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Abstract

In this thesis, both experimental studies and numerical simulations of ultra-
cold atoms in optical potentials are presented in a collection of nine scientific
papers. In particular, noise-induced transport in dissipative optical lattices
and superfluid properties of Bose-Einstein condensates have been studied.

Noise is usually regarded as a complication to most systems and as some-
thing that needs to be minimized. However, in a series of experiments at
Ume̊a University, noise has been shown to play a key role for laser-cooled
cesium atoms trapped in dissipative optical lattices. By using a combination
of two dissipative optical lattices, where the relative spatial phase between
them can be controlled, a so-called Brownian motor can be realized, where
energy can be extracted from the inherent noise. In the experiment, this
energy is used to control the transport of the laser-cooled atoms in real time
and along pre-designed paths. This thesis also presents a way to charac-
terize this system in terms of energy conversion efficiency and coherence
of the transport, which may allow for a more straightforward comparison
with other systems that rely on noise rectification. In the studies, it is also
shown that the noise triggers a downward drift due to gravity, even though
the optical potential should support the atoms. Further investigation of this
might help to understand the underlying principles of laser cooling, as well
as showing that the system might be suitable as a flexible test bed for sta-
tistical physics. In close relation to the experimental system, two numerical
simulations are also presented, one in which different ways to induce asym-
metries between two periodic potentials are investigated, and one in which
a proposal for detecting quantum walks is explored.

In the second part of the thesis, a work from the Joint Quantum In-
stitute is presented, where a long-lived persistent current in an toroidal
Bose-Einstein condensate, held in an all-optical trap, is created. The criti-
cal velocity of the superflow is measured in the presence of a tunable barrier.
The system can be seen as a first realization of an elementary closed-loop
atom circuit. Finally a theoretical study of the crossover between one- and
two-dimensional systems is presented, in particular the transition between
a two-dimensional superfluid to a one-dimensional Mott insulator is investi-
gated.
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Sammanfattning p̊a svenska

Medelst nio vetenskapliga artiklar presenteras i denna avhandling experi-
mentella och teoretiska studier av ultrakalla atomer f̊angade i optiska poten-
tialer. Framförallt har brusinducerade transporter och supraflytande egen-
skaper hos Bose-Einstein-kondensat studerats.

För de flesta system betraktas brus som n̊agot negativt som bör min-
imeras, men i en serie experiment som redovisas i denna avhandling spelar
bruset istället en avgörande positiv roll. I ett system där laserkylda atomer
genom växelverkan med laserstr̊alar f̊angas i tv̊a individuella optiska kristall-
gitter, kan atomernas kollektiva rörelse styras genom att energi utvinns ur
det inneboende bruset. I denna avhandling, genom att kontrollera de op-
tiska potentialerna i realtid, visas att atomernas kollektiva rörelse kan styras
längs förutbestämda banor med en s̊a kallade Brownska motor. I ett annat
experiment mäts verkningsgraden i omvandligen mellan brus och arbete,
samt koherensen i atomtransporten. En s̊adan karakterisering gör att sys-
temet blir enklare att jämföra med andra system som bygger p̊a liknande
principer. I avhandlingen presenteras ocks̊a en studie där det visas att det
inneboende bruset i systemet, tillsammans med en svag kraft, i detta fall fr̊an
gravitation, kan skapa drifter trots att de optiska potentialerna borde vara
tillräckligt djupa för att atomerna ska vara f̊angade. Denna upptäckt kan
leda till ökad grundläggande kundskap om laserkylning. Dessutom visar
det att systemet kan beskrivas med modeller fr̊an statistisk fysik. I rela-
tion till det experimentella systemet i Ume̊a redovisas även tv̊a teoretiska
studier, en för tv̊a symmetriska periodiska potentialer och deras sätt att
möjliggöra inducerade drifter med olika typ av asymmetrier, samt en annan
för möjligheten att genomföra och detektera kvantvandringar.

I avhandlingen presenteras ocks̊a ett experimentellt arbete utfört vid
Joint Quantum Institute, där en l̊anglivad ih̊allande ström i ett torusfor-
mat Bose-Einstein-kondensat har skapats i en optisk fälla. Den kritiska
hastigheten p̊a strömmen har mätts i närvaron av en ställbar optisk barriär.
Detta system kan ses som en första realisation av en grundläggande atom-
krets. Slutligen presenteras även en teoretisk studie av överg̊angen mellan
en- och tv̊adimensionella system, där fasöverg̊angen mellan superflytande
och Mottisolation studeras.
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Chapter 1

Introduction

1.1 Introduction to ultracold atomic physics

Even though we might consider a winter day in Sweden extremely cold, it is
far from the lowest possible temperature, the absolute zero (-273.15◦C). This
temperature is the fundamental lowest limit, since at this point, everything
is completely stationary, resulting in a “zero” temperature. From a physicist
point of view, these low temperatures are extremely interesting to study for
numerous reasons.

The first, and probably the most obvious reason, is that it opens up new
possibilities of precision measurement. This since whatever measure that
needs to be done on a sample can be made with greater accuracy when the
particles are moving extremely slow (it is easier to count the children in a
school class when they are standing still in a row, instead of running around
playing).

Low velocities, and low temperatures, also imply low energy. This makes
it possible to use ultracold atoms to study and understand how low-energy
processes and effects, such as random movement, so-called Brownian motion,
and other noise-induced effects are affecting small systems. These fluctua-
tion phenomena have recently been shown to play important roles in many
systems, both in naturally existing ones, such as in biological transport and
muscle contraction, as in artificially created systems, such as ultracold atom
Brownian motors and quantum ratchets [1, 2, 3, 4, 5].

For even lower temperatures, it is possible to reach a regime where the
low energy particles, instead of moving around chaotically, will start to order
themselves, allowing for an exotic state of matter to be created [6, 7]. This
so-called Bose Einstein condensate has properties that are of great interest
since it exhibits pure quantum mechanical effects such as superfluidity and
quantum phase transitions, and might be a key element in many future
devices, such as quantum computers and advanced quantum cryptography
protocols which take advantage of the quantum world’s strange properties.
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1.2 Introduction to my work

The work presented in this thesis summarizes experimental and theoretical
work that I have been involved in at Ume̊a University in Sweden and at the
Joint Quantum Institute (JQI), at the National Institute of Standards and
Technology (NIST) in Gaithersburg, Maryland, USA.

I started out my Ph.D. at Ume̊a University in an experimental and the-
oretical program with the scientific goal of studying rubidium Bose-Einstein
condensates in optical lattices [8, 9]. In particular, the goal was to study
transport properties in flexible optical lattice geometries and quantum phase
transitions, such as the Mott insulator to superfluid transition [10]. Within
the framework of this research, we built a laser cooling experimental setup,
prepared for realizing flexible optical lattices. Closely related to the experi-
mental program, a theoretical investigation of the so-called two-dimensional
superfluid to one-dimensional Mott insulator transition was also done, where
the quantum phase transition between these exotic states was investigated.

After a couple of years into my Ph.D. I switched to a different scien-
tific program within the Cold matter group at Ume̊a University. In this
program, we focused on experimental and theoretical studies of transport
phenomena and artificial Brownian motors in dissipative optical lattices us-
ing laser-cooled cesium. During my time in this project, we have been able
to realize a Brownian motor with real-time control, which is an important
achievement for future applications and understanding of transport phenom-
ena on the nanoscale. We have also been able to perform measurements of
the efficiency and the transport coherence on a system that relies on noise
for energy conversion. With these measurements, we have been able to char-
acterize our artificially created Brownian motor in a general way, which is an
important result, since it allows for the comparison between different Brow-
nian motors in different systems. Furthermore, we have also shown that,
due to the inherent noise in the system, gravity can have a drastic effect
on atoms in optical lattices. In relation to this experimental discovery, we
show that we can model our system, consisting of atoms interacting with
complicated lattices structures, by a simple classical model, from which all
the relevant signatures seen in the experiment can be recreated. Using a
development of this classical model, we have also performed numerical sim-
ulations of our system, and showed how a system similar to the one we have
experimentally realized can convert noise into useful energy. Within the pro-
gram, we have also, in collaboration with a group at the Raman Research
Institute, investigated the possibility to observe quantum random walk with
our experimental system.

Parallel to the work at Ume̊a University, I have also been involved in an
experiment at the Joint Quantum Institute (JQI), which is a collaboration
between the National Institute of Standards Technology (NIST) and the Uni-
versity of Maryland (UMD), concerning superfluid properties in a sodium
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Bose-Einstein condensate in a multiply connected ring trap geometry. Here,
the scientific goal is to study the superfluid properties of quantum systems
and work towards realization of quantum devices. In particular, we studied
the critical velocity and prepared the system for future experiments, such as
investigation of Josephson junctions physics and future creation of an atomic
analog to the Superconducting Quantum Interference Device (SQUID) [11].
In this work we have been able to produce a persistent current of the su-
perfluid condensate for up to 40 seconds. This system can be seen as a first
realization of an atomtronic circuit, where we demonstrate precise control
of the induced superfluid flow, while also measuring the critical velocity.

The common theme throughout this thesis is the investigation of the
properties and applications of ultracold atoms in optical lattices, in partic-
ular the three alkali metals sodium, rubidium, and cesium. Even though
I have worked on different scientific programs and the three experimental
systems used in this thesis are unique and very different, they are built on
the same fundamental concepts of laser cooling. Therefore, I will in this
thesis, start by giving a general introduction to laser cooling and trapping
in chapter 2. I will go through the key experimental techniques used in
the work related to this thesis, as well as introduce important concepts re-
lated to the field. In chapter 3, I will present the concept of Brownian
motors, which has been the main focus of my Ph.D. work. In chapter 4,
I will describe the model and the corresponding theory for our artificially
created Brownian motor. In chapter 5, a presentation of our experimental
setup will be given. Chapter 6 will be a summary of my work at Ume̊a
University concerning transport phenomena in optical lattices, such as the
Brownian motor, gravity-induced drifts, and quantum walks. In chapter 7,
I will discuss the general concepts of superfluidity in Bose-Einstein conden-
sates, while in chapter 8, I will present the particular experimental system,
and the results concerning measurements of the critical velocity of superflu-
idity. I will also briefly present results from numerical simulations, where
the phase transition from superfluidity to Mott insulating in a Bose-Einstein
condensate has been studied. In chapter 9, I will end the thesis by giving a
brief conclusion as well as some outlooks for future scientific research.

———————————————
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Chapter 2

Introduction to laser cooling
and trapping

2.1 Background

To reach low temperatures close to absolute zero, the use of laser cooling is
a key ingredient. The basic idea is to use the mechanical effect light has on
matter in order to stop atoms. How electromagnetic radiation, light, could
exert a force on matter, was first understood with Maxwell’s theory of elec-
tromagnetism, and it was first observed in experiments in the beginning of
the 20th century. In 1933, Frisch was the first to demonstrate light pressure
on atoms, when a beam of sodium was deflected by a lamp [12]. With the
development of the laser, Ashkin was, in 1970, the first to recognize the
potential for high-power, narrow-band light [13].

The first suggestion that light could be used to cool atoms was given
in two independent papers by Hänsch and Schawlow [14] and by Wineland
and Dehmelt [15] in 1975. It was first demonstrated experimentally in 1978
when a cloud of Mg ions was cooled in a Penning trap [16]. The first cooling
of neutral atoms was demonstrated in the early 1980s, while the first traps
for neutral atoms was demonstrated a few years later. With the possibil-
ity to perform precision measurements and with promising steps towards
creation of quantum systems, more and more attention was directed to the
field, and in 1997 Phillips, Chu, and Cohen-Tannoudji were awarded the
Nobel prize for their development of laser cooling [17, 18, 19]. Two years
before the first Nobel prize in the field of ultracold atoms, an important mile-
stone for physics was achieved, when Cornell and Wieman, with the help of
laser cooling and evaporative cooling in a magnetic trap, where the first to
demonstrate the Bose-Einstein condensation of a gas of neutral atoms [20].
It was an astonishing experimental achievement, which resulted in a Nobel
prize in 2001 together with Ketterle [6, 7].

