the spectra, by modifying the CARS setup and re-
alizing polarization CARS (P-CARS). The efforts paid off and in this
section a proof of principle of the P-CARS scheme is presented. First,
however, the basic theory of CARS and P-CARS is described

4.1.1 Coherent anti-Stokes Raman Scattering

When electromagnetic radiation, or photons interact with a medium
charges start to move and the medium is polarized. The polarization, P ,
depends on the electric field amplitude, E, in the following manner,

P (ω) = ε0χ(ω)E(ω), (4.1)

where ω is the angular frequency of the field, ε0 is the vacuum permit-
tivity, and χ is the material specific susceptibility. Having polarized the
medium, the photon can now interact with the polarization and undergo
a scattering process. This process can cause the photon to change prop-
agation direction and possibly to gain or lose energy. If the scattering
process is elastic it is called Rayleigh scattering, and if it is inelastic it is
called Raman scattering. For the latter the transferred energy amounts
to the intrinsic vibrational (or rotational) resonances of the medium.
Hence, Raman scattering is characterized by involving two energy states
of the medium and two photons, and has different selection rules than
other, single photon, spectroscopic schemes like IR spectroscopy. These
two characteristics make Raman spectroscopy a powerful spectroscopic
tool. The Raman signal is, however, very weak due to the spontaneous
nature of the scattering process and the fact that the scattered photons
propagate in all directions. CARS spectroscopy is an alternative Raman
technique which addresses this problem.

The CARS scheme is based on the non-linear response of the medium.
The non-linearity of a medium is expressed through its susceptibility
which, in general, is a complex four-rank tensor depending on the electric
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field amplitude,
χ = χ(1) + χ(2)E + χ(3)E2 + ... (4.2)

The numbers in the parentheses indicate the order of the individual χ-
terms. The terms of order higher than 1 only contribute significantly to
the medium response when the electric field amplitude is high. This is
the case for femtosecond laser pulses. Their interaction with a medium
can generate many interesting non-linear phenomenon, e.g. frequency
mixing, self-lensing and self-phase modulation. CARS is a four-wave
mixing process described by the third order polarization [63],

P (3) = P (3)nr + P (3)r = ε0

(
χ(3)nr(ω) +

∑
r

χ(3)r(ω)

)
EpEp′ES . (4.3)

In the CARS process three photons, the pump (Ep), the probe (Ep′)
and the Stokes (ES), mix to give the anti-Stokes photon, i.e. the CARS
signal. The sum is over all molecular Raman resonances coherently pre-
pared by the pump and Stokes fields and nr and r stands for non-resonant
and resonant respectively. A typical experiment consists of two laser
pulses centered at the frequencies ωp and ωS respectively. In this case
the pump and probe photons are identical and the anti-Stokes frequency
is given by ωaS = 2ωp−ωS . Figure 4.1(a) shows the vibrational (full lines)
and virtual (dashed lines) energy levels involved ind the resonant CARS

Figure 4.1: Energy level diagrams for (a) the resonant CARS and (b)
the non-resonant CARS signals.
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scheme. The resonance occur when the pump and Stokes frequencies
match a Raman resonance in the medium, illustrated by the full lines.
As indicated in Eq. (4.3) there is also a non-resonant contribution, from
the electronic response, to the CARS signal. Figure 4.1(b) shows the en-
ergy levels of the non-resonant CARS scheme where no Raman resonance
takes part in the formation of the CARS signal.

The great advantage of CARS spectroscopy is that it is several orders
of magnitude more effective than Raman spectroscopy. This is a result
of two things; (I) the stimulation, by the Stokes pulse, of the Raman res-
onance, and (II) the phase matching condition for the four-wave mixing
process, kaS = kp+kp′ −kS . In Raman scattering the molecules are left
in an excited state which allows for an arbitrary momentum transfer and,
thus, direction of the Raman signal. In CARS, on the other hand, the
molecules are left in the ground state. This restrict the involved photons
to obey conservation of momentum without the help of the molecule,
hence the CARS signal is generated in a preferred direction. To fulfill
the phase matching condition in the two pulse CARS scheme a wide
range of wave vectors are produced by focusing the laser beams with a
microscope objective. This also has the advantage that the intensity and
the spatial selectivity of the CARS excitation (pump, Stokes, and probe)
are increased.

When electronic transitions are not possible, which they are not for
the given the experimental photon energies, the non-resonant suscepti-
bility, χ(3)nr, is a real quantity [63, 64]. Furthermore, this quantity is
independent of laser frequency and vibrational energy levels and it, thus,
gives rise to an unspecific background. This background has the undesir-
able effect of smearing out any structure in the CARS spectrum. It can,
however, be significantly reduced by controlling the polarization of the
laser sources and inserting an analyzing polarizer in the CARS signal,
i. e. in front of the detector. This technique is called polarization CARS
and will be treated below.

4.1.2 Polarization CARS

P-CARS is based on the polarization characteristics of the CARS signal.
When the medium is isotropic, like liquids, only three elements of χ(3)

are independent [63]. Using this and letting the pump field be linearly
polarized along the x-axis and the Stokes field be linearly polarized along
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a direction offset by φ with respect to the x-axis, see Fig. 4.2, the
following is obtained [63, 64, 65]:

P (3)nr
x (ωaS) = 3χ

(3)nr
1111 E

2
pE
∗
S cosφ,

P (3)nr
y (ωaS) = 3χ

(3)nr
2112 E

2
pE
∗
S sinφ,

(4.4)

for the non-resonant polarization. Similar equations with nr → r apply
to the resonant polarization. The indices of χ refers to the entry names
of the tensor χ(3) in Eq. (4.3). The numbers 1 and 2, therefore, refer to
the x- and y-components of the third order polarization, the pump field,
the probe field, and the Stokes field, respectively.1

y

x

ES

Pnr

Pr

EP

Analyser

Figure 4.2: Schematics of the polarization geometry in the P-CARS
scheme.

Typically (but not always) χ(3)nr of the electronic response differ
from χ(3)r of the molecular response. According to Eq. (4.4) the value
of χ(3) determine the direction of the polarization. For this reason, the
two polarizations, Pnr and P r, typically point in different directions.
Dividing Pnry by Pnrx the angle, θ, of Pnr, see Fig. 4.2, is obtained,

tan θ =
P

(3)nr
y

P
(3)nr
x

= ρnr tanφ, (4.5)

1The index combination 2112 is not the prevailing notation in the literature where
the equivalent combination 1221 is used. The two combinations are equivalent due to
the arbitrary choice of coordinate system.
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where ρnr = χ
(3)nr
2112 /χ

(3)nr
1111 is the depolarization ratio for the non-resonant

third order polarization. For a given polarization of the pump and the
Stokes fields Eq. (4.5), thus, gives the polarization direction of the non-
resonant CARS signal. This signal can be significantly reduced by plac-
ing an analyzing polarizer in front of the detector and setting the angle,
ε, of its transmitting axis perpendicular to the non-resonant signal, see
Fig. 4.2. Because the non-resonant and resonant depolarization ratios
are different the resonant signal will not be perfectly blocked by the
analyzer.

Theory tells us that the P-CARS spectra can be made free of the non-
resonant background. In practice, however, a part of the non-resonant
signal leaks trough the analyzer. The optimal angle φ between the pump
and the Stokes fields is determined by the resonant to non-resonant signal
contrast along the analyzer axis. This is expressed by the projection of
the resonant polarization onto the analyzer axis divided by the non-
resonant leakage, which gives [64, 65]

(P r⊥)2

(Pnr)2/rex
= rex

(
χ

(3)r
1111

2χ
(3)nr
1111

)2(
1− ρr

ρnr

)2

sin2 2θ. (4.6)

The constant rex is the extinction ratio defined as the ratio of the max-
imum to minimum (non-resonant) signal when the analyzer is rotated.
The power of two has been taken since the measured signal intensity
I ∝ E2 ∝ P 2. Important to notice from Eq. (4.6) is the factor of
sin2 2θ, revealing that the contrast is maximized at θ = 45◦. Further-
more, when the non-resonant susceptibility, χ(3)nr is a real quantity (see
above) Kleinman’s symmetry gives the value of the depolarization ratio,
ρnr = 1/3 [66]. Together with Eq. (4.5) this gives the optimal Stokes
angle φ = 71.6◦. In the experiments presented in the subsequent section
this value of φ was used for the angle between the polarizations of the
pump and the Stokes fields.

4.1.3 Experimental P-CARS

The yeast cells mentioned in the introduction of this chapter are partic-
ularly difficult to analyze with CARS. They consist primarily of water, a
compound with a very strong non-resonant response. Presumably, this
is also why it was not possibly, to differentiate between the two mor-
phological identical cells with P-CARS. The low concentration of the
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resonant molecules could not be counterbalanced by the enhanced signal
to background ratio. Nevertheless, the data presented below show that
P-CARS can in fact reduce a non-resonant background very effectively.

Experimental setup

The experimental P-CARS setup in Aarhus utilizes a laser source (Co-
herent, Mira Seed) which delivers 808 nm (12 380 cm−1), 60 fs pulses
with an average power of 500 mW. The pulses are split into two, the
pump (green) and the Stokes (red) beams, as illustrated in Fig. 4.3.
Both pulse trains are given a negative “pre-chirp”, i. e. high frequencies
lead the pulse, by means of two sets of prisms, and are then sent through
the photonic crystal fibers (gray curves in Fig. 4.3). The pump pulses
are spectrally narrowed to a FWHM of 1.89 nm corresponding to 29
cm−1) by self phase modulation (SPM). SPM occurs in the fiber because
the intensity dependent refractive index, n ≈ n0 + n2I(t), changes the
instantaneous frequency of the pulse by ∆ω = ω − ω0 ∝ −n2dI(t)/dt.
For the positive non-linear refractive index, n2, of the fiber the frequency

OI

ND P1
P2

P3
P4

BSF1T

Ob

Ob

Ob
ObF2ADL F1

DBS

F1

Mira laser

Stokes
Pump

Figure 4.3: Schematics of the P-CARS light source illustrating the cre-
ation of the pump (green line) and Stokes (red line) pulses. Nomencla-
ture: OI - optical isolator, T - telescope, F - waveplate, BS - beamsplitter,
P - prism, ND - neutral density filter, Ob - objective, ADL - adjustable
delay line, DBS - dichroic beamsplitter.
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of the leading blue edge of the pulse is down-shifted while the trailing
red edge is up-shifted. Thus, the frequency components approaches the
center frequency, ω0. The concurring normal group velocity dispersion
(GVD) cancel out the pre-chirp of the pulse which is matched to the
length of the fiber. The Stokes pulses are red-shifted to spectrally match
the Raman resonances of the medium, Fig. 4.1. The red-shift is ob-
tained through the formation of a first order soliton in the fiber, that
then undergo soliton self-frequency shift through the process of stimu-
lated Raman scattering [67]. A soliton is a pulse which propagates with
a constant envelope in both spectrum and time. To achieve this the fiber
needs to have anomalous GVD. When this is true the effect of GVD,
which is a negative chirp, can be canceled by the effect of SPM, which
is a positive chirp. At the same time the broad spectrum of the 60 fs
pulse is capable of making stimulated Raman transitions producing one
red co-propagating photon from a blue one. After propagating through
the fiber the result is a femtosecond pulse centered at ∼1045 nm (9570
cm−1), depending on the input power which is adjusted with the neutral
density filter, see Fig. 4.3. After the photonic crystal fibers the beams
are recombined on the dichroic beamsplitter (DBS) and relayed to the
the sample (not illustrated).

The combination of a narrow pump and a wide Stokes pulse enables
multiplex CARS spectroscopy (M-CARS). M-CARS differ from CARS
simply by the width of the Stokes pulse where in M-CARS several Raman
resonances can be probed at once. This way no scanning of the stokes
frequency is necessary. For the results presented below the Stokes pulse
had a FWHM of about 34 nm corresponding to 314 cm−1.

P-CARS Measurements

To investigate the capabilities of the P-CARS technique several different
samples were studied; polystyrene beads, oleic acid (fat, fluid at room
temperature) and a 50:50 by volume mixture of chloroform, CHCl3, and
carbon tetrachloride, CCl4. All samples gave a positive result confirming
the high signal to background ratio of P-CARS spectroscopy. The 50:50
mixture is, however, the most illustrative one since it has a high non-
resonant response. CHCl3 has a resonant C-H stretch at Ωr = 3019 cm−1

and is diluted in CCl4 which only responds non-resonantly in this part
of the spectrum. The sample was injected into the cuvette and the study
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was conducted with the 20× side-view objectives, A and B in Fig. 3.1.

For the polarization geometry shown in Fig. 4.2, satisfying the angle
values found above, the analyzer was turned in increments of 10◦. The
measured spectra of the 50:50 mixture can be seen in Fig. 4.4, for a
detector exposure time of 1 second. The change in the intensity of the
spectra follows a cosine squared trend as the analyzer is turned. Small
deviations from the smooth intensity variation (see ε values of 0◦, 10◦,
and 20◦) are caused by the non-perfect pointing stability of the laser
source. The formation of the pump and the Stokes pulses are very sensi-
tive to the incoupling of the laser source into the photonic crystal fibers.
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Figure 4.4: Spectra of the 50:50 by volume mixture of chloroform
(Ωr = 3019 cm−1) and carbon tetrachloride (no nearby resonances) as a
function of analyzer angle ε.

To really see the effect of the analyzer the region around ε = 90◦ was
studied in detail. Some examples of the obtained spectra, measured with
a long exposure of the detector (15 sec.), are shown in Fig. 4.5. At ε =
90◦, Fig. 4.5(b), the non-resonant background is effectively eliminated.
The well known CARS line shape, caused by the interference of the
resonant and the non-resonant signals, is completely absent [63]. The
CARS line shape can, in turn, be seen in the spectrum for ε = 70◦, Fig.



34 Chapter 4. Initial Results

2.9 3.1 3.3
0

1

2

3

4

Energy [103 cm-1]

Sc
al

ed
 in

te
ns

ity
 [a

rb
. u

ni
ts

] (a)

2.9 3.1 3.3
 

 

 

 

 
(b)

2.9 3.1 3.3
 

 

 

 

 
(c)ε = 70° ε = 90° ε = -250°

Figure 4.5: Examples of the P-CARS spectrum of the 50:50 mixture
of chloroform and carbon tetrachloride obtained at different analyzer
angles, (a) ε = 70◦, (b) ε = 90◦, and (c) ε = −250◦, relative to the
non-resonant CARS signal.