In this chapter, I will briefly describe how to experimentally cool atoms
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with light. I will describe how light can affect atoms and I will present
some standard experimental techniques that have been essential to recent
scientific progress and that have been key tools for my work with ultracold
atoms.

2.2 General experimental environment

The experiments with laser cooled atoms generally require complicated equip-
ment, and most experiments needs to be carried out in ultra-high vacuum
chambers to prevent room temperature atoms to interfere with the atoms
that are being studied. Inside the vacuum chambers, there needs to be a
source of atoms, usually an oven that produces a hot beam of atoms em-
anating from a nozzle, or a dispenser that fills the vacuum chamber with
a background gas of the desired species. In order to cool the atoms and
carry out experiments, several different lasers are needed. The lasers of-
ten need to be controlled with great accuracy, which puts a high demand
on surrounding equipment, such as computers, electronics, and temperature
stabilization. In addition, a wide selection of optics is needed in order to
control the laser light. To perform specific experiments, an additional range
of tools are often used, for example magnetic fields and radio-frequency elec-
tromagnetic fields, which can drastically add complexity to the system, and
put high demands on experimental control. In figure 2.1, pictures from the
three experimental setups that I have been working can be seen. In the
pictures, a wide variety of optics, such as mirrors, wave plates, lenses, and
optical fibers can be seen, but also a combination of electronics, laser sys-
tems, and magnetic coils. Even though most laser cooling experiments are
complex and difficult to carry out, the physics and the techniques behind
the experiments can often be understood relatively easily.

2.3 Light forces

Two types of mechanical forces can arise when light is interacting with
matter. One arises from the fact that atoms can absorb light which is
resonant with an atomic transition. In this absorption process, a transfer of
momentum from the photon to the atom occurs, resulting in a kick in the
direction of the propagation of the light. In order for the atom to continue to
absorb photons, it has to decay to its initial state via spontaneous emission.
However, since the recoil kick from its emission will be essential random
in space, the recoil associated with the spontaneous emission will average
to zero over many events. In this fashion, by continuously letting a hot
atom absorb photons from a specific direction, the atom can be slowed by a
continuous loss of kinetic energy. This force is usually called the scattering
force, or radiation pressure, and can be written as [21]
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Figure 2.1: The three different experimental setups that I have been working on. Left:
The rubidium experiment at Ume̊a University which I worked on during my masters
thesis, as well as during my Ph.D. The system is a vertical so-called double magneto-
optical trap (MOT) setup, where the atoms are accumulated with laser cooling techniques
in the first MOT (at the top) from a background pressure of rubidium atoms. The atoms
are then transferred downwards to a second MOT, in which the actual experiments are
done. Middle: The sodium Bose-Einstein condensate setup at NIST. The setup consist
of a complex combination of lasers and magnetic tools for producing a Bose-Einstein
condensate. In the forefront of the image, one of the two dye lasers used in the experiment
can be seen. Right: The cesium experiment at Ume̊a University which has been my second
home during the main part of my Ph.D. studies. In the center of the picture the relatively
large vacuum chamber can be seen. The frame surrounding the system is magnetic coils
used to compensate for ambient magnetic fields.

Fs = ~kγ, (2.1)

where ~k is the momentum carried by each photon, with ~ = h/2π where h
is Planck’s constant, and where k is the angular wave vector of the photon.
Also appearing in equation. 2.1 is the photon scattering rate given by [21]

γ =
s0Γ/2

1 + s0 + (2∆/Γ)2
, (2.2)

where Γ is the natural linewidth of the transition, ∆ = ωl−ωa is the angular
detuning, that is the difference between the frequency of the laser, ωl, and
the atomic transition, ωa, and s0 ≡ 2|Ω(r)|2/Γ2 in which Ω(r) is the Rabi
frequency as a function of position. Equation 2.1 can therefore be written
as

Fs = ~k
ΓΩ(r)2

Γ2 + 2Ω(r)2 + 4∆2
. (2.3)
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2.4. Optical molasses

As can be expected, equation 2.3 implies that the number of scattered atoms,
and hence the force, is greatest when the laser is resonant with the atomic
transition and that it saturates to a maximum value of ~k/2.

The second type of force arises from the induced atomic dipole inter-
actions with the electromagnetic field [21]. This interaction will shift the
energy of the ground and excited states, and since the gradient of a poten-
tial is a force, a gradient in the field amplitude will result in a non-zero force,
which is given by [21]

Fd = − ~∇Ω2(r)∆
4 [∆2 + Γ2/4 + Ω2(r)/2]

. (2.4)

If the amplitude of the electromagnetic field is position dependent. As seen
in equation 2.4, the sign of the force depends on the detuning, ∆. For so-
called blue detuning, where the frequency of the light is higher than that of
the atomic transition, ∆ > 0, the force is repulsive and atoms are pushed
away from the light field. For red detuning, where the light has a lower
frequency, ∆ < 0, the force becomes attractive for the atoms, pulling them
towards the maximum of the light field.

2.4 Optical molasses

To understand how to cool atoms with the use of the scattering force, and
how it can be used as a first step in order to achieve a trap for neutral
atoms, consider atoms positioned in between two counter-propagating laser
beams, having slightly lower frequencies than the atomic transition. In
this situation, the atoms that move towards one of the laser beams will,
due to the Doppler shift, experience that beam to be closer to resonance
than the other, hence having a larger probability of absorbing photons from
that direction. This results in a force that will gradually slow down the
atoms with respect to the direction of its motion. This idea can easily be
generalized into three dimensions with six counter propagating beams, and
is generally referred to as an optical molasses, since atoms in this situation
can be thought as moving around in a highly viscous medium [22].

2.5 The magneto-optical trap

An optical molasses is a beautiful demonstration and application of light’s
mechanical effect on matter. However, it lacks the possibility to spatially
trap atoms, since the force acting on the atoms has no position dependence.

In a magneto-optical trap (MOT) the basic idea is to combine the cool-
ing mechanisms of optical molasses with a position-dependent magnetic field,
yielding both an efficient cooling together with spatial confinement [21, 23].
A regular MOT is built up by three pairs of counter-propagating laser beams
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2.5. The magneto-optical trap

with circular polarizations and electrical coils inducing a magnetic field gra-
dient, see figure 2.2 for a schematic illustration. The magnetic field is applied

I

I

!+

!+

!+

!" !"

!"

Figure 2.2: Three dimensional schematic illustration of a MOT. The trapped cloud of
atoms is positioned where the induced magnetic field from the coils is zero. This, together
with the counter-propagating beams with circular polarizations, creates a position- and
velocity-dependent force, capable of cooling and trapping neutral atoms.

such that there is a gradient in the interaction region and the magnetic field
at the center of the molasses is zero. The applied magnetic field will induce a
Zeeman splitting of the hyperfine states, hence making the scattering force
sensitive to polarization. In this way, a position-dependent force can be
achieved, by letting the laser beams not only be tuned to a lower frequency
(red detuned), but also being circularly polarized, σ+ and σ−, respectively.
This will make the laser light interact with a different strength with an atom
depending on its position. That is, an atom will interact more strongly with
the laser beam pushing the atom towards the center of the trap than it does
with the laser beam pushing the atoms away from the trap center, see fig 2.3.

Nowadays, the MOT is a standard technique used to slow down and
trap ultracold atoms. With the constant development of lasers with differ-
ent wavelengths, the technique is used in hundreds of laboratories around
the world for cooling a wide variety of atoms, for different applications. The
technique is indeed a very efficient way to trap and cool relatively large num-
bers of atoms, but it has a fundamental limitation when it comes reaching
arbitrary low temperatures. Even though, in a first approximation, the re-
coil associated with the atom’s spontaneous emission of photons averages to
zero, it will still induce a small recoil kick, giving a recoil energy, Ek, to the
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2.6. Conservative traps
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Figure 2.3: One-dimensional illustration of a MOT. An atom positioned in the center of
the trap, will interact with equal strength with the two counter-propagating laser beams. If
an atom moves with respect to the center of the trap, it will start interacting more strongly
with the beam that pushes the atom inwards, since the different circular polarizations in
the two beams couple to different hyperfine states that have been split by a magnetic field.

atom each time a photon is emitted. This limit is refereed to as the recoil
limit, and it prevents the atoms from being cooled to sufficiently low temper-
atures to achieve a degenerate quantum state, referred to as Bose-Einstein
condensation, with the laser cooling techniques described above.

2.6 Conservative traps

In order to be able to cool atoms beyond the recoil limit of laser cooling,
conservative traps are used to confine the atoms without any change to the
thermal energy (temperature) of the atoms. An example of such a trap,
commonly used in experiments, is the so-called magnetic trap.

Several different designs exist, but the principle is the same. The idea
is to create a strong magnetic field such that a magnetic minimum arises in
the center of the trap. This makes it possible to trap atoms in a specific
magnetic state (low-field-seeking atoms) that are attracted to regions of
space with low magnetic field [24].

Another option for such traps is to make use of the earlier-described
dipole force [21]. By using a high-power laser field with sufficiently red-
detuned light (far enough to avoid light scattering), it is possible to create a
conservative potential for ultracold atoms. However, the conservative traps
do not have any inherent cooling like the optical molasses and the MOT, so
in order to continue to cool the gas of neutral atoms, we need to turn to yet
another technique, widely used outside laboratory environments.
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2.7. Evaporative cooling

2.7 Evaporative cooling

The most familiar case of evaporative cooling is the process of cooling a cup
of coffee, where the hottest molecules are steamed away, while the colder ones
are left in the cup. By continuously evaporating away the hottest particles
from the cup, the temperature of the liquid left in the cup is getting gradually
lower.

For atoms held in a conservative magnetic or dipole trap, the idea is the
same. By removing the most energetic atoms, the remaining atoms will in
the presence of elastic collisions, rethermalize and reach a lower tempera-
ture [21]. For a magnetic trap, this is done by addressing the most energetic
atoms with a tunable radio frequency field that will eject these atoms from
the trap. In the case of a laser dipole trap, it is instead done by lowering
the irradiance of the lasers, hence lowering the total trap depth, such that
the hottest atoms “spill” over the edge of the trap. Continuously doing this
evaporation in a controlled way, it is possible to reach the extremely low
temperature needed for the creation of the exotic quantum state of matter,
the Bose-Einstein condensate.

2.8 Optical lattices

Optical lattices are periodic potentials that are created in the interference
pattern of laser beams [21]. See figure 2.4 for an illustration of a two dimen-
sional optical lattice. Optical lattices have proven to be an indispensable
tool for the field of ultracold atoms since they provide the possibility to trap

Figure 2.4: Schematic illustration of a two-dimensional optical lattice where the spacing
is equal in both directions.
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2.8. Optical lattices

and localize atoms in an ordered way. This has enable studies of atoms
and their properties in a precise manner, and since the properties of the
optical lattices are dependent on the properties of the light which builds up
the lattice, it allows for easy manipulation of the system, such as tunable
interactions between atoms.

Typically, one can divide optical lattices into two groups: Dissipative
optical lattices, where light scattering and optical pumping is present and
play important roles, and conservative, where the light is far from resonance
and the light scattering is negligible. In dissipative optical lattices, where
counter-propagating laser beams are close to the atomic transition, spatial
periodic potential will arise due to polarization gradients [9]. Since scatter-
ing is present, atoms will continuously be affected by random fluctuations
and experience complex dynamics, including cooling and heating processes.

In the second category of optical lattices, the periodic structure is created
using counter-propagating, far-detuned lasers. In this regime, the dipole
force is dominating, and allows for the trapping of atoms in the interference
maxima (or minima if the lattice is blue-detuned) of the optical lattice. This
type of optical lattice has the advantage, just as the dipole trap, that it is
conservative. This means that the state of the atoms in such a lattice will be
preserved, and facilitates the manipulation and studies of quantum states.

———————————————
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Chapter 3

Introduction to Brownian
motors

3.1 Introduction

Noise is usually regarded as a nuisance, and as a source of uncertainty that
should be eliminated or minimized. Nevertheless, in certain situations it is
possible to extract useful energy from noise, and many biological processes
involving transport are thought to be based on this principle [2]. In this
chapter, I will, after a short introduction to Brownian motion, present the
general concept of Brownian motors [2] and discuss some systems that indeed
are making use of random noise for energy production.

3.2 Brownian motion

Brownian motion is named after the Scottish botanist Robert Brown, who
in 1827 observed a strange random motion when he investigated the motion
of grains of pollen in water. In the beginning of the 20th century, Albert
Einstein solved this conundrum when he, from a physicists point of view,
predicted that the motion of a particle in a so-called heat bath (in Robert
Brown’s case the heat bath was water) with temperature T , is characterized
by a diffusion [25, 26], which can be written as

D =
kBT

b
, (3.1)

where kB is Boltzmann constant and b is the drag coefficient on the particle.
For so-called Brownian particles interacting with a heat bath, the result is
a growth of the sample size proportional to

√
2Dt, where t is the time. The

motion of the particles, and hence the diffusion, occurs since the particles get
“random kicks” by interacting with the particles in the heat bath. However,
since these kicks are random in direction, and no external force is acting on
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3.3. The Brownian motor concept

the particles, the average work done on the sample, and hence the energy
extracted from the heat bath, is zero. This is what is expected since it
is in agreement with the second law of thermodynamic [27] and the Curie
principle concerning symmetries [28]. Nevertheless, with some modification,
and without breaking the laws of physics, it is possible to extract energy
from a heat bath by so-called Brownian motors.

3.3 The Brownian motor concept

The most famous Brownian motor description, and the most easy to under-
stand, is the Smoluchowski [29] and Feynman [27] models. In these models,
a device that consists of paddles that are attached via a shaft to a gear wheel,
is interacting with the environment, see figure 3.1. The paddles are contin-

Figure 3.1: Illustration of Smoluchowski and Feynman’s ratchet and pawl device. To
the right, the paddles are in equilibrium with a heat bath of temperature T2, and are
constantly being bombarded by particles that creates a movement of the paddles that
translates into the movement of the gear wheel to the left. In order to be able to produce
useful work from such device, the gear wheel needs to posses an asymmetry that prevents
or favors movement in one direction, in this situation a pawl. The gear wheel also needs
to be out of thermal equilibrium with the paddles, that is, interacting with a heat bath
with a lower temperature, T1 < T2.

uously being affected by noise from the environment, for example by having
Brownian particles randomly bombard the paddles, and hence creating a
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3.4. Brownian motors in nature

fluctuation in the movement. This movement will translate to movement of
the gear wheel, and since there is a pawl that prevents it from moving in
one direction, the system should be able to continuously extract useful work
from the random fluctuations that are affecting the paddles.

At a first glance, this device seems to be able to break the second law
of thermodynamics, since it appears that it can extract energy from the
Brownian motion in a system at thermal equilibrium. However, it turns out
that the Brownian particles that affects the paddles, also will affect the pawl
mechanism, such that they occasionally will “lift” the pawl and allow for
movement in the “forbidden” direction that cancels the rectification.

However, if the Brownian particles that affects the pawl have less energy
than the particles bombarding the paddles, the situation changes since the
two parts of the device are now out of thermal equilibrium. Hence, the
system can indeed be able to produce work without violating the laws of
physics.

It is easy to imagine that such a device has none or very few application
for every day life, where noise and random fluctuation usually are very small
compared to other energies. But for tiny systems that operate in regions
where the noise components are relatively large compared to the relevant
energy scale, this concept has been proven to be highly efficient.

3.4 Brownian motors in nature

In nature, there exists several microorganisms, with typical sizes of 10−5 m,
designed for self-propulsion with the help of an asymmetric cycling of their
motions. With this motion bacteria can “swim” in fluids, much like a mam-
mal can swim in water. However, complications arise when the moving parts
reach the nanoscale. In this regime, Brownian motion is not negligible, and
the transport has to compete with the diffusion and can only be said to be
efficient if it is faster than the diffusion.

As a common solution to this, nature is letting molecular devices oper-
ate along tracks consisting of a periodic structure of wells and barriers that
constrain the motion to one dimension [2]. In this situation, the wells and
barriers can prevents diffusion from Brownian motion, while the noise will
acts as an energy source for the transport. The energy is extracted from
the noise by letting the barriers and wells change asymmetrically, either by
an external time-dependent modulation, or by energy input from a non-
equilibrium source such as a chemical reaction, like ATP hydrolysis [2, 30].
Just like the ratchet and pawl device, these molecular motors do not vio-
late the second law of thermodynamics, since the source of noise is out of
equilibrium with the system.

This concept of noise rectification has during the last decades, with the
strong development in microbiology and biophysics, been shown to play a
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3.5. Artificial Brownian motors

key role in transport phenomena in nature. Protein transport [31, 32, 33],
muscle contraction [34], and even virus translocation [35, 36] have all been
shown to have the ingredients required for the extraction of energy from
noise.

3.5 Artificial Brownian motors

To understand how an artificial Brownian motor, that consists of Brownian
particles in potentials, can rectify noise into useful energy, first consider a
single classical Brownian particle with mass m in a periodic potential V (x),
where the friction is given by γ. In that case the dynamics are given by the
Langevin equation [37]:

mẍ = −V ′(x)−mγẋ+ F (t) + ξ(t), (3.2)

where V ′ is the spatial derivative of the potential, F is an external force
and ξ(t) is the thermal noise. For systems governed by this equation, noise
rectification can be achieved in two ways.

First, if the potential V (x) is symmetric under inversion, it is possible
to make use of an external time asymmetric force to induce a rectification,
even though the force acting on the particles is on average zero [2]. In this
so-called rocked ratchet system, this is possible since the force can be strong
under a short time in one direction, hence overcoming the damping due to
friction, while in the other direction, it is weak under a long time, such that
the friction, γ, will prevent any movement.

The second way to rectify the noise is by using a so-called flashing ratchet
system [2]. In such system, an asymmetric but periodic potential is flashed
on and off on a sample of Brownian particles. When the potential is on,
the barriers will prevent the particles from diffusing, but by turning off
the potential, the particles can now diffuse freely. By then again flashing
the potential on, the Brownian particles will again be trapped in the wells.
However, due to the asymmetry in the potentials and the spatial spread due
to diffusion when the potential was turned off, a biased movement of the
particles in one direction can be achieved, see figure 3.2. The flashing of
the potential corresponds to alternating between two states with different
energy, where the gain in energy due to a sudden potential increase provides
a noise which is rectified into motion.

Many such systems, based on both these principles, have been realized
experimentally, and a wealth of work has been summed up in several recent
review papers [2, 3, 4, 5].
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3.5. Artificial Brownian motors
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Figure 3.2: Illustration of the principles of a flashing ratchet. A distribution of particles
is first trapped within one asymmetric potential at time τ0. At τ1 the potential is then
suddenly turned off, allowing for the atoms to diffuse for a certain time due to the inherent
noise. When the asymmetric potential again is turned on at τ2, and if the diffusion has
been large enough, a biased diffusion in one direction can be achieved.

3.5.1 Brownian motors with symmetric potentials

With similarities to the flashing ratchet, one can rectify noise by instead
flashing between two symmetric, but somehow different potentials [38]. Here,
the idea is to use inherent differences in the two potentials, i.e., different
friction coefficients, different amplitudes, different equilibrium energy, or dif-
ferent residence time. The differences between the potentials, together with
a relative spatial phase that induces a spatial asymmetry, makes it possible
to extract useful energy from the extra noise added to the system from the
flashing between the potentials. By a continuos flashing between the po-
tentials, the particles will, with a proper relative spatial phase between the
potentials, have a higher probability to go in one direction than another.
The process is schematically illustrated in figure 3.3.
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Figure 3.3: Illustration of the principles of a Brownian motor with symmetrical poten-
tials. At time τ0 the particles are trapped within one well of a symmetrical potential.
Inherent noise and friction in the potential yields a spatial distribution of the particles.
At τ1 a different lattice is turned on with different properties. In this illustration, a lower
amplitude, which will increase the spatial width of the particle distribution. At τ2 the
original potential is turned back on, and with a non-negligible probability to capture atom
in a potential situated to the left of the original potential. With a continuous flashing
between the potential, an average drift to the left can be achieved.

———————————————
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Chapter 4

Single and double optical
lattices

4.1 Introduction

In our Brownian motor, the useful energy output from the system consists
of noise-rectified motion of an ensemble of ultracold atoms. To investigate
noise-induced transport, we use laser-cooled atoms trapped in symmetrical
potentials. The potentials originate from dissipative optical lattices, which
provide environments that can be reasonably well described by the Langevin
equation 3.2. In this chapter, I will describe the fundamental principles of
our system. In particular, I will explain how the light’s interaction with
atoms can create dissipative optical lattices, in which atoms can be trapped.

4.2 Trapping and cooling in dissipative optical lat-
tices

To explain how atoms can get trapped and cooled by the light-matter inter-
action in optical lattices, I will start by considering a one-dimensional case
of two counter-propagating electromagnetic waves E1 and E2 with orthog-
onal linear polarizations (lin ⊥ lin), the same irradiance, I0 ∝ |E0|2, and
the same angular frequency ωl. In this situation, the two electromagnetic
waves, in our case consisting of two counter-propagating laser beams, can
be expressed as

E1 = E0x̂ cos(+klz − ωlt)
E2 = E0ŷ cos(−klz − ωlt), (4.1)

where E0 is the amplitude of the electric field, and kl = 2π/λl is the angular
wave number, where λl is the wavelength of the laser. The interesting part
arises from the combination of the counter-propagating electric fields, which,
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4.2. Trapping and cooling in dissipative optical lattices

by identifying the x and y axes with the real and imaginary axes, can be
written as

Etot = E1 + iE2 = E0 [cos(klz − ωlt) + i cos(−klz − ωlt)] . (4.2)

Using exponential notation and regrouping, equation 4.2 can be rewritten
as

Etot(z) =
E0

2

{[
eikz + e−ikz

]
e−iωt +

[
e−ikz + ieikz

]
eiωt

}
. (4.3)

By shifting the origin by λ/8, equation 4.12 can be written in a more con-
venient notation:

Etot(z) = E0

[
cos(kz)e−iωteiπ

4 − sin(kz)eiωteiπ
4

]
, (4.4)

This electric field can be interpreted as a superposition of two standing waves
with opposite circular polarizations, offset by λ/2 such that the nodes of the
σ+ wave are coinciding with the antinodes of the σ− wave, see figure 4.1.

z
!+ !" !"!+

y
x

E1 E2
0 #/4 #/2 3#/4

lin lin lin

Figure 4.1: Two counter-propagating plane waves with electrical fields E1 and E2,
with orthogonal polarizations (lin⊥lin). In the resulting interference, the polarization will
change from σ+ at z = 0, to linear at z = λ/8, to σ− at z = λ/4, to linear at z = 3λ/8
etc.