4.5(a). Here the polarizer was turned toward the resonant polarization,
see Fig. 4.2, which gives both a larger resonant signal and a larger non-
resonant signal. When the analyzer is turned away from the resonant
polarization to ε = −250◦, Fig. 4.5(c), the resonant signal is reduced
and the spectrum is dominated by the non-resonant line shape, i.e. the
line shape of the Stokes pulse (hyperbolic secant squared). It is clear from
the figure that when the non-resonant signal is dominating the structure
of the spectrum, i. e. the vibrational information, is lost. However, when
setting the analyzer angle to ε = 90◦ the background free vibrational
spectrum is obtained.

Summary

In conclusion, this section shows that P-CARS spectroscopy was success-
fully implemented. As it is apparent from the spectra in Fig. 4.4 and
4.5, however, the enhanced signal to background ratio, at ε = 90◦, comes
at the cost of a significant reduction in the overall signal intensity. For
this reason a longer exposure of the detector is necessary. The choice of
spectroscopic method, therefore, depends on the particular application.
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If the sample has a low non-resonant response CARS is preferable, but
if this is not the case then P-CARS is a strong alternative [64]. Further-
more, e.g. in the case where cells are studied, it should also be considered
what the threshold are, in terms of exposure time and laser power, for
the sample to be photo damaged.

4.2 Manipulation of Protein Crystals

Knowledge of the structure of proteins is a key step in the quest of under-
standing their functionality. So far over 84.000 protein structures have
been characterized and are available from the Protein Data Bank (PDB)
[68]. The characterization of protein structures on an atomic level are
typically achieved from computational methods, nuclear magnetic reso-
nance (NMR) spectroscopy, or, for the vast majority, from X-ray crys-
tallography. In the latter technique one of the last challenges toward a
fully automated analysis, is the transfer of the crystals from their growth
medium to the sample holder [69]. Today, this is typically done manu-
ally using micron sized nylon loops or kapton meshes. Manipulation of
the crystals with optical traps have been demonstrated [70, 71] and have
the potential to speed up the analysis by making the manual transfer
obsolete. Furthermore, the optical trap enables the manipulation and
analysis of crystals smaller than a few tens of microns and minimizes
sample waste [72].

In Aarhus protein crystal manipulation was attempted in collabora-
tion with Dr Frank von Delft and Dr Martin Booth from the University
of Oxford. The preliminary experiments were conducted in a crystal
growth channel (SWISSCI micro channel chip, model MCCUVP1) with
partial success. From the movie illustrated in Fig. 4.6 it can be seen
that a protein crystal could be moved. However, levitation of crystals
of that particular size (∼40 µm for the long side) was never achieved
and they simply tumbled along the channel floor when the channel was
moved. Crystals smaller than 10 µm on the other hand, could be op-
tically trapped in three dimensions. Probably, the large crystals was
too heavy and also the angular shape of the crystals is not optimal for
trapping. Another observation was the sudden settlement of the trapped
crystals in what seemed to be invisible gunk and cleaner samples are
expected to remedy this. To further investigate the potential of optical
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Figure 4.6: A selection of frames from a movie showing the movement
of a protein crystal using a circular optical trap pattern. Note that the
trap is stationary while the sample is moved down and to the left. Time
stamps are specified on each frame.

traps in X-ray crystallography a nylon loop was introduced via an ad
hoc 1 mm wide bore. The loop was, however, not reachable with the
optical trapped crystals, due to the excess channel material from the
boring, and this first brute force attempt to place a crystal in the loop
was unsuccessful.

The preliminary results of the crystal manipulation experiments gave
rise to a series of questions concerning the capabilities of the optical trap-
ping system. An essential question concerned the optical force delivered
by the trapping setup: Can the optical forces be used to detach the pro-
tein crystals from their growth sites, i.e. what magnitude of forces can be
applied by the trapping beams? The answer to this question is far from
trivial and the optical forces depend on many parameters; the refractive
index of the medium and the crystal (non of which are known a priori),
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the shape of the crystal, etcetera. Nevertheless, to be able to answer a
question like this it is crucial to understand how to characterize optical
forces and this became the subject of later experiments, presented in the
subsequent section.

Before we proceed to the force characterization it is noted that an
early idea for our optical trapping setup was to exploit its portable de-
sign and the side-view access to introduce a synchrotron radiation beam.
In the context of protein crystals this is an obvious quest and in fact
Sentucci et al. recently demonstrated the feasibility of microdiffraction
on optically trapped protein crystals, using a synchrotron radiation mi-
crobeam [72].

4.3 Trap Characterization by Drag

For the optical trapping forces to be determined with the drag method
we need to generate a drag force on a trapped bead. This is realized
by using a programmable translation stage to move the sample cuvette
and the contained liquid in either the x- or the y-direction, see axes in
Fig. 3.1 and 4.8. It is essential to the drag method that the drag force
is known and, thus, the drag coefficient must be known.

Measuring the Drag Coefficient

For translational motion along the z-axis the drag coefficient could be
determined from a bead drop experiment. The bead used for the drag
experiment was trapped near the top surface of the cuvette and released.
Immediately after this, the cuvette was translated upward to position
the trap (turned off at this point) at the desired z-position of the drag
experiment. The bead followed the cuvette in the upward direction due
to drag forces but was driven downward by gravity. Shortly after the
cuvette stopped moving the bead reached its terminal downward speed.
A few seconds later the bead, thus, entered the side-view field of view
and was monitored as it continued its fall and exited the field of view or
settled at the bottom of the cuvette, see Fig. 4.7. When a bead is moving
at its terminal speed the drag force, Eq. (2.6), and the gravitational force,
G = mg, cancel out. The experimental drag coefficient is, thus, given by

γz =
mg

vmax
. (4.7)
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Figure 4.7 shows the trace of the falling bead. The black dashed line
is a linear fit to the trace from which the terminal speed is obtained,
vmax = 2.70 µm/s. Because the drag coefficient changes along the z-axis
only the trace in the vicinity of the trap, at z = 0, is used in the fit.
The mass of the 10 µm polystyrene bead is m = 5.51 · 10−13 kg and
the gravitational acceleration is g = 9.82 m/s2. Using Eq. (4.7) the
measured drag coefficient is determined to be γz = 9.51 · 10−8 kg/s.
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Figure 4.7: The trace of a falling bead near the trap, centered at z = 0
(purple curve). The black dashed line is a linear fit to the plotted data
points from which the terminal speed vmax = 2.70 µm/s is obtained.

For obvious reasons the x- and y-axis drag coefficients cannot be
determined from a drop experiment. Instead, these are calculated from
the experimental value of the z-axis drag coefficient by comparing the
theoretical Faxén’s corrections, Eq. (2.7), for the three axes. For this
purpose the distance, d, from the trapped bead to the cuvette surfaces is
measured. Commonly, it is difficult to determine d due to the limited field
of view. In our setup the combination of a large field of view (130 × 90
µm2) and the side-view access makes this task very easy. Figure 4.8 shows
an image containing the full distance from the bead to the bottom surface
of the cuvette. From the known pixel to micron calibration of the camera
the distance from d is found to be 76 µm. The distance to the top surface
of the cuvette is 174 µm and the distance to the side walls is 125 µm.
From these distances the Faxén’s corrections, Eq. (2.7), along all three
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 10 µm 

 d = 76 µm

z

x

Figure 4.8: Side-view image of one trapped bead and two untrapped
beads resting on the bottom of the cuvette (captured with a simple web-
cam). The distance, d, from the bottom surface to the centre of the
trapped bead (long double arrow) is found on the basis of the known
pixel to micron calibration of the camera.

axes were calculated and used to relate the measured drag coefficient in
the z-direction to the coefficients in the transversal directions, see Table
4.1. The obtained drag coefficients are γx = (γx/γz)Fax γz = 8.99 · 10−8

kg/s and γy = (γy/γz)Fax γz = 9.42 · 10−8 kg/s.

Table 4.1: Faxén’s corrections for a 10 µm bead with distances of 76,
174, and 125 µm to the bottom, top, and side wall surfaces respectively.
The total values are the multiple of the individual surface corrections.

Bottom Top Side Total (γi/γz)Fax

Along x 1.038 1.016 1.023 1.10 0.95
Along y 1.038 1.016 1.047 1.16 0.99
Along z 1.080 1.033 1.023 1.17 1
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Returning to the results of the drag experiments, the trapped bead was
monitored with the end-view camera and its position computed with the
tracking algorithm described in Sec. 5.3. To determine the displacement
the bead was monitored for a few seconds before and after the onset of
the cuvette movement. This way the equilibrium position of the bead
was calibrated for every incremental speed step and the influence of me-
chanical drift could be ruled out. The trap investigated was generated
by two 10 µm in diameter disc-shaped laser beams with a disc separation
of 106 µm (optical path length).

No z-axis drag measurements were conducted because the transla-
tional motor was unable to maintain a steady pace along the z-axis, due
to gravity. Furthermore, the z-analysis is complicated by a non-trivial
focal shift occurring when the cuvette is translated along the common
axis of the two trapping objectives, i.e. along the the trapping beams
[73]. In general, the actual speed of the stage motor differed from that
set by the controller software (for high speeds at least). To eliminate any
related systematic error the speed of the sample cuvette was measured
for every incremental speed step. In Fig. 4.9 several out-of-focus beads

Figure 4.9: End-view image of one trapped bead and four out-of-focus
beads resting on the bottom of the sample cuvette. The beads’ diameter
is 10 µm.
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resting on the bottom of the cuvette can be seen. These were positioned
in two rows along the drag axis to act as markers of the cuvette move-
ment and from their tracks the cuvette speed, i. e. the liquid speed, was
determined.
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Figure 4.10: A close-up of the beads’ x-positions as a function of time
(the full range of the x-axis i 0–130 µm). For the first ∼3.2 seconds the
sample cuvette was fixed. Hereafter, it moved with a constant speed
of 89.9 µm/s. The red connected dots represent beads resting on the
bottom of the cuvette, and the blue dots represent an optically trapped
bead.

Figure 4.10 shows an example of a drag method measurement along
the x-axis. A 10 µm polystyrene bead was trapped with a laser power
of 2× 35 mW. For the first ∼3.2 seconds the cuvette was fixed. For this
period of time two beads, at absolute positions x ≈ 76 µm and x ≈ 68 µm
respectively, can be seen in the figure. The “76 µm” bead was resting at
the bottom of the cuvette while the “68 µm” bead was optically trapped.
As the cuvette was set into motion the untrapped beads started to move
with the speed of the stage. A number of other untrapped beads (also
resting at the bottom of the cuvette) moved into the field of view during
the recording. From linear fits (not shown) to their traces (steep red
lines in Fig. 4.10) the speed of the liquid was obtained, vlq = 89.9 µm/s
(set point 90 µm/s). Inserting this into Eq. (2.11) the trapping force
acting on the “68 µm” bead Ft = γxvlq = 8.63 pN was obtained. Within
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a few tenths of a second from the onset of the stage motion the trapped
bead stabilized at a new equilibrium x-position. The displacement of
the trapped bead was found to be x = 1.02 µm which is the difference
between the mean position before (68.23 µm) and after (69.21 µm) the
drag force was applied.

To fully characterize the trap along the x-axis the speed of the trans-
lation stage was gradually increased in increments of 10 µm/s, and for
every increment the displacement of the trapped bead was measured.
This was continued (in the range 10–220 µm/s, travelling a distance
of 600 µm) until the drag force exceeded the maximum trapping force,
Fd > Ft,max, at which point the bead escaped the trap. For a character-
ization of the trap along the y-axis the increments were 5 µm/s in the
range 10–115 µm/s and travelling 200 µm for reasons mentioned below.

The result of the x-axis characterization is summarized in Fig. 4.11.
The plot of the optical force as a function of the measured displacement
illustrates the expected harmonic behavior for small displacements and
anharmonic behavior for large displacements [44]. Furthermore, the fig-
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Figure 4.11: The x-axis trapping force as a function of bead displacement
for a trapping laser power of 2 × 35 mW. Two polynomial fits, Ft =
−κx+bx3, to negative (full line) and positive (dashed line) displacements
are shown. The values of the stiffness are κx− = 8.57 ± 0.19 pN/µm and
κx+ = 9.95 ± 0.18 pN/µm and the anharmonic coefficients are bx− =

0.22 pN/µm3 and bx+ = 0.58 pN/µm3.
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ure also reveals an asymmetry in the x-axis trapping force. Due to this
asymmetry the negative and positive displacements have been fitted sep-
arately and, to quantify the anharmonic trend, this was done with the
polynomial Ft = −κx+ bx3. The b-coefficient express the anharmonicity
of the trap while the harmonic part is given by the stiffness, κ.

From the fits in Fig. 4.11 the trap stiffness was found to be κx−
= 8.57 ± 0.19 pN/µm and κx+ = 9.95 ± 0.18 pN/µm for negative and
positive displacements respectively. The anharmonic term is less than 10
% of the harmonic term for displacements between −1.95 µm and +1.30
µm which defines the extent of the harmonic trapping region.
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Figure 4.12: (a) An image of the transverse intensity profile of the direct
laser beam (0.5 mW laser power). The image was recorded halfway in
between the two trapping beam waists, i. e. at the axial position of the
trapped bead. The interference fringes are explained in the main text.
Also shown are the plots of the intensity gradient of (b) each pixel row
(along the x-axis) and (c) each pixel column (along the y-axis).

The asymmetry of the optical force can be attributed to unintended
phase aberrations and/or a misaligned of the two counter-propagating
beams [58, 74]. Both effects result in an asymmetry of the laser intensity
profiles and, thus, an asymmetry of the gradient force profile. Figure
4.12(a) shows an image of the transverse intensity profile of the direct
laser beam, recorded with the CCD camera, see Fig. 3.1. The laser
power was reduced to 0.5 mW to prevent saturation of the CCD pixels.
Figure 4.12(b)–(c) show plots of the intensity gradient of each pixel row
(along the x-axis) and each pixel column (along the y-axis), respectively.
In (b) the gradient plot is obscured by the interference of the transmitted
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beam and the internally reflected beam produced when the direct beam
leaks through mirror D2, see Fig. 3.1. From the gradients in (c) the
lack of symmetry suggests that a trend similar to that of Fig. 4.11, for
the x-axis, should also apply to the optical force along the y-axis. In
particular, it indicates that κy− < κy+ , since the intensity gradient is
larger in the positive direction.