4.2.1 Optical pumping, light shifts, and Sisyphus cooling

To understand how atoms behave in dissipative optical lattices, let us for
simplicity consider a simple two-level atom with a twofold degenerate ground
state, Fg = 1/2, and a fourfold excited state, Fe = 3/2, as seen in figure 4.2.

1 12/31/32/3

MFg= -1/2 MFg= +1/2

Fe=3/2
MFe= -1/2MFe= -3/2 MFe= +1/2 MFe= +3/2

Fg=1/2

Figure 4.2: Energy level diagram for the Fg = 1/2 → Fe = 3/2 model atom. The
relative strengths of the electric dipole couplings are indicated by the squares of the
Clebsch-Gordan coefficients.

20



4.2. Trapping and cooling in dissipative optical lattices

In such a model atom, the ground state’s magnetic sub-states MFg =
−1/2 and MFg = +1/2 couple to the excited sub-states MFe = −3/2, −1/2,
+1/2, +3/2 via electric dipole couplings corresponding to π, σ+, or σ− pho-
tons, that couples ∆MF = 0, ∆MF = +1 or ∆MF = −1 transitions respec-
tively. This will, for an atom interacting with an optical lattice as described
above, yield a position-depended light shift due to the different coupling
strengths (squares of Clebsch-Gordan coefficients) and a position dependent
polarization gradient [21]. For our lattices, which are tuned slightly to the
red with respect to the atomic transition, the shift will be such that atoms
will experience a potential minima, and hence have the possibility to be
trapped, where the interaction with the field is greatest. This is schemati-
cally illustrated in figure 4.3.
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Figure 4.3: Spatially dependent light-shift potentials for the two ground states. De-
pending on what ground state the atom is in, it will interact strongly with σ+ or σ− light,
hence having a larger light shift in region with circularly polarized light. This gradient
in the light shift will create a spatially-varying potential for the atoms. Furthermore,
since the highest probability for optical pumping occurs from the top of a potential to
the bottom of the other, a gradual retardation will take place. This so-called Sisyphus
cooling will compete with the heating due to light scattering, and will eventually lead to
a steady-state temperature of the atoms.

When initially loaded into the optical lattice, the atoms’ kinetic energy
can be large compared to the height of the potentials, meaning that atoms
are not trapped in any of the potentials wells. However, the atoms will
have a finite probability of being optically pumped to the opposite ground
state, with the highest probability of occurrence at the top of the potential.
This process, referred to as Sisyphus cooling, will result in an average loss
of energy for each optical pumping cycle, leading to a gradual cooling of
the atoms [21]. This cooling mechanism will compete with the heating due
to light scattering, eventually leading to a steady-state temperature of the
atoms.
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4.2. Trapping and cooling in dissipative optical lattices

4.2.2 Generalization to three dimensions

One-dimensional optical lattices, as described above, can be extended to
higher dimensions by adding multiple fields from different directions [8, 9].
In our experiment [39, 40, 41, 42], we use a phase-stable four-beam config-
uration, where the fields are given by [9]

E1 = E0x̂(+k⊥y − k‖z − ωlt),
E2 = E0x̂(−k⊥y − k‖z − ωlt),
E3 = E0ŷ(+k⊥x+ k‖z − ωlt),
E4 = E0ŷ(−k⊥x+ k‖z − ωlt), (4.5)

where k⊥ = kl sin(θ) and k‖ = kl cos(θ), in which θ = 45◦ is the angle
between the beams and the quantization (z) axis. This configuration is an
extension of the lin ⊥ lin configuration and is schematically illustrated in
figure 4.4.

z

x
y

Figure 4.4: Schematic illustration of our optical lattice configuration. All four beams
propagate in the vertical z direction with a 45 degree angle respect to the z-axis. Of
these four beams, two are propagating in the yz-plane, while two are propagating in the
xz-plane.
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4.3. Double optical lattices

The sum of these fields will result in a tetragonal lattice, with alternating
σ+ and σ− potential minima and with lattice constants given by

a‖ =
π

k‖
=

π
1√
2
kl

=
1√
2
λl, (4.6)

a⊥ =
2π
k⊥

=
2π
1√
2
kl

=
2√
2
λl. (4.7)

This unequal lattice constants result in a spacing between the potentials
in the z direction that is two times smaller than it is along the x and y
directions.

4.2.3 Multilevel atoms

In our actual experiments we are using cesium, where the numbers of degen-
erated ground state and excited states depend on the hyperfine state (F ).
For our single optical lattice operating between Fg = 4 and Fe = 5, this
will, in contrast to the simple two level atoms that has been considered in
the description above, correspond to nine ground states and eleven excited
states, which can be seen in figure 4.5.

While these additional states, and the coupling between them, adds com-
plexity to the system, it works by the same principles, but with an additional
manifold of different potentials. In practice, most of the atoms will still be
trapped in the two outermost ground states since optical pumping favors
these states [21]. However, for a multilevel atom, the route between these
states will be more complicated, but that is beyond the scope of this the-
sis [9].

-1-2-3-4-5

-1-2-3-4

Fe=5

Fg=4

MFe =

=MFg

0 1 2 3 4 5

0 1 2 3 4

Figure 4.5: Energy level diagram and the route between the Fg = 4 and Fe = 5 states of
the D2 line of 133Cs. The multiple levels will yield a manifold of different potentials when
interacting with an optical lattice. However, most of the atoms will be optically pumped
to the MF g = −4 and MF g = 4 state, allowing for simpler theoretical models.

4.3 Double optical lattices

In our system, the single optical lattice operates from the hyperfine ground
state Fg = 4 in the 6s 2S1/2 ground level and is tuned slightly to the red from
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4.3. Double optical lattices

the transition to the hyperfine excited state Fe = 5 in the 6p 2P3/2 level of
133Cs [43]. This transition is referred to as the cooling transition since it is
the same transition that is used for the cooling in a MOT. However, in spite
of the fairly large separation between the excited states, atoms will have a
finite probability to be excited to the Fe = 4 state instead of the anticipated
Fe = 5 state. This means that the atom is lost from the MOT, or the optical
lattice. In experiments, this is solved by adding a so-called repumper laser,
resonant with the Fg = 3 to Fe = 4 transition. This laser will have the sole
purpose of pumping the atoms back to the cooling transition. The energy
configuration for our single optical lattice can be seen in figure 4.6.

In most laser cooling applications, the need of an additional repumper
laser is seen as a complication that increases the complexity of the system. In
our system we use this to our advantage, since this repumper transition can
provide us with a second optical lattice, that creates an additional symmetric
potential, which is needed in order to break the symmetry as described
in section 3.4.1. This is done by imposing four additional laser beams,
overlapped with the single optical lattice beams, and tuned slightly to the
red of the Fg = 3 to the Fe = 4 transition, see figure 4.6b. With the
additional optical lattice, the resulting system will consists of two spatially
overlapped state-dependent optical lattices, refereed to as a double optical
lattice [39, 40].

Single optical lattice Double optical lattice

Fe = 5

Fe = 4

Fe = 3

6p 2P3/2

6s 2S1/2
Fg = 3

Fg = 4

E

264 MHz

201 MHz

9.19 GHz

352 THz

Figure 4.6: The optical lattice transition of the single and double optical lattices (not to
scale). For the single optical lattice the repumper is exactly on resonance with the Fg = 3
to Fe = 4 transition. In the case of a double optical lattice the repumper is replaced by
four red-detuned laser beams in the lin⊥lin configuration, hence creating a second optical
lattice for the atoms.
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4.4. Relative spatial phase

4.4 Relative spatial phase

Of great importance for our experiment is the relative spatial displacement
between the two optical lattices. The two individual optical lattices, will
have topographies given by [9]

U1 =
4~γ
45
{23[cos2(kxx+ ϕx) + cos2(kyy + ϕy)] (4.8)

−44 cos(kxx+ ϕx) cos(ky + ϕy) cos(2kzz + 2ϕz)}

U2 =
~γ
14
{29[cos2(kxx) + cos2(kyy)] (4.9)

+54 cos(kxx) cos(kxy) cos(2kzz)},

where kx=ky=λ/
√

(2), kz=
√

2λ, and (ϕx, ϕy, ϕz) are the relative spatial
phases between two lattices. These relative phases can be written as a
function of the relative optical phases of the four lattice arms that build up
the lattice [44]

ϕx = (ϕ1 − ϕ2)/2, (4.10)
ϕy = (ϕ3 − ϕ4)/2, (4.11)
ϕz = (−ϕ1 − ϕ2 + ϕ3 + ϕ4)/2. (4.12)

From these equations, one can see that an arbitrary phase shift can be
achieved along all three dimensions if one can control the phases in the four
optical lattice arms. For example, by changing the phase equally, but in
different directions, in arms 1 and 2, a relative spatial phase in x is achieved
while ϕy and ϕz are unchanged, while an equal change in arms 1 and 2 in
the same direction, will translate into a change of the relative spatial phase
in z.

The relative spatial phase between the two lattices can be controlled by
introducing a change in the optical path length. How this is done, and a
general description of the experimental setup will be presented in the next
chapter.

———————————————
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Chapter 5

Experimental
implementation

5.1 Experimental setup

The experiment is built around a vacuum system that can be divided into
two main parts, the oven and the main experimental chamber. The oven,
when heated, will emit a beam of hot atoms towards the experimental cham-
ber. Due to the heating and the load by the oven, the oven part of the vac-
uum system is limited to a pressure of roughly 10−6 Pa. The experimental
chamber, in which atoms are trapped and cooled, is spatially separated from
the oven by a 1.5-meter-long tube. This separation is necessary in order to
provide enough of a distance to be able to slow down the atoms with the
help of chirped lasers. The separation also acts as a differential pumping
stage, allowing the experimental chamber to reach down to vacuum pressures
below 10−8 Pa.

In the main experimental chamber, the pre-cooled atoms arriving from
the oven are collected and cooled further to around 50 µK in a MOT. In order
to be able to transfer the atoms into our optical lattices, we further cool the
atoms with a short, so-called cold MOT (CMOT) phase, where the detuning
is increased and irradiance is reduced, in order to reduce the heating due
to light scattering. This is then followed by a short optical molasses step,
where the magnetic field is turned off, allowing for even further cooling. This
multi-stage cooling allows us to cool atoms down to the a few µK, resulting
in a transfer efficiency of close to 100% into our optical lattices. In figure 5.1,
a picture of the experimental setup is seen, where some of the key elements
are highlighted and described.
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Figure 5.1: Picture of the cesium laser cooling experiment. 1. The oven which acts as
the source of atoms for our experiments. 2. The differential pumping stage separating the
oven from the experimental chamber. 3. The experimental chamber in which the atoms
are trapped and cooled. 4. Magnetic compensation coils, to compensate for the ambient
magnetic field. 5. The main laser table, holding the majority of the lasers and optics. 6.
CCD camera used for absorption imaging. 7. Turbo molecular vacuum pump, providing a
pressure of about 10−6 Pa in the oven. 8. The Non-Evaporative-Getter (NEG) pump. 9.
Ion pump. These two pumps are attached to the experimental chamber and are providing a
pressure below 10−8 Pa. Inset: A picture taken of the inside of the experimental chamber.
10. From this opening the beam of atoms arrives from the oven. The atoms are then
trapped by the MOT at location 11. 12. The magnetic coil that provide the magnetic
field gradient for the MOT. 13. Photodetector used for time of flight detection. 14. Glass
viewports, providing optical access for a variety of laser beams used in the experiments.

5.2 Implementation of our optical lattices

Our optical lattices are implemented as a three-dimensional generalization
of the lin⊥ lin configuration that produces a phase-stable setup, that is,
any phase variation only translates the lattices while the topography is un-
changed. In order to align and control the beams used in the lattice, a variety
of optical components are needed, such as acousto-optical modulators, opti-
cal fibers, beam splitters, photodetectors, and a wealth of mirrors and wave
plates. For a schematic view of the optical alignment, see figure 5.2.

5.2.1 Phase control and alignment

To control the relative spatial phases in the double optical lattice, we use two
different methods. Since there is a slight difference in wavelength between
the two lattices, we can induce a phase shift by changing the optical path
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5.2. Implementation of our optical lattices
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Figure 5.2: Schematic view of the optical lattice laser configuration. Two lasers beams,
from two different lasers, with slightly different wavelengths, are controlled in frequency
and amplitude by two acousto-optical modulators (AOM). The first-order deflections from
the AOMs are aligned through an optical fiber in order to achieve Gaussian beam-mode,
while the zero-order deflections are discarded into beam dumps (BD). The polarizations
of the beams are then adjusted, and the two beams are spatially overlapped in a Glan-
Thompson polarizer. After the polarizer the two beams are linear, but orthogonally polar-
ized with respect to each other. The beams are then being split by 50/50 beam splitters
(BS) into four different beam arms before they go through linear translation stages. The
polarizations of the beams are then again adjusted with wave plates, before they pass
through an electro-optical modulator (EOM). After the EOM, the linear polarizations of
the beams are rotated with wave plates, which make it possible to achieve the wanted par-
allel polarizations with the help of a polarization-sensitive beam splitter, (PBS). However,
during this operation roughly 50% of the light irradiance is lost. As a last step before
being injected into the experimental chamber, the relative irradiances in the four arms
are adjusted with wave plates and final PBSs. To facilitate the alignment, and to make
sure the optical lattice stays aligned over time, four photodetectors (PD) are constantly
monitoring the irradiance in the optical lattice beams.

lengths in the different beams by using retro-reflecting prisms mounted on
translations stages, see figure 5.3. For example, changing the optical path
length by the same amount in both of the lattice beams that propagate
upwards will result in a change of the relative phase in the vertical direction.
Changing them equally, but along different directions, will induce a shift in
one of the horizontal directions. With this method, we can control the
phases with very good accuracy and the settings remain stable over time.
However, to change the relative spatial phases, we need to adjust the optical
path length using the adjustment screws seen in figure 5.3. This operation
is both time consuming and prevents any changes to be done during an
experimental cycle.

Complementary to this technique, we have also implemented a method
to change the phases in real time. We do this by placing electro-optical
modulators, see figure 5.4, in the optical lattice arms. With the electro-
optical modulators it is possible, by applying voltages over the active optical
media, to change the index of refraction along one of the axes. That means
that it is possible to change the relative phase arbitrarily by controlling the
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5.2. Implementation of our optical lattices

Figure 5.3: Retro-reflecting prisms on translation stages. The optical lattice beams of
both lattices are injected into four setups with prisms. By manually adjusting the optical
path length by using the adjustment screws (seen in the bottom of the figure), a relative
spatial phase between the two optical lattices can be achieved due to the difference in
wavelength between the two lattices. A change of roughly 3 cm corresponds to 2π relative
change between the 852.233 nm and 852.247 nm lattices.

Figure 5.4: Schematic illustration of an electro-optical modulator. Two different laser
beams with linear but orthogonal polarizations are propagating in the optical active
medium. When applying a voltage, V, over the medium, the refractive index along that
axis will change, hence resulting in a change of the optical path length for one of the
beams. This will induce a relative phase between the two beams that can be varied in
real time by adjusting the voltage. Inset: one of the electro-optical modulator used in the
experiment.

electro-optical modulators in every arm by letting the two optical lattice
beams in each arm, having linear, but orthogonal polarizations. Controlling
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5.3. Detection and data acquisition

the voltage can be done faster than the millisecond scale, allowing real-time
control of the relative spatial phases during a single experimental cycle. A
drawback with this technique is that it is extremely sensitive to the relative
polarizations between the two overlapping beams in each arm. Therefore
extreme care has to be taken in the alignment. For example, no optical
fiber can be used, since thermal effects in optical fibers can change the
polarization with time.

In order to initially align the double optical lattice so that the two lattices
are in phase, we measure the temperature of the atoms. We then scan
the phases in all three dimensions, and optimize for the lowest possible
temperature, this point corresponding to a zero relative spatial phases (ϕ =
0), since a transfer between the potentials in this situation does not add any
additional energy to the atoms [39, 40]. A typical temperature measurement
as a function of relative spatial phase can be seen in figure 5.5, where a clear
sinusoidal dependence can be seen.
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Figure 5.5: Temperature as a function of relative spatial phase between the optical
lattices. At ϕ = 0 the optical lattices are in phase, hence no extra energy due to the
transfer between the optical lattices is added to the system. For ϕ = π the lattices are
completely out of phase, hence atoms are on average being transferred from the bottom
of one potential to the top of the other, adding extra energy to the system.

5.3 Detection and data acquisition

To collect data, we have three different detection methods that are used,
depending on what kind of data is required for the particular experiment.
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5.3. Detection and data acquisition

5.3.1 Fluorescence imaging

For real-time detection and general diagnostic of the setup, we use infrared-
sensitive cameras that monitor the fluorescence from atoms in the MOT or
the optical lattices, schematically illustrated in figure 5.6. This detection
does not interfere with the experiment, and hence allows for real-time data
acquisition and movie recording of the dynamics of our atoms. This de-
tection is also crucial for initial alignments of the MOT and of the optical
lattice.

IR-
CAM

Figure 5.6: Schematic illustration of fluorescence imaging of atoms in the MOT. Due to
light scattering, atoms will fluoresce and hence make it possible to image them with the
help of a lens and an infrared-sensitive camera. To the right, an actual image of the cloud
of cesium atoms in a MOT is shown.

5.3.2 Time-of-flight detection

For extremely accurate measurements of the temperature and/or the po-
sition in the vertical direction, we use a time-of-flight velocimetry setup,
see figure 5.7. With this detection method, our cloud of cesium atoms is
released from the MOT or the optical lattices, and is allowed to fall freely
for roughly 5 cm, corresponding to 100 ms. The atoms are then probed by
a thin sheet of resonant laser light, allowing us to pick up the fluorescence
signal in order to measure the arrival time, which can be converted to a
velocity distribution and the initial vertical position and velocity [45, 46].

5.3.3 Absorption imaging

For a position measurement in all three dimensions, and for in situ mea-
surements of size and diffusion, we use absorption imaging, schematically
illustrated in figure 5.8. In this method, the atoms are probed by a resonant
laser beam, resulting in light absorption. This will create a shadow that is
imaged by a CCD camera. Each measurement destroys the atomic sample,
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Figure 5.7: Schematic illustration of our time of flight detection. To perform an accurate
measurement of the temperature and of the initial vertical position and velocity, the atoms
are released and are allowed to fall freely due to gravity for 5 cm. They are then probed
by a thin resonant laser beam and the fluorescence from the atoms is monitored by a
photodetector. To the right, typical experimental data are shown.

hence no real-time information can be extracted by this technique. However,
this detection technique is much more accurate than fluorescence imaging,
and can, in contrast to the time-of-flight technique, be used in more than
one direction, which allows for accurate and precise information about the
three dimensional size and position of the atomic cloud.

2aa

CCD
CAM

Figure 5.8: Schematic illustration of absorption imaging. A resonant probe beam is
being partially absorbed by the atoms. The first image is a picture of the laser beam
without any absorbing atoms. The second image shows the shadow cast by the atoms.
By combining these pictures the atoms can be clearly seen in the lower picture.

5.4 Laser system

Around twenty different laser beams, arising from four different laser sys-
tems, are being used simultaneously in the experiments. To slow down the
cesium atoms from the oven, we use two chirped home-built external cavity
diode lasers. For the atom trapping and cooling in the MOT and the optical
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5.5. Experimental control

lattices, we use a tapered amplifier diode laser (Toptica TA100). To provide
a repumper transition for the MOT and the optical molasses, as well as the
second optical lattice based on the repumper transition, we use a Ti:sapphire
laser system (Coherent MBR110 pumped by a Verdi-18). To be able to shift
the beams to proper frequencies and powers, several accusto-optical modu-
lators are used. These will also act as shutters in order to rapidly turn on
and off the beams. An energy diagram of the D2-line of cesium, where the
transition used and corresponding lasers are indicated in figure 5.9.

Fe = 5

Fe = 4

Fe = 3

6p 2P3/2

6s 2S1/2
Fg = 3

Fg = 4
Toptica TA100 External cavity

chirped diode

External cavity
chirped diode

Coherent Ti:Sp
System

E

264 MHz

201 MHz

9.19 GHz

352 THz

Figure 5.9: Partial energy level diagram (not to scale) for cesium [43], where the different
lasers are indicated. A Toptica TA100 is used for the cooling of atoms in the MOT and
for one of the two optical lattices. For slowing down the atoms from the oven, we use two
chirped external cavity lasers, one for each transition. For the repumper needed for the
MOT, and for the second optical lattice, we use a Coherent Ti:sapphire system.

5.5 Experimental control

The entire experiment is computer controlled by a LabView program that
controls two PCI DAQ cards from National Instrument. The electronic
triggering of shutters, optical modulators, and magnetic fields can be done
with a resolution of 10 µs. The LabView program has been under constant
development, and has built-in routines for data input and for analysis of both
the time-of-flight detection signal and the absorption imaging. To be able to
collect data from the real-time fluorescence imaging, another computer with
a PCI frame grabber card is used. In figure 5.10, a picture of the control
station is seen, where the data from the different types of detection are seen
on the four monitors.
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5.5. Experimental control

Figure 5.10: The control station. The two monitors to the left show fluorescence imag-
ining of the atoms from the side and from the top. The second monitor from the right
shows the time-of-flight detection signal, where the temperature (in µK) and the relative
number of atoms can be seen. The monitor to the right shows an absorption image of the
atoms.

———————————————
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Chapter 6

Noise-induced transport in
optical lattices

6.1 Introduction

In this chapter, I will start by presenting our earlier work with Brownian
motors in double optical lattices, and then continue by presenting how we
improved the experimental setup to allow for new experiments. I will then
present recent experimental results, which include studies of gravitation-
induced drift, real-time control of a Brownian motor, and an interdisci-
plinary characterization where the efficiency of our Brownian motor has
been measured. In addition to this, I will also present two theoretical stud-
ies related to our system. In the first we investigate the different ways a
system consisting of two symmetrical potentials can rectify noise, and in the
second, the possibility to detect quantum random walks in our experimental
system is investigated.

6.2 A three-dimensional Brownian motor

Our Brownian motor has two main differences compared to most other sys-
tems that utilize noise rectification. First, our Brownian motor can rectify
noise into movement along all three spatial dimensions. Secondly, instead of
using an asymmetrical potential or an asymmetric externally applied force,
it operates by using two individually symmetric and static potentials, where
the asymmetry can be controlled by controlling the two individual potentials
and the transfer between them.