In addition to the x-measurements presented above, the drag method
was also employed to characterize the optical forces along the x- and y-
axis at a different laser power. Since drag is applied by moving the whole
cuvette the duration of this drag is limited by the cuvette dimensions, 2
cm and 250 µm in the x- and the y-direction respectively. To be able to
record sufficient data, at the speed needed to get the bead to escape the
trap, this speed was reduced by turning down the laser power and, thus,
reducing the strength of the trap. For these specific data the power of
each of the counter-propagating beams were 18 mW. The trap stiffness
values found at this power are listed in Table 4.2. The x-axis results
in Table 4.2 are smaller than the ones found in Fig. 4.11 and confirm
the expected linear relation between the trapping force and the laser
power [44]. From the values in Table 4.2 it is clear that the asymmetry
is present along both the x- and the y-axis, as suggested by Fig. 4.12.
In addition to the trap stiffness the extent of the harmonic trapping
region was determined: −1.59 < xharm < 1.41 and −1.25 < yharm < 1.21
in units of µm. This agrees well with the harmonic trapping region
determined above.

Table 4.2: Values of the trap stiffness found from drag measurements
along the x- and the y-axis at a laser power of 2 × 18 mW. Subscripts
correspond to values for positive and negative displacements.

κ− b− κ+ b+
pN/µm pN/µm3 pN/µm pN/µm3

x-axis 4.68± 0.08 0.19 5.43± 0.11 0.27
y-axis 4.69± 0.04 0.30 5.40± 0.21 0.37
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Comment on the Varying y-axis Drag Coefficient

In accordance with the Faxén’s correction, Eq. (2.7), the trapped bead
experiences a relatively high drag coefficient when it is near a cuvette
wall. This became especially important for the y-axis measurements
when a large drag was applied since this required the cuvette to travel
the full width of the sample volume. Figure 4.13 shows how the bead re-
sponded (analogous to the blue dots in Fig. 4.10) to the applied drag ini-
tiated at the time indicated by the red line. The bead was more displaced
in the start and the end of the cuvette movement, where the bead is near
the cuvette side walls. This gives rise to a slight (over)underestimation
of the y-axis (displacement)trap stiffness. The increased displacement
was, however, only observed for large cuvette speeds and did not affect
the analysis of which the results are given in Table 4.2.
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Figure 4.13: The position of the trapped bead (green dots) while con-
ducting a drag force measurement along the y-axis. The red line indicates
the onset of the cuvette movement. The cuvette speed was 101.4 µm/s.

Summary

In conclusion, the trap was successfully characterized with the drag
method and the trap stiffness along the x-axis was found to be κdrag =
9.26pN/µm (average of the results in Fig. 4.11) at a laser power of 2×35
mW. Together with measurements performed at 2 × 18 mW this result
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confirmed the expected harmonic trap behavior for small displacements
of the trapped bead as well as the linear power dependence of the trap
stiffness. The drag method provides valuable information about the har-
monic, and anharmonic, behavior of the optical trapping forces but it is
slow and impractical to use for everyday trap characterization. For this
purpose the equipartition method, the autocorrelation method, or the
power spectrum method is preferred.

4.4 Performance of the Setup

In Sec. 4.3 it was mentioned that alternatives to the drag method is
preferred for everyday characterization of the optical trap. As it turns
out the analyses with other characterization methods indicate that the
setup is exposed to a significant mechanical noise. In this section the
noise is investigated.

4.4.1 Equipartition

In direct continuation of the drag measurement in Fig. 4.11 a data
set without movement of the sample cuvette was recorded. From the
thermal Brownian motion expressed by the bead the trap stiffness was
determined using Eq. (2.13) with the temperature T = 294 K. Figure
4.14 displays two histograms (a) and (b) of the position distribution along
the x- and the y-axis respectively. Both histograms were fitted with the
Gaussian expression in Eq. (2.13) (red lines) and the trap stiffness was
obtained. The values of the trap stiffness, κx = 6.40± 0.20 pN/µm and
κy = 3.58±0.09 pN/µm, are significantly lower than the result of the drag
method, κx/κdrag = 0.69, where κdrag is the average of the drag results
in Fig. 4.11. In addition, the equipartition results suggest that the x-
and y-axis stiffness differ significantly. The equipartition measurement
is sensitive to external sources of noise increasing the amplitude of the
measured bead motion. To further investigate this the laser power was
varied.

Figure 4.15 shows the trap stiffness as a function of trapping laser
power. The equipartition results for the x-axis (blue circles) and the
y-axis (green squares) are plotted alongside the drag results for the x-
axis (red diamonds and triangles). Two linear fits (through the origin)
to the latter was plotted to indicate the expected linear dependence on
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Figure 4.14: Position histograms along (a) the x- and (b) the y-axis for
the same bead and trap used in the drag experiment, Fig. 4.11. From
the fits of Eq. (2.13) (red line) the trap stiffness, κx = 6.40±0.20 pN/µm
and κy = 3.58 ± 0.09 pN/µm, were obtained. The width of the bars is
defined by computational precision.

laser power (red dashed lines) [44]. At low laser powers the equiparti-
tion results behave as expected and the drag results obtained at 18 mW
are nicely reproduced. At high laser powers, however, the equipartition
results deviate from the linear behavior. This can be ascribed to compu-
tational and mechanical noise increasing the amplitude of the apparent
bead motion. A position variance corresponding to the computational
precision, dxres = 3.2 nm (∆res/2

√
2 ln(2)), allow for the determination

of a trap stiffness κmax = kBT/dx
2
res = 390 pN/µm and hence the me-

chanical noise is the major external noise contributor. As the trapping
laser power increases the thermal noise (the Brownian motion) is reduced
and mechanical noise becomes dominant. This means that at high laser
powers what is really measured is the motion of the camera, the imaging
optics, the sample cuvette, and the pointing stability of the laser. In Fig.
4.15 this is seen as an asymptotic behavior to what could be called the
mechanical stiffness of the setup.

Another (suspected) noise-related discrepancy in the equipartition
measurements is the difference between the x- and the y-stiffness sug-
gesting that κx > κy. Furthermore, this noise appears to be varying on
a day-to-day basis as the y-stiffness of Fig. 4.14 and the y-stiffness at 35
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Figure 4.15: Plot of the dependence on the laser power of the trap stiff-
ness determined by the equipartition method along the x-axis (blue cir-
cles) and the y-axis (green squares). The two red dashed lines are linear
fits (through the origin) to the drag method results in the positive (dia-
monds) and the negative (triangles) x-direction, respectively.

mW in Fig. 4.15 differ by a factor of 1.9.

4.4.2 Noise Spectra

The suggestion that the trap calibration is influenced by mechanical noise
was investigated by means of a spectral analysis of the noise in the setup.
The strategy was to measure the power spectrum, defined by Eq. (2.20),
of a bead sticking to a cuvette surface. This way the noise contributions
from camera, optics and cuvette motion was measured through the mo-
tion of the bead. For the spectral analysis a high acquisition rate was
needed and two cameras capable of recording 400 frames per second (fps)
were purchased (see Sec. 5.2 for more camera details).

Figure 4.16 shows the power spectra of the x- and the y-motion of a
stuck bead. In the spectra distinct peaks clearly indicate the presence of
mechanical noise while the white (constant) noise level indicate the finite
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computational precision of the tracking algorithm. The red dashed lines
mark the average powers in the noise levels. These were calculated for
f > 130 Hz and in both spectra the level was found to be Pcomp = 0.034
nm2/Hz corresponding to a Gaussian FWHM of 8.68 nm, see Eq. (2.24)
for the definition of a noise level. This is in good agreement with the
computational precision, ∆res = 7.6 nm, determined in Sec. 3.2.

While the two spectra in Fig. 4.16 strongly agree on the value of
the noise level and the location of the noise peaks, they differ in the
strength of the peaks. In particular, the y-motion has a strong peak at
20–40 Hz. This peak has a power of about 200 nm2/Hz. Several other
peaks with one order of magnitude lower powers are present. The latter
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Figure 4.16: Power spectra of (a) the x- and (b) the y-motion of a stuck
bead respectively. Red dashed lines indicate the measured noise levels.
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is also true for the x-motion spectrum but the power of the x-peaks are
yet another order of magnitude lower. To quantify these observations the
position variation related to the power of the mechanical noise peaks was
calculated. Using the definition of the power spectrum, Eq. (2.20), the
position variance can be found as the area under the peaks. Correcting
for the computational noise level the variance is, thus, given by

σ2
mech = 2

∫ ∞
0

[P (f)− Pcomp]df. (4.8)

Here P (f) is the two-sided power spectrum which is why the factor of 2
should be included. In Fig. 4.16 the steadily increasing power towards
lower frequencies were generated by drift, most probably stemming from
thermal relaxation of the setup. This was excluded from the calcula-
tion by setting the lower boundary in Eq. (4.8) equal to 20 Hz. From
the calculated variances the x- and the y-position variations (FWHM)
∆mechx = 9.1 nm and ∆mechy = 46.8 nm were obtained. The latter limits
the stiffness determination to values below κmaxy = 10.2 pN/µm. Figure
4.16, thus, confirms the considerations of Sec. 4.4.1; mechanical vibra-
tions are the dominating contributor of noise and it is significantly more
pronounced in the y-motion than in the x-motion of the bead.

From the layout of the setup it is easy to see from where the dis-
crepancy between the two transversal axes arise. The image in Fig. 4.17
shows the layout of the setup in the laboratory. The trapping module and
the end-view camera are mounted on a vertical breadboard. In terms of
laboratory coordinates the trapping beam axis is vertical and the x and
y axes are horizontal. The x-axis is parallel with the breadboard while
the y-axis is perpendicular to the breadboard. It seems reasonable that
the breadboard, though it is supported on the backside, is most flexible
and able to bend in the y-direction, and this is also what was observed
in the spectra.

Summary

In conclusion, a significant mechanical noise was detected in the setup.
The mechanical noise do not explain why the equipartition analyses of
the x-position deviated from the drag result. This discrepancy most
likely should be ascribed to drift which was, however, not observed to be
significant. Based on the results presented in this section it was decided
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Figure 4.17: Photograph of the initial setup showing its vertical layout.

to abandon the initial setup and design and build a completely new
trapping module, aimed at strongly reducing the mechanical noise. This
decision was further motivated by the desire to perform certain upgrades
to the existing setup. The rebuilt setup is described in detail in the
subsequent chapter.
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5
Current Experimental Setup

The current experimental setup is based on the same trapping principle
as the initial setup, described in Sec. 3. The schematics of the current
setup, Figure 5.5, therefore, show great resemblance to the schematics
of the initial setup, Fig. 3.1, but it also show a few new features. These
features include the focus shift stage in the end-view, and the decoupling
of the visible imaging of the sample and the imaging of the trapping
laser. In this chapter a detailed description of the new features and other
details of the current optical trapping setup is provided. Furthermore,
methods for aligning the counter-propagating traps, manipulation of the
traps and tracking the optically trapped beads, i. e. determining their
positions, are explained.

5.1 Laser Modulation Module

The laser modulation module (LMM) is used to shape the unpolarized
TEM00 mode of our infrared fiber laser (IPG, YLM-20-SC, 20 Watt cw,
1065.5 nm). The modulation happens in two steps: First, the initial
TEM00 beam is shaped to provide a homogeneous, disc-shaped, illumi-
nation of a SLM; next, the SLM is used to define and manipulate trapping

53
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laser beam patterns.

Generating a homogeneous light source from a Gaussian beam is re-
alized with the generalized phase contrast (GPC) scheme, which enables
the conversion of a phase pattern into an intensity pattern [75]. Here a
brief introduction to the GPC concept is given, for further details the
reader is referred to the theoretical work by Palima et al. [76] and the
experimental work by Tauro et al. [77].

Figure 5.1 shows how the GPC scheme is implemented using a phase
mask and a phase contrast filter (PCF) arranged with two lenses in a so-
called 4f configuration. Assume that the laser beam entering the GPC
setup, I(x, y), is collimated and has a flat phase front. The phase mask
is designed to encode a π-phase shift to the intended bright regions of
the output intensity profile, I ′(x′, y′). The phase mask, thus, closely re-
sembles the intended disc-shaped output profile. Figure 5.2(a) shows the
Gaussian illuminated phase mask which is visible from the interference
effects occurring at the border between zero- and π-phase shifted re-
gions. The first lens makes the Fourier transform of the masked wave at
the Fourier plane. Since the phase is no longer flat the Fourier transform
will have non-zero components which are located away from the optical
axis, i. e. components that are not DC. The PCF is placed in the Fourier
plane and is designed to encode a π-phase shift to the DC component
(the radius of the phase shifting region is 20 µm[77]). This way the PCF
creates a synthesized reference wave (SRW), with a plane intensity and

f f f f

Lens Lens

Fourier
plane

Phase contrast
f ilter

Image
plane

Object
plane

Laser
beam

I(x ,y) I´(x ,́y )́Phase
mask

+π
+π

Figure 5.1: The 4f lens configuration of the GPC scheme.
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a flat phase front, which interferes with the masked wave. The second
lens converts the phase information into an intensity profile by making
the inverse Fourier transform at the image plane, see Fig. 5.2(b).

500 1000500 1000
Pixels

In
te

ns
ity

 [a
rb

. u
.]

Pixels

(a) (b)

Figure 5.2: Images of the phase mask illuminated by the fiber laser beam
(a) without and (b) with the phase contrast filter included. Horizontal
line scans through the disc centers are shown below the pictures.

The combination of phase manipulation in real and Fourier space can
be viewed as the creation of two phase fronts, or waves, within the same
beam. The intensity profile in Fig. 5.2(b) is the result of the constructive
and destructive interference of these waves in the region of the masked
wave encoded with the π- and zero-phase shift, respectively. Instead
of placing an aperture in an expanded Gaussian beam and blocking its
wings this approach diverts the wings into the bright regions of beam.
The GPC conversion efficiency is significantly higher than the efficiency
obtained by truncating a Gaussian beam with a mechanical aperture
[76]. Measured as the ratio of the total beam power with and without
the PCF included the GPC conversion efficiency was determined to be
70 %.

The GPC-shaped beam in Fig. 5.2(b) is used to illuminate the SLM
(Texas Instruments, DLPr DiscoveryTM). The SLM is a 0.55 inch dig-
ital micromirror device (DMD) consisting of an 1024 × 768 pixel array
of microscopic mirrors (∼ 9.8× 9.8 µm2) that tilt when a voltage is ap-
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plied. The micromirrors are individually addressed from a computer via
USB using a controller board (DiscoveryTM 1100) and the so-called ALP
interface [78]. Each micromirror has two tilt states, on and off, where
they are tilted either −12◦ or +12◦ relative to the DMD surface. Only
when the micromirrors are in the on state are the GPC-shaped beam
reflected into the trapping setup. The beam pattern emerging from the
LMM can, thus, be turned on and off on a single pixel basis. Grayscale
values are produced with a bit depth of 8 (256 values) by adjusting the
ratio of on time to off time of the micromirrors. For the experiments
presented in this thesis the micromirrors were always in the on state or
the off state and, thus, not used to produce grayscale values.