The working principle of our Brownian motor is based on the description
given in section 3.4.1. The idea is to have two independent potentials, where
a particle will reside in either of the two, with the ability to be transferred
between the potentials. In our implementation, the two potentials are re-
lated to two different internal states that interact with two different optical
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6.2. A three-dimensional Brownian motor

lattices. In the experiments, the optical lattices are spread out over a rela-
tively large three-dimensional space, and the filling factor of the lattices is
at most 0.05, that is, there is one atom for every twenty lattice sites. To
allow for a more convenient description, the system can instead be thought
of as a distribution of non-interacting atoms situated in one lattice site. If
the two optical lattices are kept in phase, as illustrated in figure 6.1a, there
is no asymmetry in the system, and hence no rectified motion is possible.
However, if the relative spatial phase between the lattices is changed, for
example to ϕ = 2π/3, as illustrated in figure 6.1b, an induced average drift
in one direction is possible due to the spatial asymmetry and the fact that
the two states are out of equilibrium. The later arises in our system from
a combination of different processes, such as unequal transfer rate between
the lattices, and inherent differences in the interaction between the atoms
and each optical lattice, that will leads to different heating and cooling
rates. Even though the atoms in the optical lattice never might reach a
steady-state temperature, these differences will lead to a different average
energy in each lattice, illustrated by a greater width in the red lattice in
figure 6.1b. With these concepts and with the double optical lattice setup

(a) (b)

Figure 6.1: Illustration of the noise rectification process in our two state optical lattice
system. (a) The two optical potential are in phase and the system is symmetric, hence
no induced average motion is possible. (b) The relative spatial phase is set to ϕ = 2π/3,
here the system is no longer symmetric, and the inherent differences between the lattices
will result in different energies in the two lattices. In this situation a part of the energy
input into the system can be directed such that a bias motion is achieved.

described in chapter 5, control over the induced drift in three dimensions
was demonstrated by P. Sjölund et al. in [47], see figure 6.2. This was done
by using optical retro-reflecting prisms to change the optical path length
for the lattice beams. This work was later extended by H. Hagman et al.
in [48], where the induced drift was investigated, not only as a function of
the relative spatial phase in one dimension, but also as a function of the
relative spatial phase along both the vertical direction (z-axis) and along
one of the horizontal directions (x-axis).
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Figure 6.2: False-color absorption images of the atomic cloud taken at three different
times, where τ0 = 0 ms, τ1 = 500 ms, and τ2 = 1000 ms. The figure shows drift induced in
the vertical-horizontal plane, where z is the vertical direction and positive z is upwards.

In paper I, the key results from these works are summarized. In partic-
ular results showing the induced drift’s dependency on the relative spatial
phase are presented, and it shows how the drift velocity can be controlled in
one of the dimensions by controlling the relative spatial phase in the other
directions. Figure 6.3a shows a contour plot of the induced drift in the
vertical direction as a function of the relative spatial phase in the vertical
direction ϕz and in the horizontal direction ϕy. For a change in ϕy by π, the
induced drift velocity as a function of ϕz becomes inverted. The explanation
for this lies in the structure of the optical lattices potentials. In figure 6.3b,
the temperature in one of the lattices is shown as a function of ϕz and ϕy,
which can be seen as a mapping of the potentials, where maxima and minima
are ordered like the black and white squares on a chess board. This means
that a shift in the y direction by π, induces a π shift in the z direction,
which explains the inversion of the drift velocity. Another feature clearly
seen in figure 6.3a is the repeating structures that appears as “holes” with a
large downward velocity around the maximum upward velocity regions. In
these earlier works, this was left unexplained. However, with improvements
to the experimental setup and with new experiments, a possible explanation
to this conundrum will be given below.
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6.3. Towards better control and real-time induced drifts.
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Figure 6.3: (a) Contour plot showing the induced drift velocity in the vertical direction
where the positive direction is upwards. The data shows that the velocity is dependent
on the relative spatial phase both in the vertical ϕz and in the horizontal direction ϕy.
(b) Contour plot showing the temperature (µK) as function the phases for the same
experimental data. This plot can be seen as a mapping of the optical lattice topography,
since the temperature depends on the phases [39, 40]. [Adapted from H.Hagman et al
EPL, 81 (2008) 33001]

6.3 Towards better control and real-time induced
drifts.

In the demonstration of the three-dimensional control of the Brownian motor
described above, the maximum trapping time of atoms in our optical lattices
was at best of the order of a second. These relatively short trapping times
resulted in poor resolution and limited knowledge of the general process.
Addressing this issue by performing adjustments to the vacuum system,
most notably by installing a more efficient differential pumping stage and
by modifications that allowed for a higher bake-out temperature, we were
able to reduce the pressure in our experimental chamber by approximately
one order of magnitude. Roughly speaking, this corresponded to an increase
in the lifetime by one order of magnitude.

We also addressed issues concerning uncertainties in the spatial align-
ment of the optical lattices, as well as other general problems with achieving
an optimum optical lattice alignment. This was done by implementing a
similar technique to the methods described in paper II.

In addition to this, we also worked hard on general improvements of
the system, such as maintaining and rebuilding lasers, and reconstructing
and replacing electronics in order to minimize electrical noise. All in all,
uncountable hours were spent on general experimental improvements, which
eventually payed off.
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6.4. Gravitation-induced drift in optical lattices

6.4 Gravitation-induced drift in optical lattices

The potential provided by our optical lattices can be approximated as

V =
V0

2
cos(kx), (6.1)

where V0 is the amplitude of the potential. Generally, for atoms held in
dissipative optical lattices, the average thermal energy of the atoms is of the
order of a tenth of the potential depth of the periodic potential [49], and
the tilt of the “washboard potential” in the vertical direction due to gravity
is approximately three orders of magnitude lower than the potential depth.
Thus, intuitively, the potential should support the atoms against gravity
with a good margin. See figure 6.4 for an illustration of this situation.

V0

V0 /10

V0 /1000

Figure 6.4: Illustration of atoms trapped in a tilted washboard potential. For our atoms,
held in dissipative optical lattices, the average thermal energy of the atoms is about a
tenth of the total potential depth, and the tilt of the potential due to the constant force
of gravity is roughly three orders of magnitude smaller than the potential depth. Thus,
in this situation it is intuitively easy to assume that the effect of gravity is negligible.

In the improved experimental setup, with increased lifetime and higher
alignment precision, we are now able to detect atoms in the optical lattices
for up to 1 minute. With the possibility to trap atoms for much longer
times in the optical lattices, it became obvious that atoms seemed to drift
downwards with time, no matter exactly how we tried to optimize the optical
lattice beams.

To qualitatively investigate this phenomena, we decided to use time-of-
flight detection to measure the center-of-mass position of the atomic cloud
as a function of time. We did this for several different potential depths, and
the result, presented in paper III, clearly shows a downwards drift with time
for all the different parameters. In figure 6.5, typical data of the position as
a function of time is seen for five different potential depths.

This effect initially came as a surprise, since we previously had assumed
that the relative high potential barriers (compared to the average thermal
energy of the atoms) would support the atoms from gravity [47]. However,
from the results it is evident that the effect of fluctuations due to light
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Figure 6.5: Center-of-mass position as a function of time for five different potential
depths where larger drifts are detected for smaller potential depths.

scattering are clearly enough to cause atoms to occasionally gain enough
energy to overcome the barriers and hence be affected by the bias force
caused by gravity. The linear behavior of the drift was at first sight also
unexpected, since gravitational effects usually have a parabolic signature.
But since these atoms will have the chance to move along the lattice, they
will hence also be affected by Sisyphus cooling and eventually lose their
energy and be trapped again by the lattices [21]. The dynamics are therefore
governed by a “stop-and-go” process that results in a linear average drift
of the atomic cloud. In this situation, atoms will alternate between two
different modes, one “running state”, in which atoms have enough energy to
travel over the barriers, and one “locked state”, where atoms are localized
within a well.

In order to extract the velocity of the drift 〈ẋ〉, straight lines are fitted
to data points like the ones shown in figure 6.5. The calculated velocity
as a function of potential depth, scaled with the force due to gravity, and
the distance between each potential, is shown in figure 6.6 for two different
detunings. For potential depths corresponding to roughly 200 Erec or lower,
where Erec is the recoil energy, a drastic increase in the velocity is detected.
For high potential depths of the lattice, the drift velocity is small, but in-
terestingly, the fluctuations always seems to trigger a drift due to gravity.

Furthermore, by analyzing the velocity distributions obtained by the
time-of-flight detection, it is possible to estimate the fraction of atoms that
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Figure 6.6: Center-of-mass velocity of the atoms in an optical lattice as a function of
potential depth. The red squares and the black circles are experimental data for detunings
of 30Γ and 40Γ, respectively. The solid line data is from semiclassical simulations and the
dashed line from a classical Monte-Carlo simulation of the Langevin equation. Even for
the highest potential depths, a non-zero velocity for the center of mass is detectable, and
for potential depths lower than 200 Erec, a rapid increase in velocity is evident.

are in the so-called running state compared to the total amount of atoms,
Nrun/Ntot. This is done by performing a Gaussian fit to the velocity dis-
tribution obtained by time-of-flight detection, and assuming that the atoms
that deviate from the Gaussian [50], correspond to untrapped atoms, hence
being in an “running state”, see figure 6.7.

Within our range of detunings and irradiances, the fraction is typically
a few percent. However, for potential depths smaller than about 200 Erec,
the fraction in the running state drastically increases and, for the shallowest
potential used, gets as high as 25%, see figure 6.8a. This behavior has
striking similarities to what is observed in figure 6.6.

In an attempt to investigate this dependence, we plot in figure 6.8b
〈ẋ〉/(Nrun/Ntot) versus the potential depth scaled with the force from grav-
ity, F , and the distance between each well, L. Since the relation is not
linear, it is clear that the drift not only depends on the fraction of running
atoms, but also on something else. A possible explanation is that for low
potential depths, atoms in the “running state” might on average, travel over
more sites (a longer distance) each time they becomes untrapped.

To test the validity of our experimental results, we performed a semi
classical Monte Carlo simulation of our system and produced theoretical
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Figure 6.7: Velocity profile for atoms released from an optical lattice with a potential
depth of 45 Erec. Most of the atoms are fitted by the Gaussian, but a small portion of
atoms in the tails deviates from the Gaussian fit. These atoms are assumed to correspond
to untrapped atoms.
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Figure 6.8: (a) The ratio between trapped atoms and total number of atoms as a
function of potential depth. The red squares and the black circles are experimental data
for a detuning of 30Γ and 40Γ, respectively. The solid line is data from semiclassical
simulations, and the dashed line from a classical Monte-Carlo simulation of the Langevin
equation. (b) The ratio between the velocity and fraction of untrapped atoms as a function
of potential depth scaled with the force from gravity, F , and the distance between each
well, L. The data indicates that the increased velocity is not only a result of the number
of untrapped atoms.

data corresponding to all the experimental curves shown. This data is pre-
sented together with the experimental results as a solid line in figures 6.6
and 6.8. In order to check the generality of our system and the relevance of a
comparison with a Fokker-Planck context [37], where the classical particles

43



6.5. Real-time steering and drifts along pre-designed paths

will follow the Langevin equation 3.2, we also perform simple, completely
classical Monte Carlo simulations of the Langevin equation [37] with pa-
rameters chosen to mimic our system. The result is shown together with
the experimental results and the semiclassical simulations as a dashed line
in figures 6.6 and 6.8, where all the basic characteristics of our system are
reproduced.

The “re-discovery” of gravity has several implications for our work with
Brownian motors, most notably, that the induced drift will always be biased
downwards, meaning that in order to reproduce earlier results, for example
the results in figures 6.2 and 6.3, one has to align the optical lattices such
that a small extra upwards force arises due to radiation pressure. By doing
so it is possible to cancel gravity, hence allowing for symmetrical induced
drifts even in the vertical direction. However, the effect of the force from the
radiation pressure and the force from gravity has a nontrivial dependence
on the relative spatial phase, hence canceling the gravity for one phase does
not necessarily cancel gravity for all phases. This will result in combinations
of relative spatial phases where the gravity becomes more evident, such as
seen in the structures in figure 6.3.

These findings, and the comparisons to simulations, shows that our sys-
tem can be described in the formalization of the Fokker-Planck equation,
which could make our system suitable as a fundamental testbed for statis-
tical systems. It also shows that we are in a regime where fluctuations, i.e.,
noise, play a key role.