(a) (b)

y

x

Figure 5.3: Images of the SLM when (a) all and (b) selected micromirrors
are in the on state. The dashed rectangles indicate the SLM edges and
have the dimensions 70× 110 µm2. The bright regions in (b) are 10, 20,
and 30 µm in diameter respectively.

With the DMD-type SLM the number, the size, the shape, the inten-
sity, and the spatial position of the laser beams emerging from the LMM
can be freely chosen in real time. The update rate of the SLM is 143 Hz.
Note that, contrary to holographic optical trapping systems, the SLM
is placed in the object plane of the optical system. Hence, the patterns
written on the SLM are imaged in the sample cuvette and can be directly
observed with the CCD camera, see Fig. 5.5. Figure 5.3 shows two ex-
amples of patterns defined by the SLM. In panel (a) all the micromirrors
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are in the on state and the SLM is imaged. In panel (b) four circular
regions are in the on state which defines four disc-shaped beams that can
be used for the trapping of differently sized particles. The circular arc
visible in panel (a) is the edge of the GPC-shaped beam in Fig. 5.2(b).
At the expense of active modulation area the size of the GPC-shaped
beam was reduced to optimize the power output of the LMM. Though it
appears so, the GPC-shaped beam is not off-centered on the SLM, the
images in Fig. 5.3 only show the right half of the SLM. An image of the
left half would show the same pattern only mirrored in the imaginary
line splitting the SLM in two. The LMM output is, thus, two mirrored
laser patterns which constitute the counter-propagating optical traps in
our setup.

Figure 5.4: Screenshot of the graphical user interface of the trap manip-
ulation LabVIEW software. The live feed from the CCD camera shows
two trapped beads and three out-of-focus beads resting on the bottom
of the sample cuvette. The beads are 10 µm in diameter and made of
polystyrene.
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5.1.1 Trap Manipulation

Manipulation of the traps and the trapped particles is performed via a
custom made LabVIEW program on a PC, see the graphical user inter-
face (GUI) in Fig. 5.4. To the left a real time feed from the CCD camera
is displayed and to the right tools for configuring the traps and setting
up a recording are located. From the user interface one can choose the
desired trap configuration which is then transferred to the SLM in the
LMM. The SLM updates at a rate of 143 Hz making the trap pattern
reconfigurable in real time. Consequently the traps can be moved by
clicking the computer mouse on the display. To create a new trap one
right clicks the display and choose new in a drop-down menu. Each trap
is marked by a circle in the display on the GUI, see Fig. 5.4. In principle
there is no restriction on the shape of the trap pattern. In the exper-
iments presented in this thesis, however, the pattern used consisted of
either one or a few circles. The size of the active region for making trap
patterns, i. e. the size of the image of the SLM in the sample, is about
70× 110 µm2. Within this region the radius of the traps can be chosen
freely.

5.2 Trapping Module and Detection System

The trapping module is very similar to that presented in Sec. 3.2 and its
main purpose still is to relay the mirrored beam patterns to the sample
and make the counter-propagating overlap of them. Figure 5.5 shows
a schematic drawing of the setup. In terms of relay optics the only
difference between the initial (Fig. 3.1) and the current trapping module
is the change of the focal length of the lenses L1 and L2, which now is
300 mm, giving rise to a slightly different magnification, M = 0.012.

To reduce the influence of mechanical noise on measurements the
current setup has a horizontal layout. Contrary to the prior vertical
layout all optical elements are located close to the optical table and
homemade posts for mirrors and lenses make the setup stiff and massive.
An image of the current layout and its implication on the performance
of the setup is discussed in Sec. 5.4. The influence of air turbulence on
laser pointing stability is minimized by boxing in the setup.

In addition to the mechanical sources of noise, the computation of a
trapped praticle’s position, described in Sec. 5.3, generates noise. An
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important factor in the latter is the illumination of the particle. As the
position is computed by analysing an image of the particle the illumi-
nation has to be stable both in terms of intensity and pointing. In our
setup the illumination used for imaging is generated by a light emitting
diode (LED). The LED is driven by a DC current supply and provide a
continuous source of light at 625 nm. The LED mount is made of copper
to act as a heat sink (can be seen in Fig. 5.11), and is designed to tightly
fit into one of the homemade posts. Both intensity and pointing stability
is, thus, considered to be optimized.

Placed just before the objectives it is the dichroic mirrors D1 and
D2 that enable the use of the LED light for imaging. A third dichroic
mirror D3 is used together with lens L3 to image the trap pattern onto
the CCD camera, like in Fig. 5.3. The visible image of the trapped
particles are transmitted through D3 and imaged by L4 and L5 onto
the CMOS chip of the end-view camera. The CCD camera supplies a
video feed for a LabVIEW program used to address the SLM, see Sec.
5.1.1, and the end-view camera monitors the (x, y)-plane of the trapped
particles. Furthermore, an identical CMOS camera is introduced in the
side-view for monitoring of the (x, z)-plane of the trapped particles, see
the inset of Fig. 5.5.

The use of zoom optics (Navitar, 12× UltraZoom with 2.0× standard
adapter) in front of the side-view camera enables a large field of view and

Figure 5.6: Field of view of the side-view camera when the zoom setting
is (a) 1.16× and (b) 14×, respectively.
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simplifies positioning of the sample. In the two extreme zoom settings
the field of view, for the full frame of the side-view camera, is 60 µm and
700 µm on the long edge respectively, see Fig. 5.6.

The end- and side-view cameras (Photonfocus, MV1-D1312-240-CL-
8, pixel size 8×8 µm2) can be operated at various different frame rates
depending on the choice of region of interest (ROI), see Table 5.1. Both
cameras are connected to the same dedicated computer with two arrays of
three 500 GB hard drives in RAID-0 configuration. Each camera, thus,
have direct access to 1.5 TB of storage which is required by the high
data acquisition rates, typically ∼460 MB/s. Data is recorded as 8-bit
gray scale videos in a .seq format, the standard format of the acquisition
software used (NorPix, StreamPix 5).

Table 5.1: Observed maximum values of the frame rate and the exposure
time of the end- and side-view cameras for different sizes of the region of
interest.

ROI Frame rate Exposure
pixels2 fps ms

480× 128 2618 0.30
480× 240 1605 0.50
480× 480 878 1.04
576× 576 634 1.49

1248× 1082 169 5.84

The end- and side-view cameras are triggered by the same frame grab-
ber board (Bitflow Inc., NEO-PCE-CLD). This allows a precise mutual
timing of the cameras and synchronized end- and side-view video record-
ing. According to specifications the cameras are synchronous within
17 nanoseconds. This was observed experimentally by recording a 250
ns laser pulse. With the same internal delay settings the two cameras
recorded the same fraction of the laser pulse intensity (inspected by eye
on the computer screen, the measurement was not quantified). The syn-
chronicity is also visible in the position measurements of a trapped bead.
The cameras share one common axis, the x-axis, and in Fig. 5.7 the
two x-traces, xend and xside, has been plotted on top of each other. Due
to a limited computational precision the traces are not expected to be
identical but the plot nicely illustrate the correlation between the two



62 Chapter 5. Current Experimental Setup

0.00 0.50 1.00

-100

-50

0

50

100

Time [sec]

x-
po

sit
io

n 
[n

m
]

0.25 0.75

Figure 5.7: The x-position traces of a trapped 10 µm bead computed
from an end- (blue dashed line) and side-view (cyan full line) recording
respectively.

independent measurements of x.

The lenses L4 and L5 (f = 200 mm) and the end-view camera are
mounted on a 92 cm long translation stage (Newport PRL-36). This
enables the imaging system as a whole to be translated out of the initial
4f configuration and up to 30 cm along the z-axis toward the sample.
A translation of 1 cm correspond to a change of focus position of 3.75
µm. In this way the focus of the end-view camera can be shifted ∼100
microns into the sample away from the focal plane of objective 2. The
possibility to change the focus of the end-view camera continuously is
a great practical upgrade compared to the discrete lens wheel used in
the initial setup. The focus shift is easily increased by using lenses with
longer focal lengths. The ability to shift the focus of the end-view camera
is used to study the dependence of the trap stiffness on the trapping laser
disc separation, see Sec. 6.2.

The pixel to micron calibration of the cameras is obtained by tracking
a bead sticking to the cuvette wall and moving this using the micrometer
screws on the sample stage. In the end-view the calibration factor is
160±3 nm/pixel for a typical disc separation of 67 µm and appertaining
position of the end-view focus, and in the side-view it is 169±3 nm/pixel
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for a typical zoom setting of 5×.

The spectral width of the trap laser is about 1.2 nm corresponding to
coherence length of 0.4 mm. Therefore, to turn off the coherent behavior
of the counter-propagating beams and avoid standing waves in the trap,
the path length of the direct beam is increased by sending it through a
thick etalon, see Fig. 5.5. The 12.7 mm thick etalon is made of fused
quartz and adds about 5.7 mm to the direct beam path.

5.2.1 Aligning the Optical Trap

Good alignment of the trapping beams is essential to obtaining stable
trapping. The GUI in Fig. 5.4 is an important tool in the alignment
procedure. The circle marking a given trap position in the display is an
ideal sight when adjusting the mirrors M1 and D1 or M2 and D2, see
Fig. 5.5, for the direct beam or the indirect beam, respectively. Before
the alignment procedure is started the LED illumination is blocked and
the the sample cuvette, with the desired specimen, is inserted. The di-
rect beam is aligned by first adjusting M1 to overlap the beam with the
circle in the display. Next objective 1 is repositioned along the beam
and closer to the sample cuvette, and D1 is adjusted. Objective 1 is then
repositioned again, back to its initial position, and an iterative adjust-
ment of the beam position is performed. The objective is, thus, used
as an aperture for adjustment of both M1 and D1, and when the direct
beam stays in the circle while repositioning objective 1 it is aligned. The
alignment procedure for the indirect beam is almost identical, however,
since the beam is propagating away from the camera, alignment is per-
formed on its reflection from the cuvette upper surface. The movement
of the aperture for adjustment of M2 and D2, the stationary objective
2, is mimicked by translating the cuvette along the beam axis. When
the indirect beam stays in the circle while translating the cuvette the
indirect beam is aligned.

During experiments the quality of the alignment can be checked by
alternately blinking the two trapping beams. Blocking the direct beam
causes the trapped particle to be propelled along the indirect beam. At
the same time the particle will be transversally trapped by the indirect
beam alone, and from visible inspection of the GUI display this will give
an idea of where the beam is located. If the situation is reversed and
the indirect beam is blocked the particle will be propelled back and, at
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the same time, be transversally trapped by the direct beam. Thus, by
alternately shifting between blocking one or the other beam the particle
will jump between two distinct transversal positions unless the alignment,
i. e. the overlap, of the trapping beams is good.

5.3 Tracking Algorithm

To be able to monitor the position of the trapped particles a tracking
algorithm was developed. The development was headed by Anton Paarup
Kylling, an IT engineer from Aarhus, who was part of the group for eight
months.

The position, and trace, of the trapped particle is determined through
post-processing of the recorded videos. The goal of the tracking algo-
rithm is to determine where, in the images, the particles of interest are.
This can be realized by means of a template matching, or filtering, of
the images. In practice, this is done by making the convolution of the
images, A, and the template, T ,

(A ∗ T ) [m] =
∑
n

A[n]T [m− n]. (5.1)

Here (A ∗ T ) is the one dimensional convolution of A and T (also assumed
to be one dimensional, see below), and n and m are pixel indices. The
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Figure 5.8: (a) Image of a trapped 10 µm polystyrene bead and (b) a
plot of the illumination intensity profile of pixel column 728. One pixel
correspond to 84 nm.
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sum is over all the values of n which lead to legal subscripts for A(n)
and T (m+ 1− n).

The choice of template depends on the shape and lighting conditions
of the particle. The most intuitive template is an image of the particle,
however, such a template contains much information (many pixel values)
and this makes the matching computationally heavy. Instead, for the
highly symmetric polystyrene beads used in most of the experiments
presented in this thesis (and in many applications of optical trapping) it
suffices to use a one dimensional Gaussian which match the shape of the
lighting conditions near the bead center, see Fig. 5.8. The convolution is,
therefore, performed in two steps: First column-wise and, subsequently,

(a) (c)

(d) (e)0 20 40 60
-8
-4
0
4
8

Pixels

(b)
60 pixels
10 µm

Figure 5.9: (a) Five trapped 10 µm beads. (b) The one dimensional
Gaussian template (arbitrary units with a zero average value). (c) Image
after the template matching have been performed. (d) Image showing
the initial bead center estimates (blues squares) and the ares excluded
from the peak search. (e) The refined bead centers (red crosses) and the
squircles used to calculate them.
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row-wise on the column-result. Both steps are basically one dimensional,
in which case, Eq. (5.1) applies. Figure 5.9(a)–(b) show an example of
a recorded image and the one dimensional Gaussian filter respectively.

In the template matched images a high intensity corresponds to a
good match with the Gaussian, see Fig. 5.9(c). The peaks in these
images, with an intensity higher than a given threshold, are identified
as bead centers. To avoid artifacts like beads with multiple centers only
the highest peak within the dimensions of the bead is accepted. Figure
5.9(d) shows the areas excluded from the peak search and the centers
(blue squares) determined from the filtered image. This first estimate of
the bead center has a precision on the order of a pixel. To refine the center
position a brightness weighted centroid is calculated. This calculation is
performed on the pixels of the original image, located within a squircle
(square circle: w4 = r4

x + r4
y) with radius, w in pixels, of the estimated

center, (x, y). The centroid is defined as [60](
εx
εy

)
=

1

m0

∑
i4+j46w4

(
i
j

)
A (x+ i, y + j), (5.2)

where A is a matrix representing the image pixel intensities and m0 is the
integrated intensity within the squircle defined by w, which is a fraction of
the bead radius chosen to match the image, see Fig. 5.9(e). The centroid
calculation provide a new estimate of the center, (x0, y0) = (x+εx, y+εy)
[red crosses in Fig. 5.9(e)]. If either one of the old and the new estimated
coordinates differ by more than 0.5 pixels, the new estimate is used to
calculate yet another estimate. This iterative centroid calculation result
in sub-pixel position determination.

5.3.1 Computational Precision

The computational precision is a measure of the smallest resolvable
change in the position of a bead. By means of the centroid calcula-
tion in Eq. (5.2) this is about one order of magnitude higher than the
precision defined by the camera resolution. A simple way of measuring
the precision is to monitor and track a number of beads that are sticking
to the inner surface of the sample cuvette. If the beads are truly stuck
the distance between them will be constant. This is true even under the
presence of mechanical vibrations and drift which affects all the stuck
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beads in the same way [79]. In practice, however, the computation of
the beads’ positions is influenced by several factors: The resolution of
the camera; changes in the illumination of the beads (caused by mechan-
ical vibration or the illumination source); and the template matching
in the tracking algorithm. These factors give rise to an uncertainty on
the measured inter-bead distances and limit the precision with which the
position of a bead can be measured.

Figure 5.10 shows the result of monitoring and tracking two stuck
beads for two minutes with a frame rate of 400 Hz. Panel (a) and (b)
show the plots of the measured x- and y-traces of the beads, respectively,
and panel (c) shows a histogram the distance between them. From the
Gaussian fit (blue line) the computational precision is determined to be
7.1 ± 0.1 nm (the FWHM value). In terms of camera pixels (1 pixel =
160 nm) the precision is better than one twentieth of a pixel.
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Figure 5.10: Plots of (a) the x- and (b) z-position of two beads sticking
to the surface of the sample cuvette. Data was recorded with 400 Hz but
is plotted with 10 Hz. The histogram in (c) shows the computational
variation of the measured distance between the two particles.
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5.4 Performance of the Setup

In design and features the current setup is very different from the initial
setup. The most obvious difference is the layout, horizontal versus verti-
cal, which can be seen in Fig. 5.11 and 4.17 respectively. In this section
the performance of the setup is considered. The characterization of the
traps is saved for the subsequent chapter.

Because the setup has a horizontal layout gravity is now a transver-
sal force. For a typical trap stiffness of ∼1 pN/µm of a 10 µm diameter
trap holding a 10 µm polystyrene bead (ρps = 1050 kg/m3) gravity dis-
places the bead about 250 nm from the trapping beam axis along the
negative y-axis. Besides a slight change in magnification of the current
setup (accounted for by adjusting the trap size on the SLM) the trap is
basically the same as in the initial setup and the harmonic range of the
trap is, thus, expected to be the same, > 1 µm on both sides of the beam
axis. Therefore, the trap remains harmonic after the gravitational dis-
placement. It has not been possible to implement a (long-range) motor
on the sample stage at this point, and drag measurements like the ones
presented in Fig. 4.11, enabling a verification of the harmonic range,
have not been conducted.

In the current setup all optical elements are bolted directly to the
table or to the massive aluminium blocks used to raise the beam path a
few centimeters and make room for the lower side-view objective (A in
Fig. 5.5). The setup is, thus, very stiff and though mechanical vibrations
cannot be completely eliminated the stiff design translates the mechanical
resonance toward higher frequencies. Figure 5.12 shows the noise spectra,
obtained by tracking a stuck bead, for (a) the xend-, (b) the y-, (c) the
xside-, and (d) the z-axis. It is clear that the end-view spectra has less
peaks than observed with the initial setup, Fig. 4.16. This absence
of peaks is ascribed to the up-shifting of resonance frequencies. The
side-view camera and the relatively heavy horizontal zoom column are
mounted on a 3D stage and receive extra support from two spring-based
feet, see Fig. 5.11. This mounting is not optimal in terms of being
stiff and it is, therefore, to be expected that the side-view spectra (c)–
(d) show more mechanical noise peaks. Following the calculations in
Sec. 4.4 Eq. (4.8) is used to quantify the mechanical noise, see Table
5.2. The results show that the noise in the xend-axis is about 50 %
higher than what was observed in the initial setup. The y-axis noise
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have been reduced by nearly a factor of three and the side-view axes show
similar or lower mechanical noise contributions to the bead motion. The
spectral determination of the noise level (in the side-view) is in reasonable
agreement with that determined from two stuck beads (Fig. 5.10) and, in
addition to this, reveals a significant difference between the two viewing
angles. This is ascribed to differences in the lighting conditions (observed
by visual inspection of the recorded images) not matching the Gaussian
template, used in the tracking algorithm, equally well.

Table 5.2: The measured computational and mechanical noise. The val-
ues were obtained using Eq. (4.8) for f > 20 Hz, with the computational
noise level determined as the spectral average for f > 130 Hz, and con-
verting to FWHM values.

Pcomp ∆comp ∆mech

nm2/Hz nm nm

xend 0.137 17.6 14.0
y 0.083 13.6 17.2
xside 0.015 5.7 13.0
z 0.013 5.3 8.6

5.5 Summary and Comments

In this chapter the current experimental setup was presented. Some of
its useful features mentioned are the end-view focus shift, the side-view
zoom optics, the decoupling of the SLM diagnostics (the CCD camera)
from the particle detection system (end- and side-view cameras), the con-
tinuous LED illumination, and the versatility of laser modulation module
and the appertaining software. Development of the setup is an ongoing
process and the substitution of the sample cuvette with a microfluidic
cell have been tested along with temperature control of the sample. Fur-
thermore, a photo sensitive diode have been ordered to provide position
detection at a rate of 250 kHz. The future experimental perspectives of
the setup is considered in Ch. 8.

From the power spectra of the motion of a stuck bead the noise was
quantified and compared to the noise in the initial setup. The results
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indicate a significant reduction of the mechanical noise. The computa-
tional noise was found to be similar for the side-view, and a difference
between end- and side-view noise suggested that changes in the lighting
conditions are very important for the performance of the tracking algo-
rithm, i. e. the choice of the tracking template. This was, however, not
investigated in any detail.
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6
Three Dimensional

Characterization of the
Optical Trap

Quantitative use of optical traps is intimately related to accurate char-
acterization of the position and forces acting on the trapped particles.
Unlike the case of single beam optical tweezers accurate measurements of
position and trapping forces have been only sparsely reported for counter-
propagating beam traps [5, 80]. As the setup is able to produce multiple
traps it can be used to hold a plurality of particles [6, 35]. In this case
it is necessary to characterize the dependence of the trap stiffness on
the spatial location in the trapping volume. In this chapter an experi-
mental 3D characterization of the traps in our setup is presented. This
completes the process of redesigning the setup and is, furthermore, mo-
tivated by the fact that a precise experimental 3D force measurement
will be needed, for instance, to study the dynamics of the trapped par-
ticles or when exploring possible beam-shaping strategies for enhancing
the trapping force. The chapter is divided into two sections presenting
first the calibration of a single trap and second the characterization of
the trap stiffness as a function of the transversal trap position and the

73
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separation of the beam discs.

6.1 Position and Trap Stiffness Measurements

The 3D characterization of the optical trap rely on the measurements of
the particle position along all three axes. As mentioned before the (x, y)-
and (x, z)-plane are monitored from the end- and side-view respectively.
With the side-view access the measurement of the z-position is, thus,
straight forward and all position coordinates can be measured with the
same imaging and tracking scheme. Alternative schemes for z-position
detection have been reported elsewhere, see [41] and references herein.
In the present study of the trap stiffness the x-position was measured
from both viewing angles. In this section, however, only the end-view
measurement will be presented and it is merely noted that the analysis
of the side-view measurement gave the same results.

For the purpose of characterizing the trap a 10 µm polystyrene bead
was trapped with a total laser power of 11.6 mW. During the experiment
the bead was located approximately in the middle of the cuvette, i.e.
about 125 µm from each side wall and several millimeters from each end
of the channel. The disc separation was set to 67 µm, which is close to
the value where the transversal stiffness is maximized, see Sec. 6.2. The
bead was monitored for 15 minutes at a frame rate of fsample = 100 Hz
and the data subsequently divided into ten 90 second long sections to
be analysed individually. It should be noted that the values of the trap
stiffness presented below (Table 6.1) differ slightly from those reported
in the paper based on the same data [81]. This is because the analysis
presented in that paper was performed on the full 15 min data set. For
the analysis given here the data was sectioned for two reasons: It allows
for a experimental determination of the uncertainty on the trap stiffness
and the influence of mechanical drift on the data analysis is minimized.
The latter was determined from a calculation of the Allan variance [57]
of the full 15 min data set.

The trap stiffness was determined with the equipartition and power
spectrum methods, described in Sec. 2.3. Figure 6.1 shows the analysis
of all three position coordinates. (a)–(c) show plots of the raw x-, y-,
and z-traces, respectively, and from these the corresponding histograms
in (d)–(f) are obtained. From the fit of Eq. (2.15) (red lines) to the
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Figure 6.1: (a)–(c) x, y, and z position traces for a single 10 µm diameter
trapped polystyrene bead. (d)–(f) Histograms of the traces and fits of
Eq. (2.15) (red lines). (g)–(i) Power spectra of the traces including
the fits of Eq. (2.24) (red lines) to the raw spectra (dots). The blocked
spectra (circles) are also plotted. A few narrow noise peaks was manually
excluded from the spectrum fits.
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Table 6.1: Characterization of the trap stiffness in units of pN/µm. The
uncertainty on the last digit (parentheses) was determined as the stan-
dard deviation of ten measurements.

κx κy κz

Equipartition 1.15(4) 0.89(5) 0.05(1)
Power spectrum 1.16(5) 0.89(4) 0.05(1)

latter the trap stiffness is determined, see Table 6.1. It is seen that the
transversal stiffness is higher than the axial stiffness with about a factor
of 20. The difference in x- and y-stiffness stems from the shape of the
beam at the trap position which is a bit elongated along the y-axis and,
thus, have different intensity gradients, and hence forces, in the x and y
directions.

To obtain the power spectra in Fig. 6.1(g)–(i) the position traces in
(a)–(c) were Fourier transformed and the norm square divided by the
total acquisition time calculated, see Eq. (2.20). From the fit of Eq.
(2.24) (red lines) with D, fc and ε as free parameters the trap stiffness
was obtained using Eq. (2.25), see Table 6.1. It is seen that the values
agree well with those obtained from the equipartition method. From the
values of the trap stiffness we obtain the power-normalized values 0.100,
0.077, and 0.004 pN/µm per mW in the x, y, and z direction, respectively

The results presented in this section show that the side-view capabil-
ity of our setup can be used to 3D characterize the optical trap produced
by two counter-propagating beams. In the subsequent section the same
principle is used to simultaneously characterize multiple optical traps in
3D.

6.2 Dependence of the Trap Stiffness on
Spatial Position and Disc Separation

The use of cameras to monitor the trapped particles enables simultaneous
tracking of multiple particles. In this section we take advantage of this to
3D characterize the optical trap as a function of the transversal position
of the trap as well as the disc separation (DS). The latter dependence
has been the subject of several theoretical studies [40, 44, 82, 58] but to
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our knowledge the data described below represents the first experimental
study, reported in [81].

A specific DS, ddisc, is set by overlapping the two discs at the focal
plane of objective 2 and then displacing objective 1, see Fig. 5.5, a dis-
tance ddisc/nm using a motorized stage. The DS is, thus, understood in
terms of optical path length and in the present case, where the suspend-
ing medium is water nm = 1.33. Overlapping of the discs is monitored
by the CCD camera whose plane of focus coincide with the focal plane
of objective 2, ı.e. the position of the stationary disc.

y
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L C R

25 µm

(a)
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z

L
C R
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Figure 6.2: Images of three 10 µm polystyrene beads trapped in a near-
linear configuration. The end-view (a) provides an image of the (x, y)
plane and the side-view (b) an image of the (x, z) plane. The disc sepa-
ration was 67 µm.

The measurements were conducted on three simultaneously trapped
10 µm polystyrene beads. The beads were held in a near-linear formation
with a spacing of 25 µm. Figure 6.2 illustrate this and hence indicate the
three transversal trap positions studied. In the remainder of this section
the traps will be referred to as the left (L), the center (C), and the right
(R) trap as seen from the end-view. The traps were characterized at a
number of disc separations ranging from 0 to 300 µm. At each DS the
beads were monitored for 15 minutes at a frame rate of fsample = 100
Hz and the data, subsequently, divided into ten 90 second long sections,
to be analysed individually. As mentioned in Sec. 6.1 this differ from
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the analysis reported in [81]. The results for the x-, y-, and z-stiffness
for each of the three traps are displayed in Fig. 6.3. The equipartition
(squares, full lines) and power spectrum (circles, dashed lines) results are
plotted along side each other clearly showing the agreement of the two
methods. The figure is arranged in three columns showing data for the
L- (left), C- (middle), and R-trap (right) respectively. As expected from
the initial trapping laser beam profile impinging on the SLM, see Fig.
5.2, the laser power available in the L-, C-, and R-trap differ slightly,
with powers of 10.3, 11.6, and 12.0 mW, respectively. For the sake of
comparison all stiffness measurements presented below have been scaled
to match a trapping power of 11.6 mW.

Considering first on the x- and the y-stiffness of the three traps it is
seen that the highest stiffness is attained for a disc separation around
60-100 µm. At larger disc separations the stiffness decreases essentially
monotonically. These observations are in fair agreement with calculations
of the stiffness as a function of DS [58]. Based on the simulated stiffness
qualities given in [58] (region III of Fig. 4 in that work), Qx/x = Qy/y =
10 · 10−3 µm−1 and Qz/z = 1.5 · 10−3 µm−1, and using the relation

κ =
Ft

x
=
Qx
x

nmP

c
, (6.1)

the trap stiffness values were calculated, κcalc
x = κcalc

y = 2.06 pN/µm and

κcalc
z = 0.15 pN/µm.1 Here P is the trapping laser power and c is the

speed of light. Again, this is in reasonable agreement with the experi-
mental findings. In [58] it was assumed that a 10 µm diameter particle
was trapped precisely in the center between two counter-propagating
disc-shaped beams. As discussed below deviations from this simplified
picture may occur.

The Figures 6.3(d)–(f) show that the y-stiffness of the three traps
are very similar for the full range of disc separations studied. This is
reasonable given the fact that the y-coordinates are the same and the
z-coordinates nearly the same for the three traps. By contrast, the x-
stiffness is more dependent on the transversal trap position, Fig. 6.3(a)–
(c), which is also expected since it is along the x-direction the traps are

1For practical reasons (not known to the author of this thesis), in connection with
the simulations presented in [58], the values of Qi/i should be multiplied by a factor
of four for i = x, y and a factor of two for i = z, respectively, when inserted into Eq.
(6.1) to give the correct physical result.
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Figure 6.3: The trap stiffness experienced by the three trapped particles
as a function of disc separation for (a)–(c) the x-, (d)–(f) the y-, and (g)–
(i) the z-axis. Both the equipartition (squares) and the power spectrum
(circles) results are shown. Data for the left (L), center (C), and right
(R) trap are shown in the left, middle, and right column, respectively.

separated. Because the optical axis of the optical system preceding the
SLM is centered on the SLM the aberrations of the trap laser must be
larger in the R-trap than in the L-trap. The latter is closest to the SLM
center and, thus, the center of the initial GPC-shaped beam, see Fig.
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5.3(a) and 6.2(a) (note the different length scales). Furthermore, the
separation along x makes the pointing of the trapping beams different
along x and, according to Fig. 6.3, cause an off centered trap (R), with
the beams propagating slightly away from the optical axis, to have a
lower stiffness than a centered trap (L). This trend agrees well with the
calculations in [58]. Changing the pointing along x, however, should not
change the intensity gradient along y and hence the three traps have a
very similar y-stiffness.