6.5 Real-time steering and drifts along pre-designed
paths

Real-time control of the directed transport induced by a Brownian motor is
an important step for the development of future applications of Brownian
motors in any field. It allows for the possibility to control the energy pro-
cesses within a Brownian-powered device, hence in our case the possibility
for controlling the directed transport, both in direction and magnitude.

In paper IV, we present a successful demonstration of the real-time con-
trol of a three-dimensional Brownian motor. With real-time control of the
spatial phases in our optical lattices using electro-optical modulators, we
show that the response to shifts in the relative phases are extremely fast
and that we can achieve several directional changes within one experimen-
tal sequence. We also show that the atoms can be imaged through the
inherent fluorescence in the optical lattices (due to light scattering), thus
the detection does not (to first order) interfere with the system. This al-
lows for real-time detection, rarely possible in experiments with cold atoms,
where measurement often destroys the sample such that only one measure-
ment is possible for each experimental run. With our method of fluores-
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6.5. Real-time steering and drifts along pre-designed paths

cence imaging, we can continuously record images of the directed transport
in real time allowing for real-time movies which can be seen in the online
supplementary material to paper IV. In figure 6.9a, a selection of such im-
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Figure 6.9: External steering of the induced drift in one dimension. The translation
between the potentials, (ϕx,ϕy,ϕz), are changed according to the sequence (0, 0, 0) →
(2π/3, 0, 0) → (−2π/3, 0, 0) → (2π/3, 0, 0) → (0, 0, 0). (a) Selected images of the atomic
cloud in the xz-plane, with z directed upwards in the experiment. (b) Time evolution of
the center-of-mass position along x. (c): Time evolution of the temperature for the same
sequence of translational shifts, but on a shorter time scale. In the lower part of (b) and
(c) the phase sequence is plotted.

ages is shown, where we experimentally investigate the real-time response
to shifts in the relative spatial phase, (ϕx,ϕy,ϕz). This is done here in five
steps, (0, 0, 0)→ (2π/3, 0, 0)→ (−2π/3, 0, 0)→ (2π/3, 0, 0)→ (0, 0, 0). The
atoms are imaged in the xz direction, with z being the vertical direction.
Besides the induced transport in the x direction, a small drift is seen in the
z direction due to gravity. This drift could in principle, as described earlier,
be canceled by an increased light pressure from the lattice beams emanating
from below. As an attempt to investigate the response to changes in the
phase, we monitored the temperature, as a function of time but for short
timescales. The result is shown in figure 6.9c, where no delay in the response
can be detected. Furthermore, we also demonstrate drifts along pre-designed
paths, seen in figure 6.10a, where a drift along a square path is presented.
In the figure, the anticipated path is shown as a dashed lines, and the dots
represents the center of mass of the atomic cloud. The drift does not have
to follow the Cartesian system, but can also be diagonal, as is shown by the
triangular path in figure 6.10b.
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Figure 6.10: Drifts along pre-designed closed paths: (a) square; (b) triangle. The
trajectory of the center of mass is marked with filled circles, starting from the green one
(light grey), with the anticipated path indicated by a dashed line. The time interval
between each marker is roughly 75 ms.

In conclusion, we have been able to demonstrate real-time control and
induced drift along pre-designed paths. Our real-time detection also allows
for the implementation of feedback control, where the drift could be con-
trolled with a feedback loop, which would allow for autonomous control over
the system.

6.6 Efficiency of a Brownian motor

The peculiar nature and the conceptual differences between Brownian motor
systems makes a characterization of the performance far from straightfor-
ward. The goal with our work is to be able to quantify the mechanisms in
our Brownian motor process, and provide a benchmark measurement that
can be compared to other noise rectification systems. Such measurements
would also help us to understand and characterize our system in a more
rigorous way. In paper V, we do this in two ways. First, we measure the
energy conversion efficiency for the driving mechanisms of our motor. Sec-
ondly, we characterize our system by measuring the coherence of the induced
transport.

6.6.1 Energy conversion efficiency

Efficiency is usually defined as the useful energy output compared to the
total energy consumed. In our system, where the useful energy can be re-
garded as the induced kinetic energy of the center of mass of the ensemble
of atoms, while the total energy consumed is the energy that is being ex-
tracted from the non-equilibrium noise in the system. The kinetic energy
of the atoms can easily be measured from the average displacement of the
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6.6. Efficiency of a Brownian motor

atoms. However, there is no straightforward way to measure the consumed
noise. In order to extract this quantity, our idea is instead of measure the
total energy gained by the system. This is constituted of the induced aver-
age kinetic energy of the ensemble of atoms and the increase in temperature
due to the noise-to-energy conversion. This can be seen as analogues to for
example a combustion engine where the energy loss in the combustion re-
sults in heating. Following this reasoning, we consider our Brownian motor
to be “off” when the two optical lattice are in phase. In this situation the
average kinetic energy of the ensemble of atoms is zero, and the system has
a temperature (average kinetic spread) T1. For a non-zero relative spatial
phase the motor is consider to be on, resulting in a non-zero average motion
and in a higher temperature T2.

We justify our way of thinking by a more rigorous derivation of the
efficiency following the work by Suzuki et al. [51], where the efficiency of
a Brownian motor without a load is derived. Doing so, we arrive at a
quantitative equation for the energy conversion efficiency given by

η =
p2/m

p2/m+ δp2/m−ND/α
, (6.2)

where p is the momentum, m is the mass, δp is the variation of the momen-
tum, N is the dimensionality of the system, D is the momentum diffusion
and α is the friction. The association of D/α with the kinetic temperature
at ϕ = 0 assumes that the diffusion and friction constants are independent
of the relative phase of the lattices. Following the standard model of Sisy-
phus cooling [21] our model (6.2) assumes that diffusion and friction are
spatially homogeneous. It should be noted, though, that in a more accurate
model these coefficients are dependent of the position in the lattice. The
spatial distribution of atoms in either lattice will have some dependence on
ϕ, which will translate into a dependence of the spatially averaged friction
and diffusion coefficients. This complex dependence is ignored in our model,
and therefore introduces a degree of approximation in the expression (6.2)
for the efficiency. However, simulations indicate that these approximations
introduce at most errors of 50% in the final results, which can be regarded
to be relatively small due to the high degree of complexity of the system.

To measure the average momentum associated with the induced drift of
the atoms, absorption images have been taken for five different potential
depths. In figure 6.11 we show typical raw data where the atoms are kept
in the potentials for 150 ms. In image 2 and 4 a clear drift is seen, while
images 1, 3, and 5 shows zero drift as expected.
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Figure 6.11: Absorption images of atoms in the double optical lattice for five different
relative spatial phases where the potential depth is 200 µK. The atoms are kept in the
lattices for 150 ms. For ϕ = 0 and 2π the drift is zero and the diffusion is small. For ϕ = π
the drift is also zero, but the diffusion is much larger. Images 2 and 4 show maximum
drifts in the two different directions.

Images such as figure 6.11 have been taken for ϕ between 0 and 2π
for different potential depths between 40 µK and 200 µK. The analyzed
data can be seen in figure 6.12, where drift velocity is shown as a function
of ϕ. The induced drifts are expected to be symmetric around ϕ = π.
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Figure 6.12: The drift velocity versus relative spatial phase for a 150 ms lattice holding
time and for four different potential depths. Inset: the kinetic temperature for the same
data.

However, slightly larger drifts are observed for ϕ = 2π/3 than for ϕ = 4π/3,
most likely due to experimental limitations in the spatial alignment and
the irradiance balance of the lattice beams. Also shown in figure 6.12 is
the kinetic temperature for the same parameters. Combining the data from
figure 6.12 according to equation 6.2, we obtain the efficiency as a function
of relative spatial phase, see figure 6.13.

Even though several approximations are done in order to quantify the
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Figure 6.13: The efficiency, according to equation 6.2, of the Brownian motor as a
function of the relative spatial phase for five different potential depths. The greatest
efficiency is achieved for ϕ equal to 2π/3 and 4π/3 and drops to zero for ϕ = π.

energy conversion efficiency according to equation 6.2, it still provides a
good estimation on how efficiently the noise is rectified into useful energy.
In our results we achieve a maximum of 0.25%, and we see a possible trend
that indicates higher efficiency for higher potential depths.

6.6.2 Transport coherence

Any mechanism that depends on rectification of noise in the order to achieve
a biased diffusion can only be said to be efficient if the induced biased move-
ment is large compared to the diffusion. In order to characterize our system
in this fashion, we investigated the coherence of the atomic transport, where
the linear transport is compared to the diffusion, i.e., the variation in the
time needed to transport a particle a certain distance. This characterization
can be quantified using the so-called Péclet number [52]

Pe ≡ |〈v〉|l
D̃eff

, (6.3)

where l is a characteristic length of the system, in our case the lattice con-
stant, and D̃eff is the effective spatial diffusion and is given by

D̃eff ≡ lim
t→+∞

〈x2(t)〉 − 〈x(t)〉2

2t
. (6.4)

For atoms in dissipative optical lattices, where thermal fluctuations play an
important role, D̃eff becomes the spatial diffusion constant

D̃ =
〈[δx(t)− δx(0)]2〉

2t
, (6.5)

49



6.6. Efficiency of a Brownian motor

where δx(t) = x(t) − 〈x(t)〉 [53]. This quantity can be calculated from the
expansion of the atomic cloud in the optical lattices, where the size (root
mean-square) of the cloud is given by

σt =
√
σ0

2 + 2D̃t, (6.6)

where σ0 is initial size of the atom cloud.
To quantify the performance in terms of the Péclet number, a series of

absorption images of the time evolution of the atomic cloud, such as shown
in figure 6.14, has been taken. The phase is set to achieve maximum drift
which corresponds to ϕ = 2π/3 in accordance with earlier work [47, 54].
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Figure 6.14: Time evolution of the atomic sample is for a potential depth of 200 µK.
Both the anticipated drift and the diffusion are seen.

In figure 6.15a, a series of such images has been analyzed and the drift is
plotted against the holding time in the lattice. In figure 6.15b, the width of
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Figure 6.15: (a) Position of the center of mass of the atomic sample and (b) RMS radius
of the atomic sample as a function of holding time for four different potential depths. The
center of mass moves linearly as expected, and displays faster drifts for higher potential
depths. The size of the cloud grows with time due to diffusion according to equation 6.6.

the sample is shown against the holding time, from which the diffusion con-
stant D̃eff can be extracted by fitting to equation 6.6. Combining the result
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with the measured average velocity of the sample, according to equation 6.3,
gives the Péclet number for different potential depths, see figure 6.16. Just
as for the energy conversion efficiency, we see indications in our data that
a higher potential depth results in a more efficient transport. The results
are also in agreement with the values of the Péclet number that have been
theoretically predicted for similar systems [55].
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Figure 6.16: The measured Péclet number from equation 6.3, as a function of potential
depth. The data indicates a greater coherence in the transport for higher potential depths.

6.7 Multiple ways of breaking the symmetry

As an attempt to investigate our two state system in a more general way,
we performed in paper VI, classical Monte-Carlo simulations where different
types of asymmetries that can arise in a Brownian system consisting of
two state-dependent symmetrical potentials are investigated. In particular
we investigate the different possible ways to move away from equilibrium
between the two states and how a particle is transferred from one well to
another.

Roughly speaking, a particle can either overcome the barriers by gaining
enough velocity in one potential due to the gradient of the potential, or it
can be transferred to a neighboring site due to a large spatial spread. In
order to induce any of these effects, there needs to be an asymmetry between
the potentials.