Finally, the z-stiffness has a more structured dependence on DS, Fig.
6.3(g)–(i), with several distinct local maxima and minima. However,
as the uncertainties are comparable to the measured trap stiffness it
is difficult to make any conclusions on the trend of the curves. One
thing that can be concluded, is that the beads where trapped at all disc
separations and no unstable regions could be observed. This contradicts
the simulations by Palima et al. [58]. In that work it is assumed that the
particle position remains exactly midway between the two beam discs.
In practice, however, the particle will move away from the center of
the unstable trap to a position where stable axial trapping is possible
rather than being pushed out of the trap along the trapping axis. The
existence of stable off-center z-positions was indirectly observed as a
change in the relative z-positioning of the three particles. The straight
line configuration seen in the side-view, thus, was not equally straight at
all disc separations.

6.3 Summary and Comments

In conclusion, it was shown that the use of two synchronized cameras,
viewing the trapped particles from two orthogonal directions, makes it
possible to 3D track the position of one or several particles. The position
measurements were used to quantitatively determine, for the first time,
the stiffness of the disc-shaped counter-propagating traps along all three
spatial directions. This was done both for a single trapped particle and
for three simultaneously trapped particles. Furthermore, to our knowl-
edge the contents of this chapter represents the first experimental study
of the influence of the disc separation on the trap stiffness in the counter-
propagating geometry. The experimental transversal stiffness, i.e. the κx
and the κy results, agree reasonably with the hybrid physical–geometric



6.3 Summary and Comments 81

optics calculations by Palima et al. [58] and verifies the existence of stable
trapping at lower disc separations, as opposed to far field conventional
spacing. This enables stiffer traps than achieved in the conventional far
field geometry and potentially minimizes aberrations, as the microscope
objectives may not be aberration-corrected when imaging far from the
focal plane. Having found stiffer traps in regions where the beams are
less Gaussian-like, it will be interesting to search for optimal light shapes
for improving trap stiffness further. The comparison of the experimental
axial stiffness, the κz results, with calculations are more subtle. It was
observed that the particles relax into off-centered equilibrium positions,
which accounts for the fact that 3D trapping was realized at all disc
separations, including the regions found to be unstable by theory. Ex-
periment and theory does, however, agree on the z-stiffness being highly
sensitive to the disc separation.

The work presented in this chapter is in line with a strong current
interest for 3D position and force characterization of trapped particles
employing, for instance, holographic microscopy [83, 84] and stereoscopic
imaging [85]. The transversal stiffness measured in this thesis are on the
order of 1 pN/µm and the axial stiffness about a factor of 20 smaller.
By comparison to most single beam optical tweezers this is a weak trap.
This may be an advantage in certain cases, for instance, when studying
weak interaction potentials. From a force analysis point of view, however,
a slightly stiffer axial stiffness would be necessary to attain an precise
measurement of the axial stiffness.

The possibility to make an autocorrelation analysis of the data first
came to our attention after the data presented here was recorded. The
frame rate used is a bit too low to well characterize the exponential
relaxation, Eq. (2.17), of the bead. In particular, the position along
the transversal axes was only recorded 9 times during the characteristic
relaxation time of the trap. Nevertheless, the autocorrelation method
have been used for analysis and slightly higher values and uncertainties
of the trap stiffness was obtained. These do, however, not change the
conclusions on the DS trends or the transversal to axial trap stiffness
ratio.
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Pulsed Manipulation of an

Optically Trapped Bead

In any kind of experiment where an optical trap is used to hold and
manipulate a nanometer or micron sized particle, the motion of that
particle will be influenced by stochastic thermal noise. As demonstrated
in Ch. 6 and the references [15, 45, 49, 51, 86] the trap characteris-
tics can be deduced from the thermal noise which has also been shown
to contain information about the viscoelastic properties of the medium
[87, 88, 89, 90, 91, 92, 93, 94, 95], and the properties of single molecules
[96, 97]. At the same time, the thermal noise obscures any deterministic
behavior of the trapped particle. No matter the precision of the detection
system, any tracked motion will appear noisy. Active feedback for posi-
tion clamping can overcome most of this noise [15, 80, 98, 99, 100, 101],
but is incompatible with any desired non-thermal motion of the trapped
particle. In this chapter I demonstrate a simple experimental strategy
utilizing the repeatability of an experimental event to allow for post-
elimination of the thermal noise and, through that, identification of an
underlying deterministic motion. Post-elimination of the thermal noise
is realized by averaging tens or hundreds of single experimental events.
This strategy imposes no limitations to the allowed shape of the motion

83
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as long as it is deterministic, i. e. the underlying dynamics has to be the
same for all experimental events.

The key to repeatability in the experiments is the irradiation of a
trapped particle by a pulsed laser beam to provide a periodic driving
force. In practice, this means that the trapped particle is pushed away
from its equilibrium position in the transversal trapping plane. Hereafter
the particle returns to its equilibrium position on a time scale determined
by the trap characteristics. The period of the push (1 second) is cho-
sen to be significantly longer than the relaxation time to equilibrium
(0.4 seconds). The induced motion is similar to that produced using
two optical traps in the low frequency viscoelastic studies performed by
Preece et al. [102] which presents an interesting perspective for the cur-
rent work and demonstrate that precise microrheological measurements
can be achieved through optical trapping experiments. Obtaining reli-
able quantitative microrheological information is a key step in the quest
to understand the interplay between active and passive constituents of
the cell cytoplasm [103].

In this thesis the focus is on the post-elimination of thermal noise
and characterization of the underlying deterministic motion of a 10 µm
diameter polystyrene bead, held in our counter-propagating optical trap,
induced by a 250 nanosecond non-absorbing (λ = 532 nm) laser pulse. It
is shown that the deterministic motion is measured with a precision of 5
nm which corresponds to a noise temperature of 0.3 Kelvin. A theoretical
description of the deterministic motion is given and used to determine
the trap stiffness. The result is compared to a standard autocorrelation
analysis of the purely thermal motion of the trapped bead. Furthermore,
a model for the theoretical power spectrum of the pulsed bead motion
is presented and used to determine the push force exerted by the laser
pulses.

7.1 Experimental Setup

The trapping setup was the same used in Ch. 6 only with the side-view
LED and camera removed, see Fig. 5.5. Instead, the side-view objective
(A) is used for the introduction of a 250 nanosecond long, 532 nm laser
pulse (Clark-MXR, Inc., ORC-1000), see Fig. 7.1. With this setup a
trapped 10 µm polystyrene bead can be exposed to a temporally short
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but significant force along the y-axis, i. e. perpendicular to the optical
trapping axis.

The bead motion was recorded with the end-view camera.The side-
view camera was placed line with the leak of a backside polished mirror in
the pulsed laser path. In this position it is referred to as the laser camera
and used to monitor the intensity variation of the laser pulses. The two
cameras and the pulsed laser were externally triggered. The end-view
camera was operated at a frame rate of 600 Hz (576×576 pixel2 images)
while the laser-camera and the pulsed laser were operated at 1 Hz. The
600 Hz TTL trigger was generated by a frequency generator and used
as a common trigger for all three devices, see inset of Fig. 7.1. To
scale down the 600 Hz trigger signal to 1 Hz a delay generator (Stanford
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Figure 7.1: Schematics showing the introduction of the pulsed laser beam
via the mirror M1 (backside polished) and the objective A. The zoom-
in on the upper left part shows a cartoon of the experimental proce-
dure described in the main text. The bead motion was recorded with
the end-view camera through trapping objective 1, Fig. 5.5. The two
counter-propagating trapping beams are aligned along the z-axis and are
indicated by the red coloring in the cartoon.
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Research Systems, Inc., model DG535) was used. The delay was set so
that every 600th trigger pulse was passed on to the laser camera and
the pulsed laser. When the delay generator receives trigger number 1 its
output (one of several) goes from low to high and stays high for little less
then one second, 1 − 1

600 < τdelay < 1 second, before it goes low again.
Only when the output is low will a new TTL trigger be registered which,
then, will be trigger number 601. This way the timing of trigger 1 and
601 is passed on by the delay generator which, thus, act as an 1 Hz TTL
frequency generator, synchronized to the 600 Hz frequency generator.

To simplify the interpretation of the recorded data the bead-laser-
pulse interaction was temporally located outside the camera´s exposure
window (1.5 ms). This was done by adjusting the internal delay of the
end-view camera and offsetting the image capture from the 600 Hz trigger
signal. With the interaction event located between, e. g. , frames 1 and
2 the tracking of the bead will find it to be in either the before (frame
1) or the after (frame 2) position and never in between. The dark time
of the camera is 78 µs and the momentum relaxation time of the bead is
τd = m/γ ≈ 6 µs which leaves plenty of time for the push to be completed
before the exposure of the camera starts.

The zoom box in Fig. 7.1 illustrates the procedure of the experi-
ment. First a 10 µm diameter polystyrene bead is picked up from the
bottom of the sample cuvette by the optical trapping beams and posi-
tioned in the center of the cuvette tube, i. e. ∼125 µm away from the
cuvette walls. During the first 5 min the pulsed laser is not included
and the thermal motion recorded is used to characterize the trap by the
autocorrelation method. Hereafter, the pulsed laser is included for 7.5
min. For each laser pulse the bead is pushed a distance away from equi-
librium. The time-dependent bead positions, reflecting the thermal noise
and the deterministic motion back towards equilibrium, is recorded and,
subsequently, analysed using Eq. (7.2) and (7.7), described below.

7.2 Theory

To evaluate the genuineness of the deterministic dynamics revealed by the
pulsed experimental strategy it is compared with the theoretical particle
motion. The time scale of the pulsed push is much shorter than the
period of the detection system (τd � 1/fsample, see below). Therefore,
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we consider the dynamics following the push where the trapped particle
is influenced only by the optical trap force and the thermal excitations.
The dynamics is described by the Langevin equation,

mÿ = −κy − γẏ + ξ(t), (7.1)

where m is the mass of the trapped particle, κ is the trap stiffness, and
ξ(t) is the stochastic Brownian force. The experimental strategy is to
enable the elimination of thermal noise by averaging. Therefore, the
stochastic term is ignored and Eq. (7.1) is solved without the last term.
From this the deterministic relaxation of the trapped particle towards
its equilibrium position is obtained,

y(t) = c1 exp

(
−κdet

γ
t

)
+ c2 exp

(
− γ
m
t
)
. (7.2)

Here κdet is the trap stiffness determined from the deterministic motion
of the trapped particle. The two front factors c1 and c2 are determined
by solving the two boundary problems obtained by setting t = 0 in Eq.
(7.2) and in the derivative of Eq. (7.2),

c1 =
y(0) + m

γ ẏ(0)

1− κdetm
γ2

, c2 =
y(0) + γ

κdet
ẏ(0)

1− γ2

κdetm

. (7.3)

The expression in Eq. (7.2) is simplified by the fact that it is fitted to
the deterministic behavior of a bead after it is pushed by the laser beam,
but before any significant consecutive relaxation in the trap is achieved.
This means that the initial velocity, ẏ(0), is assumed to be zero and that
the particle’s initial distance from the center of the trap, y(0), is set to
be ∆y, the push length, when Eq. (7.2) is fitted to the data. With the
present experimental parameters the expression can be further simplified
for two reasons: The front factor c2 is about four orders of magnitude
smaller than c1, and the characteristic time of the c2 term makes it fall
off about five orders of magnitude faster than the c1 term (recall that
τt = γ/κ ≈ 90 ms and τd = m/γ = 6 µs). Neglecting the last term all
together and realizing that 1� κdetm/γ

2 Eq. (7.2) reads

y(t) = ∆y exp

(
−κdet

γ
t

)
. (7.4)
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This description of the bead motion provide two ways to evaluate whether
the correct deterministic motion is revealed. The motion should be de-
scribed by a single exponential and from the a fit of Eq. (7.4) the trap
stiffness is obtained, which can be compared to the standard autocorre-
lation method result, Eq. (2.17).

An alternative way to investigate the deterministic dynamics is to
consider its spectral footprint. The Langevin equation including the
laser pulses is

mÿ = −κy − γẏ + ξ(t) + Θtp(t). (7.5)

Here the pulsed force term, Θtp(t), is characterized by the number of
pulses, N , the time between them, tp, and the amplitude of the force
exerted by the laser pulses on the particle, Fp, in the following way:

Θtp(t) = Fp

N−1∑
k=0

h(t− ktp), h(t) ≈ exp

(
−t2

2σ2
p

)
. (7.6)

Here it is assumed that the pulse-particle interaction is linearly depen-
dent on the laser intensity and that the temporal shape of the pulses,
h(t), is Gaussian with the width σp. The latter provides a significant
simplification of the derivation of the pulsed model and can be justified
from a measurement of the pulse intensity using a photodiode, see Fig.
7.2. The measurement shows a Gaussian-like profile, in (a) time and (b)
spectrum, with a fitted Gaussian width of σp = 106 ns (red line).

With the assumptions above, the corresponding approximate power
spectrum can be derived from Eq. (7.5),

〈
P (meas)
y (f)

〉
' 1

2π2

D+
πσ2pF

2
p

γ2tmsr

sin2(πNtpf)

sin2(πtpf)
f2c +f2

, (7.7)

where tmsr is the total duration of the measurement. The full derivation
can be found in the PhD thesis of Martin V. G. Kristensen [104].

As will be shown in Sec. 7.4, it is possible to get a very precise
measurement of the repetition frequency of the laser pulses, fp = 1/tp.
In addition, the amplitude of the force, Fp, exerted on the particle by the
laser pulses can be estimated through Eq. (7.7). This is possible since
the other variables are easily measured or estimated by other methods.
Furthermore, Fp may be used to get an estimate of the length of the
push, ∆y, for comparison with the one found through Eq. (7.4). This is
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Figure 7.2: Measurement of (a) the temporal and (b) the power spectral
shape of the push pulse (green dots). From the Gaussian fit (red line)
the pulse width, σp = 106 ns, was obtained. In terms of FWHM this
corresponds to a pulse length of ∆p = 250 ns.

achieved by noticing the temporal separation of the relevant time scales.
The characteristic relaxation time of the trap is τt = γ/κ ∼ 90 ms; the
momentum relaxation time of the water-suspended bead is τd ∼ 6 µs;
and the acceleration time of the particle, i. e. the duration of the laser
pulse, is 2σp ∼ 0.2 µs. As such, the induced velocity due to the laser
pulse, is given by the integral of a Gaussian acceleration with a width of
σp, and an amplitude of Fp/m. The push length is, then, obtained from
the integral of the exponential decrease of the velocity. This provide the
relation between Fp and ∆y,

∆y2 ≈
2πσ2

pF
2
p

γ2
. (7.8)

Note that ∆y and Fp are determined by Eq. (7.4) and (7.7), respectively,
and only in the case where τt, τd, and 2σp are temporally separated can
they be related through Eq. (7.8). The temporal and spectral analyses,
expressed by Eq. (7.4) and (7.7) respectively, are, thus, supplementary
and provide different properties of the deterministic dynamics.
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7.3 Post-Eliminating Thermal Noise

Figure 7.3 shows the y-position of the bead while it is subjected to the
laser pulses. The dominance of the thermal noise obscures any clear
indication of the repetitive motion induced by the laser pulses. The laser
pulses are, however, precisely timed with respect to the recording of the
bead position so the data can be divided into 450 equally sized pieces
containing one pulse-bead-interaction event each. By averaging the 450
events an effective post-elimination of the thermal noise is achieved, see
Fig. 7.4(a). The averaged bead motion (green dots) appears highly
deterministic, which is supported by the very good agreement with the
fit of Eq. (7.4) (red dashed line). In Fig. 7.4(b) this is further clarified
by plotting the difference between the averaged data and the fit (now
indicated by the red dashed zero-line). From the fit the trap stiffness,
κdet450 = 1.16± 0.01 pN/µm, and the push length, ∆y450 = 207± 1 nm,
were obtained.

To asses the experimental uncertainty on the deterministic measure-
ment the averaging was performed on 45 events, see example in the insets
of Fig. 7.4. This provides ten independent measurements of the deter-
ministic motion and the standard deviations of κdet and ∆y could be
calculated. From the fit of Eq. (7.4) κdet45 = 1.19 ± 0.24 pN/µm and
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Figure 7.3: Bead position as a function of time. The vertical dashed lines
indicate the positions of the laser-pulse-bead interaction events.



7.3 Post-Eliminating Thermal Noise 91

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time [sec]

R
el

at
iv

e 
y-

po
sit

io
n 

[n
m

]

-5

0

5

(b)

-15
-5
5

15

R
el

. y
-p

os
. [

nm
] Average of 45 events

-100

0

100

200

300
y-

po
sit

io
n 

[n
m

]

0 0.2 0.4 0.6 0.8-100

0

100

200

Time [sec]
y-

po
sit

io
n 

[n
m

]
 

Average of 45 events

0 0.2 0.4 0.6 0.8
Time [sec]

10

15

20

(a)

TN45
 = 5.2 K

TN450
 = 0.3 K

Figure 7.4: (a) Plot of the bead’s y-position as a function of time (green
dots). Averaging 450 events like the seven shown in Fig. 7.3 gave this
result. The inset shows the same for the average of 45 events includ-
ing error bars (shown for every tenth data point), which indicate the
standard deviation of the 45 measurements, i. e. the magnitude of the
thermal motion. The fits of Eq. (7.4) is shown by the red dashed lines.
They are almost indistinguishable from the data. (b) The same as (a),
only with the fit subtracted from the data to illustrate the precision of
the measurement.
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∆y45 = 208± 19 nm were obtained. From the images recorded with the
laser camera the standard deviation of the pulse intensity was determined
to be < 2 % and hence could be neglected.

For comparison with the deterministic result the trap stiffness was
determined by the autocorrelation method. From a calculation of the
Allan variance on the purely thermal data, i. e. the 5 min long section
recorded prior to the inclusion of the pulses, an optimal data length
of 17 seconds was determined [57]. This provides 17 independent po-
sition measurements and by fitting the corresponding autocorrelation
functions, like the one in Fig. 7.5, with Eq. (2.17) (red line) the trap
stiffness, κcorr = 1.12± 0.11 pN/µm, was obtained.

0 0.1 0.2 0.3 0.40

1

2

3

4

Lag time [sec]

<
y(

t+
τ)

 y
(t

)>
 [1

03
 n

m
2 ]

Figure 7.5: Example of the position autocorrelation function (green dots)
as a function of lag time, τ , of a 17 second long data section without the
laser pulses. The fit of Eq. (2.17) (red dashed line) was performed for
0 ≤ τ < 1.2τt = 0.1 s.

The agreement of the deterministic model in Eq. (7.4) and the aver-
aged data together with the agreement of the trap stiffness values, κdet

and κcorr, corroborates our interpretation of the trace in Fig. 7.4 as
representing the real deterministic bead motion. To determine the ex-
tent with which the thermal noise has been eliminated the variation of
the y-position relative to the model, Fig. 7.4(b), was considered. The
standard deviation of the relative y-position for the 450-event average is
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σavg450
= 2.0 nm. Together with the trap stiffness this value can be used

to calculate a corresponding (virtual) thermal noise temperature of the
system using Eq. (2.12). The result, TN450 = 0.3 K, states that without
averaging a temperature this low is required to be able to measure the
trace in Fig. 7.4(a) (obviously not an experimentally possible scenario
for the water-suspended bead). The experimental strategy, thus, reduced
the stochastic-motion-temperature of the trapped bead from room tem-
perature to a sub-Kelvin temperature.

The elimination of thermal noise can also be evaluated by comparing
the thermal motion of the bead and the precision with which the deter-
ministic motion has been measured. The size of the measured thermal
bead motion was determined both from the purely thermal data and the
pulsed data, see error bars in inset of Fig. 7.4(a), and was found to be
σtherm = 68.6 ± 2.2 nm. This is more than 30 times higher than the
value of σavg450

, which states that a deterministic bead motion of a few
nanometers can be identified and separated from a thermal motion of
several tens of nanometers.

The precision of the 45-event average is σavg45
= 8.0± 1.6 nm which

correspond to a noise temperature of Tnoise45 = 5.2±2.1 K. It is clear that
an increase in the number of averaged events can significantly enhance
the position precision and the elimination of the thermal noise. At the
same time, a relatively small number of events is required to make the
deterministic motion appear [see inset of Fig. 7.4(a)], depending on the
amplitude of the deterministic motion of course.

In this section the trap characteristics expressed in the deterministic
trace and the position autocorrelation function was used to support the
genuineness of the deterministic bead motion and, thereby, consolidating
the conclusions about the post-elimination of the thermal motion. At the
same time the push length was measured, and its value is related to the
interaction of the bead and the laser pulses. It, therefore, is an important
experimental parameter with interesting experimental perspectives, see
Ch. 8. In the subsequent section the bead-pulse-interaction is studied
from a spectral point of view.
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7.4 Pulsed Force Amplitude

From a spectral analysis of the pulsed bead motion additional informa-
tion about the underlying dynamics can be obtained. The amplitude of
the force exerted by the laser pulses on the bead was determined by fitting
the pulsed power spectrum model, Eq. (7.7), to the measured spectrum.
Figure 7.6 shows excellent agreement between the measurement (green
line) and the fit (red dashed line) in the range 0 Hz < f < 50.5 Hz.
The fit directly yields the amplitude of the force, Fp = 70.9 nN, which
is more than five orders of magnitude larger than the trapping force,
Ft < κ∆y ≈ 0.3 pN. A combination of a short duration of the push and
the energy dissipation, i. e. the viscosity and drag coefficient, retain the
bead within the trap. While a laser pulse is present the trapping force
is completely negligible.

Determining the force from the fit could give rise to great uncertainty
due to the scarce number of data points forming the peaks, see Fig.
7.6(b)–(c). To investigate this, the force amplitude was calculated for
individually measured values of the peak power. In accordance with
Tolić-Nørrelykke et al. the measuring time, tmsr, was chosen to be an
integer multiple of the pulse period, tp, to obtain a measured spectrum
where the peaks are described by a single data point [105, 106]. This
justifies the calculation of the pulsed force amplitude from each individual
peak in the measured spectrum (without averaging) using the theoretical
expression for the (absolute) peak power. At the peak positions, fpeak,i

with 1 ≤ i ≤ 50, the spectrum in Eq. (7.7) reduces to

P (meas)
y (fpeak,i) ≈

1

2π2

D+
πNσ2pF

2
p

γ2tp

f2c +f2peak,i
, (7.9)

where only Fp is unknown. The pulse width, σp, was measured with a
photodiode (Fig. 7.2) and everything else was determined by fitting the
non-pulsed power spectrum model, Eq. (2.24), to the measured spec-
trum with the peaks (and five point on each side) manually excluded.
Equation (7.9), thus, enable the calculation of the force directly from
each measured power spectrum peak. The result, Fp = 70.9 ± 4.3 nN,
consolidates the force amplitude determined from the fit of the pulsed
power spectrum model in Eq. (7.7).

The result of the spectral and the temporal analyses is compared
through Eq. (7.8). The estimate of the push length from the force,
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Figure 7.6: (a) The measured power spectrum of the bead motion when
exposed to the laser pulses (green line). The red dashed line is a fit of
Eq. (7.7). The black line is a plot of the periodic pulsed part of the
fit. (b)–(c) Closeup of the peaks at 1 Hz and 50 Hz respectively. The
deviation from 1 Hz of the laser repetition rate, fp = 1.0002 Hz, is visible
at high frequencies.

∆yFp = 209± 13 nm, shows very good agreement between the two anal-
yses. Consequently, the temporal separation of the relevant characteristic
times, τt, τd, and 2σp, was satisfied in this experiment, as argued in Sec.
7.2.

Equation (7.8) can also be used to estimate the smallest push length
needed to obtain visible peaks in the spectrum and enable a viable force
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fit. Setting the two terms on the right hand side of Eq. (7.9) equal, the
following relation is obtained,

∆ymin =

√
2Dtp
N

, (7.10)

where tmsr = Ntp have been inserted. In words, the minimum push
length needed to enable the determination of the push force amplitude is
proportional to the free diffusion of the particle between two subsequent
laser pulses. The proportionality factor, 1/

√
N , states that an increase

in the number of pulses increase the sensitivity of the fit. For the present
experimental parameters ∆ymin = 14 nm. This appears to be a con-
siderably lower sensitivity than for the time domain analysis, where the
precision was found to be σavg450

= 2.0 nm. This has, however, not yet
been tested.

7.5 Summary and Comments

Post-elimination of the thermal noise on the motion of an optical trapped
10 µm polystyrene bead proved successful. The thermal motion was re-
duced from ∼68 nm to ∼2 nm, corresponding to the thermal noise at
room temperature and at 0.3 K respectively. This enabled imaging of
the deterministic motion as it decays, within 0.4 seconds, from an initial
distance of ∼208 nm away from equilibrium to the equilibrium position
in the trap. A comparison of the deterministic model and the data cor-
roborated the assignment of the averaged bead motion as being the true
deterministic motion. This was further supported by a comparison of
the trap stiffness values determined from this motion and from the auto-
correlation function of the purely thermal part of the data, respectively.

The elimination of the thermal noise was achieved by using a pulsed
laser beam to impose a periodic motion of the trapped bead. Because
the laser pulses were precisely timed with respect to the recording of the
bead position, the data could be divided into sections containing one
laser induced motion each. The thermal noise could subsequently be
averaged out.

A theoretical expression for the power spectrum of the pulsed bead
motion including the thermal noise was presented. A fit of this expression
enabled the determination of the push force amplitude. With a value of
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∼71 nN it was five orders of magnitude larger than the optical trapping
forces. See Ch. 8 for the future perspectives of the finding presented in
this chapter.
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Outlook

In the framework of this thesis, the basis of an optical trap lab in Aarhus
have been founded. After a series of studies including the implemen-
tation of P-CARS and the preliminary manipulation of protein crystals
the process of rebuilding the trapping setup was initiated. This process
carried with it the knowledge of how to determine and analyse the posi-
tion of a trapped particle. The insight into the methodology of optical
trapping and a detailed knowledge of the experimental setup are essen-
tial for further development and project planning in the optical trapping
laboratory in Aarhus. In this chapter some of the future perspectives of
the work described in this thesis are presented.

Frame Rate and Temperature Control

The experimental results presented were obtained by CMOS cameras
running at a rate of 600 Hz or lower. As stated in Table 5.1 the frame
rate can be increased by reducing the number of pixels that is read out,
i. e. the size of the region of interest. Increasing the frame rate lowers the
exposure time of the camera, which is useful because it minimizes the
image blur but, at the same time, it poses an experimental complication
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as it requires an increased intensity of the illumination. Fiber illumina-
tion can meet this requirement of high-speed video recording [107] or,
alternatively, the detection system can be extended with a quadrant or
position sensitive photodiode. The latter track the trapping laser beam
and enable detection rates of hundreds of kHz. Very recently a 250 kHz
position sensitive photodiode was ordered. Higher temporal resolution
and frequency ranges will be important in future microrheological and
hot Brownian motion studies, see below. Furthermore, access to the
microsecond time scale will enable a more detailed testing of the deter-
ministic model used in Ch. 7, including the influence of the second term
in Eq. (7.2).

New holders for the sample cuvette was constructed in copper with
internal channels enabling water cooling or heating of the sample. Tem-
perature control is essential for studies of living cells, see below, and can
be used to change the viscosity of the suspension.

Chemistry in µL Samples

In the push experiments, using an independent push laser in a sideways
geometry has several advantages over other possible driving force meth-
ods like, for example, a piezo-stage or an additional optical trap [102].
In principle, a laser pulse have no limits on its duration, ranging from
femtoseconds to hundreds of nanoseconds or longer. Furthermore, the
laser wavelength and polarization can be changed, bringing several ad-
justable parameters to the setup. Parameters like these may be used
to study µL sized chemical samples. In a simple experiment, a water-
suspended oil droplet containing the chemical compound of interest could
be trapped and the push length used to measure the absorbance of the
sample. The absorption spectrum could then be obtained by measuring
the push length as a function of the pulse wavelength by using a tunable
dye laser.

Microrheology

The experimental strategy presented in Ch. 7 may be used to extend
a recently reported wideband analysis of viscoelastic media [102] to in-
clude spectral information in the MHz range. In that work Preece et
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al. [102] combine two techniques to probe the full frequency range up
to 2 kHz. According to Preece et al. this is the first time that the full
range between low and high frequencies have been measured with optical
tweezers. They present an analytical model for the frequency dependent
elastic and viscous moduli of the suspending fluid, measured through the
periodic displacement of a trapped 5 µm bead, flipped between two op-
tical traps that alternately switch on/off. According to the authors the
frequency range probed with this technique is only limited, at the top
end, by the acquisition rate of the bead position and, at the bottom end,
by the duration of the experiment. In practice, however, their results are
limited by the trap switching time (tens of milliseconds), intrinsic to the
SLM equipment used to define the traps, and they supplement with a
purely thermal position measurement to probe the high frequency range
(> 40 Hz). The agreement of their two measurements (overlapping from
∼3 to ∼40 Hz) are not quantified but in any case it is favourable to
measure the full range with the same technique. The pulsed experiments
presented in this thesis potentially have the ability to do this as the time
it takes to displace the bead with a laser pulse (microseconds in water) is,
in general, much shorter than the trap switching time mentioned above.
The microrheological studies will benefit from the high acquisition rate
of the position sensitive diode.

Hot Brownian Motion

The subject of Brownian motion is often used as the basis for formulating
and testing developments in equilibrium and non-equilibrium statistical
mechanics. Recently theoretical investigations of hot Brownian motion
describe the thermal motion of particles with an elevated temperature,
compared to the surrounding medium [108, 109, 110, 111]. With the
present experimental setup dyed polystyrene beads can be trapped and
heated by the absorbtion of a secondary laser. By using a pulsed sec-
ondary laser we expect to be able to precisely control the amount of heat
generated and the location and time where it is applied. This will enable
critical testing of proposed non-equilibrium diffusion models for systems
where temperature and viscosity are inhomogeneous. These studies will
benefit from the high acquisition rate of the position sensitive diode.
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Properties of Polymer Capsules for Drug
Delivery

Polymer coating of drug delivery vehicles is of paramount importance to
control their interaction with cells and tissues. Polymer films provide en-
hanced stability under in vivo conditions and control over cargo retention
and cargo release, which ensure the desired therapeutic response. Poly-
mer capsules are holding promise as advanced drug delivery vehicles or
as cell mimics [112]. Poly(dopamine) (PDA) has been used to assemble
such capsules and the absence of inherent cytotoxicity has been reported
[113]. It has, furthermore, been shown that PEGylation [poly(ethylene
glycol) coating] reduces the interaction of PDA coated liposomes with
myoblast cells.

The characterization of functionalized polymer capsules have been
initiated in a collaboration with an in-house research group headed by
Brigitte Städler. The first aim of this collaboration is to assess the sur-
face interactions of PDA coated polystyrene beads (PDAB) [114], both
without and with a PEG layer [115], with living myoblast cells and hep-
atocytes. Specifically, the optical trap is used to pick up a coated bead
and to bring it into contact with the cells, which are grown on the bot-
tom of the sample cuvette. Since the trap is well-characterized, it can
be used to measure the strength of the interaction between bead and the
cell.

The second aim is to coat the PDAB with a specific antibody, anti-N-
Cadherins. Myoblasts have a receptor for this antibody but hepatocytes
do not. These modified beads will, then, be trapped and the attraction
forces between them and the two cell types will be investigated. While
these model systems are interesting by themselves, and will provide in-
sight into fundamental processes on-going at the biointerface, they also
serve as a platform for the development of a unique methodology for cell
adhesion studies using the optical trap. For the mentioned experiments
it will be ensured that the cells are viable using standard assays.

Cell Diagnostics

The SEPT9 gene has received much attention due to its identification
as a putative proto-oncogene in murine T-cell lymphoma cancer [116] as
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well as its association with hereditary neuralgic amyotrophy [117]. While
the specific role of SEPT9 is still unknown, a recent study, by our in-
house collaborator Annette Füchtbauer, shows a significant change in the
behaviour of the cell membrane and the cytoskeleton when the SEPT9
gene is deleted, compared to the behaviour of the control cells [118].
Other studies have shown that cell elasticity is of key importance in the
metastasis of cancerous cells [29], and it is therefore of great interest to
investigate SEPT9’s involvement in the stiffness of the cell membrane
and/or cytoskeleton.

The primary goal of these studies will be the investigation of the
elasticity of murine embryonic fibroblasts, where the gene for the SEPT9
protein has been knocked out. This will be accomplished with an optical
stretcher, which is a counter-propagating beam trap that makes use of
the change in momentum of the photons, as they enter and leave the
trapped particle, to produce a pull at the interfaces between the particle
and the surrounding media [28]. The stretcher, realized by bypassing the
laser modulation module and using the more intense TEM00 mode of the
fiber laser, has been tested and cell deformation has been observed.

In addition, the standard imaging software, used to track the changes
in cell shape, will be developed through the addition of sub-pixel precision
tracking of the cell position [119].

Microscopic Tools

An application of the counter-propagating trap and the side-viewing ca-
pability is the trapping of large and possibly irregularly shaped particles.
In this case 3D monitoring of the position, orientation and shape of the
particles could be highly useful [120]. Preliminary studies were carried
out showing that the setup easily holds and manipulates polystyrene
beads as big as 30 µm in diameter and it was demonstrated that a pro-
tein crystal of similar size could be moved and rotated. Furthermore,
manipulation of microscopic tools have been demonstrated with promis-
ing perspectives for surface scanning of low elasticity, highly curved cell
membranes [121, 122], and force measurements outside the trapping laser
field [123, 124]. Preliminary microtool experiments have been conducted
using the predecessor to the tool described in [59], see Fig. 8.1. From
the position measurements of the four handles along the x-, y- and z-
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axis, respectively, the three dimensional orientation of the microtool was
determined. In particular, the preliminary experiments showed that the
tip of the tool was confined within a volume of about 180 × 225 × 100
nm3 (FWHM values). This defines the precision with which the tool can
be used for surface scanning. The tools are made by two photon poly-
merization and could easily be designed with bigger handles for stronger
trapping and reduced Brownian motion of the tip. The position measure-
ments also provide a characterization of the trapping forces and the tip
of the tool can, thus, be used to probe, for example, the elasticity of cell
membranes or the surface tension of a water-oil interface. Furthermore,
the microtool may be used in combination with a secondary pulsed laser
to puncture membranes, by utilizing the large and short-duration force
of the laser pulses.

10 µm 10 µm
y

x
z

x

(a) (b)

Figure 8.1: Images of a microtool with four handles and a spear seen
in (a) the end- and (b) the side-view. The tool is held by two traps
positioned at the center of the two visible handles in (a). Each trap,
thus, hold two handles.

Summary

Optical trapping has many application in both physics and biology. Since
the initial experiments, the setup has developed substantially, and future
projects will be more focused toward specific problems, and less toward
the general methodology of optical trapping. The perspectives of the
research activities in Aarhus is to utilize the optical trapping facility, to
study fundamental properties of the suspending medium, the trapped
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particles and/or particles away from the laser field, at the tip of a mi-
croscopic tool.
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9
Summary

Optical trapping was demonstrated for the first time in 1970. Since then
optical trapping systems have been subject to extensive development,
which allows today’s scientists to manipulate particles as small as a single
atom and as large as 100 micrometer, and combine this with picoNewton
force measurements. A versatile tool like this has many application in
both physics, chemistry and biology. Optical traps have been used to
study a diverse range of phenomenon including the interplay between
airborne and suspended colloids, and the forces and characteristic step
distances of motor proteins.

In the trapping system described in this thesis the optical traps are re-
alized in a counter-propagating geometry using two infrared beams with
disc-shaped intensity profiles. In our custom made setup the trapping
beams are focused by a pair of low numerical aperture (NA) objectives,
and particles are trapped between the two beam foci. The available
space, characteristic of the counter-propagating geometry, allows for the
introduction of an additional pair of low NA objectives. These are used to
monitor the trapped particles from the side and, thereby, to image them
along all three spatial axes. The sideways access is particularly useful
when handling irregular particles and for introducing a secondary laser,
independent of the trapping laser beams. The latter can, for example, be
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used to spectroscopically probe the trapped particles. To accommodate
such applications the water-suspended sample particles are contained in
a square cuvette with flat perpendicular interfaces.

Essential to studies using optical traps is a detailed characterization
of the experimental setup. This involve the determination of the precision
with which the position of a trapped particle can be determined, the
magnitude of the optical trapping force, and the influence of noise in the
system. In this thesis the optical trapping setup, implemented in the
late 2007 and rebuild in the early 2011, was characterized and the traps
analyzed in three dimensions. This include the determination of the trap
stiffness (Hooke’s force constant) in three dimensions which were found
to be κx = 1.16 pN/µm, κy = 0.89 pN/µm, and κz = 0.05 pN/µm.
Furthermore, a study of how the trap stiffness depends on the spatial
position of the trap, and the first experimental study of how it depends
on the laser foci separation, were presented.

In an experiment designed to enable the post-elimination of thermal
noise from the position measurements of a trapped bead the sideways
access was used to introduce a pulsed (nanosecond) laser. This way the
bead was exposed to a periodic force pushing it along the y-axis once
every second, which was monitored at an acquisition rate of 600 Hz.
The pulsed laser and the camera were externally triggered and this en-
abled a precise timing of the push and the image capture. Thermal noise
could, then, be eliminated in the post-processing of the measured bead
position, by sectioning the data in one second long parts and averaging
these. The result was an effective noise reduction and in terms of tem-
perature Tnoise = 0.3 Kelvin, based on 450 data parts. This revealed
the underlying deterministic motion of the bead which relaxed toward
its equilibrium position in an exponential manner. This agreed very well
with theory. In addition to this data was analysed using a pulsed version
of the standard power spectrum model. From this the amplitude of the
pulsed push force was determined to be 71 nanoNewton (10−9 N), which
exceeds the optical forces by more than five orders of magnitude.

To conclude the thesis, several proposals for future experimental in-
vestigations were given. Some of these have already been initiated and
preliminary results have been obtained. The promising future of the
optical trapping activities in Aarhus will build on the results and meth-
ods presented in this thesis, and will be more focused toward specific
problems.
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Dansk Resumé

Optisk indfangning blev p̊avist for første gang i 1970. Siden da er der sket
en stor udvikling af optiske fældesystemer, som muliggør h̊andteringen
af enkelte atomer (1 Ångstrøm = 10−10 m) s̊avel som større biologiske
celler (100 mikrometer = 10−4 m). Derudover kan man h̊andtere flere
partikler samtidigt og udføre kraftm̊aling i picoNewton omr̊adet (10−12

N). Optiske fælder er s̊aledes meget alsidige og har derfor ogs̊a fundet
mange anvendelser indenfor b̊ade fysikken, kemien og biologien. Blandt
andet er de blevet brugt til s̊a forskellige form̊al som at studere vek-
selvirkningen mellem luftb̊arne eller suspenderede kolloider samt kræfter
og størrelse af de skridt, som er karakteristiske for motorproteiner.

Den optiske fælde beskrevet i denne afhandling fanger partikler ved
hjælp af to modsatrettede infrarøde laser str̊aler. I vores specialbyggede
opstilling fokuseres str̊alerne ved hjælp af to objektiver som har en lav
numerisk apertur (NA), og partiklerne fanges mellem de to str̊alers fokus.
P̊a grund af den relativt store afstand mellem objektiverne, som dette
giver, betyder den lave NA, at der er plads til yderligere to objektiver i
opstillingen. Dette muliggør, at de fangede partikler kan observeres fra
siden og afbildes langs alle tre rumlige akser, hvilket er særligt nyttigt,
n̊ar man skal h̊andtere irregulære partikler eller vil indføre en sekundær
laser uafhængigt af fældelaseren. Sidstnævnte kan for eksempel bruges til
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at foretage en spektroskopisk analyse af de fangede partikler. Partiklerne
befinder sig i en kvadratisk cuvette med plane vinkelrette flader, som
hverken forvrænger lys langs fælde str̊alerne eller langs den sideværts
adgang.

Det er helt essentielt for studier foretaget med optiske fælder, at syste-
met er blevet velkarakteriseret. Dette betyder, at præcisionen hvormed
en fanget partikels position kan bestemmes, den optiske kraft den er
fanget med, samt effekten af støj i systemet skal være kendt. I denne
afhandling er den eksperimentelle opstilling, som er bygget sidst i 2007 og
ombygget i starten af 2011, blevet karakteriseret og fælderne analyseret
i tre dimensioner. Fældeanalysen udmøntede sig i en bestemmelse af
fældens stivhed (Hookes kraftkonstant), som viste, at κx = 1.16 pN/µm,
κy = 0.89 pN/µmog κz = 0.05 pN/µm. Derudover præsenteredes et
studie af stivhedens afhængighed af den rumlige position af fælden, samt
det først eksperimentelle studie af stivhedens afhængighed af afstanden
mellem de to fældestr̊alers fokus.

I afhandlingen foresl̊as en eksperimentel strategi, hvormed termisk
støj kan fjernes i den efterfølgende analyse af den fangede partikels po-
sition. Ved at udnytte den sideværts adgang til at indføre en pulseret
(nanosekund) laser, kunne den fangede partikel p̊atrykkes en periodisk
kraft. Kraften medførte, at partiklen én gang hvert sekund blev skub-
bet ud af sin ligevægtsposition langs y-aksen. Bevægelsen blev ob-
serveret med et hurtigt kamera, som optog 600 billeder i sekundet. Den
pulserede laser og kameraet blev begge trigget eksternt, og timingen
mellem skub og optagelse l̊a derfor fast. P̊a denne m̊ade kunne partik-
lens positionsdata deles op i stykker af ét sekunds varighed med samme
eksperimentelle forudsætninger, og den termiske støj kunne elimineres
ved at midle datastykkerne. Resultatet var en effektiv støjreduktion,
som udtrykt ved en temperatur betød, at Tstøj = 0.3 Kelvin (baseret
p̊a 450 datastykker). Konsekvensen af dette var, at den underliggende
deterministiske bevægelse af partiklen blev synlig. Dens eksponentielle
indfald tilbage til ligevægtspositionen passede godt med den teoretiske
beskrivelse. En alternativ analyse af dataene blev ogs̊a foretaget, og en
pulseret version af den normalt anvendte model for partikelpositionens
power specturm gav mulighed for at m̊ale amplituden af skubbekraften.
Denne blev fundet til at være 71 nanoNewton (10−9 N), hvilket overstiger
de optiske kræfter med mere end fem størrelsesordner.

Til sidst i afhandling blev en række forslag til fremtidige eksperi-
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mentelle studier beskrevet. Nogle af disse er allerede p̊abegyndt, og de
første resultater er blevet indsamlet. Fremtiden for fældeaktiviteterne i
Aarhus vil bygge videre p̊a de resultater og metoder, som er præsenteret
i denne afhandling, og fremtidige projekter vil i større grad adressere
specifikke problemstillinger.
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“Polydopamine—a nature-inspired polymer coating for biomedical
science”, Nanoscale 3 4916 (2011).

[115] R. van der Westen, L. Hosta-Rigau, D. S. Sutherland, K. N. Goldie,
F. Albericio, A. Postma, and B. Städler, “Myoblast Cell Interaction
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