The asymmetry can be divided into two categories. The first, where
the two potentials are identically, but with different lifetimes, τ1 and τ2,
which means that the particle on average spends a much shorter time in one
potential. This results in a biased velocity since the particle spends more
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time on average on one slope than on the other. This will yield an increased
average velocity of the atoms in one direction, resulting in a biased diffusion,
schematically illustrated in figure 6.17a.

(a) (b)

Figure 6.17: Illustration of the two different ways a particle can move over the barriers.
(a) the particle on average spends more time on the slopes of the potential, resulting in
a biased velocity such that atoms has a higher probability the climb the barriers in one
direction. (b) Different spatial spread in the two lattices arising from inherent differences
in the two potentials. This makes it possible for a particle to move one well when it
transfers between the states.

The second category of asymmetry arises when the two potentials have
inherent differences, such as different heating or cooling rates or different
amplitudes. This leads to different average thermal energies in the two
states. When transferred between the potentials, this will give a non-zero
probability of transferring on the other side of the barrier height of the new
potential, see figure 6.17b.

In the experiment, there is no doubt that we have different transfer rates,
but we also have inherent differences between the two optical lattices due to
different interactions between the light and the atoms in the two lattices.

With the classical Monte Carlo simulations presented in paper VI, we
find that both of these categories of asymmetries indeed can lead to a bi-
ased diffusion in a Brownian motor system that consists of two symmetrical
potentials. We also show that the drift can be reversed depending on the pa-
rameters and which of the rectification effects that dominates. However, in
order to determine exactly how our experimental system is using the noise
and how the asymmetries arise, a more rigorous simulation more closely
related to the system needs to be done.

6.8 Quantum walk

In close relation to Brownian motion, in which the motion is determined
by the surrounding physical properties, such as temperature and the drag
coefficient on the particle, there exists a mathematical formalization that
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describe the trajectory of successive random steps with a fixed step length
and a fixed frequency.

This so-called random walk theory is frequently applied to a variety of
fields outside physics and mathematics. For example, in ecology, it can
describe animal movement [56, 57] and population dynamics [57], and in
economics, it is used to model the share prices [58].

The quantum mechanical version of the random walk is the quantum
walk [59], which has recently seen an increased interest mainly due to the
possibility to utilize quantum properties to speedup time consuming clas-
sical algorithms used in computer science, such as search algorithms [60].
The idea with a quantum walk is to make use of the quantum property of
superposition to create a system that, instead of taking a step in a random
direction, is taking a step in both directions.

In paper VII, we propose the use of a combination of two-photon Raman
transitions to create a superposition, where the atom has an equal proba-
bility to be in the two states that correspond to the two optical lattices,
followed by a relative spatial phase shift of 2π of the optical lattices, to
perform the quantum walk. This will result in a walk where the spatial
distribution, after a certain amount of steps, is very different compared to
a classical random walk due to the presence of destructive or constructive
inferences, see figure 6.18. In the figure, an example of an asymmetric quan-
tum walk is also shown, arising when an atom starts out in one state, instead
of a superposition of two states.

In the case of a quantum walk, the resulting spatial distribution will
consist of two peaks that move away from the initial position, while a clas-
sical random walk will produce a Gaussian probability distribution around
the initial position. This quantum phenomenon has recently been observed
in a similar system, by using a high-resolution single atom detection [61].
In our work, we instead focused on the detection of the walk by looking
for the differences in signatures by measuring the distribution of an entire
ensemble of atoms. In the work, we conclude that it is indeed possible to
detect these signatures, if we have high enough fidelity in the transfer, and
if the coherence time is long enough to allow for a few hundreds of steps to
take place. In figure 6.19, an example of the simulated spatial distribution
that could be detected by absorption imaging is seen.
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Figure 6.18: Spatial probability distribution of quantum random walks and of a classical
random walk after 50 steps. In the two upper figures a quantum random walk is illustrated,
(a) being symmetric, and (b) asymmetric due to different initial conditions. (c) shows
the anticipated distribution from a classical random walk, where the expected Gaussian
distribution is seen.
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Figure 6.19: Simulated spatial distribution signal from absorption imaging of an ensem-
ble of atoms in the case of a 250-step asymmetric quantum walk with a 100% efficiency.
The signature clearly deviates from a Gaussian distribution.
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Chapter 7

Bose-Einstein condensates
and superfluidity

7.1 Introduction

Particles can be divided up into two groups: fermions, with half-integer spin,
and bosons with integer spin. Matter particles, such as electrons, protons,
and neutrons, are fermions, but atoms built up by an even total number of
particles are hence so-called composite bosons. While fermions obey Fermi-
Dirac statistics, where the Pauli exclusion principle makes it impossible for
two identical fermions to occupy the same energy state, bosons obey Bose-
Einstein statistics, and are allowed to occupy the same state. With the
low temperatures feasible with the advent of laser and evaporative cooling,
this have a drastic effect, since bosons hence can macroscopically occupy
the lowest possible energy state, and condense into what is called a Bose-
Einstein condensate (BEC) [6, 7].

7.2 Bose-Einstein condensates

In experiments with atoms, the critical parameter to optimize in order to
create a BEC is the phase space density, ρph, defined as the number of
particles contained in a box with sides the size of the thermal de Broglie
wavelength,

ρph = nparticleλ
3
dB = nparticle

(
2π~2

mkBT

)3/2

, (7.1)

where nparticle is the particle density, m is the mass, T is the temperature,
kB is the Boltzmann constant, and ~ is the Planck constant divided by 2π.
This transition to BEC can be achieved in experiments by cooling a gas
of weakly interacting particles to temperatures in the range of nanokelvins,
while maintaining a sufficiently high density. At these ultra-low tempera-
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tures, the single-particle wave packets start to overlap, and a macroscopic
occupation of the ground state occurs. The resulting coherent matter-wave
state allows for interesting studies of quantum effects with a macroscopic
system.

7.3 Superfluidity

Superfluidity is a phenomenon where matter flows with zero viscosity. It
was first observed in 1937, when helium-4 was cooled down below the so-
called lambda point, and understood as a consequence of a Bose-Einstein
condensation [24]. Superfluidity was later also observed in helium-3, but
although the phenomenon of superfluidity for the two isotopes of helium are
similar, the microscopic details are very different. In helium-3, the atoms
are fermions, and the system can be described by a generalization of the
BCS theory of superconductivity, in which atoms, rather than electrons,
form bosonic Cooper pairs.

To understand how a liquid can be in a state where excitations are
unfavorable for a non-zero velocity, consider a liquid in which an obstacle
is moving with a constant velocity, v. Assuming that the energy and the
momentum of the system in any frame of reference are E and p, respectively,
the total energy in a frame moving with velocity v is given by [24]

E(v) = E − p · v +
1
2
Mv2, (7.2)

where M is the total mass of the system. This means that in the frame
of reference moving with the obstacle, and where the fluid is in the ground
state and has zero momentum, the energy is given by

E(v) = E0 +
1
2
Mv2, (7.3)

where E0 is the energy of the ground state of the fluid. In such system, a
single excitation of momentum will, in the frame of the fluid, yield a total
energy of Eex = E0 + εp. Therefore the energy in the frame moving with the
obstacle will be

Eex(v) = E0 + εp − p · v +
1
2
Mv2. (7.4)

Hence, the energy needed to create an excitation (that will result in a decay
of flow) is εp−p ·v, i.e., the difference between 7.3 and 7.4. In other words,
for a velocity

v ≥ εp
p
, (7.5)

it will be energetically favorable for excitations to be created. From this it
follows that the minimum velocity for creation of an excitation, referred to
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as the Landau critical velocity, is given by:

vc = min
p

(εp
p

)
. (7.6)

For a normal fluid, the excitation energy for a given momentum follows
a parabolic function. This will, in accordance with the Landau criterium,
result in a critical velocity of zero since the minimum ratio between εp and
p is zero. That is, for any non-zero velocity, the creation of an excitation
will be energetically favorable, which will be true for any liquid with a
parabolic excitation spectrum. So in order for a system to have non-zero
critical velocity, and hence exhibit superfluid properties, it must have a non-
parabolic spectrum.

For a uniform BEC the energy spectrum is given by [24]

εp =
√

(ε0p)2 + 2ε0pnparticleg, (7.7)

where ε0p = ~2p2/2m and g = π~a/m is the interaction strength, where a
is the scattering length. In figure 7.1, the dependence between εp and p is
plotted according to equation 7.7, where a clear difference from a parabolic
shape is seen. This non-parabolic dependence will result in a non-zero min-
imum ratio between the excitation energy and the momentum, illustrated
by the straight line in figure 7.1, yielding a non-zero critical velocity.
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Figure 7.1: Excitation spectrum for a uniform BEC. The straight line indicates the
minimum derivative and corresponds to the critical velocity of the superfluid, vc according
to the Landau criteria.

The non-parabolic characteristics of the excitation spectrum arise from
the correlation between the atoms. In fluids where the interaction between
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particles is strong, for example in a BEC, the system can be seen as a
“super atom” built up by many interacting atoms in the same quantum
state. Excitations of the system are hence collective, and for a uniform
BEC, the lowest collective excitations are constituted of long-wavelength
sound waves, resulting in a critical velocity equal to the speed of sound [24].

———————————————
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Chapter 8

Superfluidity in
Bose-Einstein condensates

8.1 Introduction

During my time as a Ph.D student, I have, beside my work at Ume̊a, been
part of a scientific program at the Joint Quantum Institute (JQI), which is
a collaboration between the National Institute of Standard and Technology
(NIST) and the University of Maryland (UMD). The scientific goal of the
program is to experimentally study superfluid properties of BEC, and in
particular the critical velocity of the superfluidity. To be able to study
the physics of superfluidity, one needs three fundamental ingredients: a
superfluid, a means to contain the superfluid, and a way to induce the flow.
In this chapter, I will describe how a superfluid BEC can be created in
a multiply connected potential and how a highly controlled flow can be
induced.

8.2 Experimental setup

In the experimental setup, roughly 2×109 23Na atoms are first collected and
cooled in a MOT with the aid of a Zeeman slower [21]. The atoms are then
transferred into a quadrupole magnetic trap [62], where sodium atoms in the
|F = 1,MF = −1〉 state are trapped and evaporatively cooled for around
five seconds. In order to avoid losses in the quadrupole trap due to spin-
flipping in the zero crossing of the fields [6, 7], the atoms are transferred into
a time-orbiting potential (TOP) trap [63], in which an additional ten seconds
of evaporative cooling brings the atoms down to a temperature and phase-
space density close to the BEC transition. The TOP trap is then turned off
and a combination of two tightly focused far-detuned laser beams, a vertical
light sheet, and a circular shaped Laguerre-Gaussian (LG) beam [64] from
above, are superimposed on the atoms, creating a trapping potential due to
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8.2. Experimental setup

the dipole force, see figure 8.1. The irradiance in the beams are then, after
the initial trapping, adiabatically ramped down in order to force evaporation
of the atoms, and to create a final trapping potential of ωz = 550 Hz in the
vertical direction and ωr = 110 Hz in the radial direction, with a trap depth
of around 700 nK. This results in the creation of a condensate with up to
3 × 105 atoms with a chemical potential of up to 60 nK (1200 Hz) and a
temperature of <10 nK. The trap depth variation around the ring is less
than 5 nK (100 Hz), resulting in a smooth azimuthal density profile of the
condensate. See inset of figure 8.1.

40 !m

Figure 8.1: Schematic illustration of the trapping potential created by a thin horizontally
propagating laser sheet, and a vertical propagating LG beam. Inset: Absorption image of
the BEC in the potential.

At this point, two of the three required ingredients to study superfluids
are present, a superfluid, consisting of a BEC of sodium atoms, and a suitable
container for the fluid in the form of a toroidal trap. However, the superfluid
condensate at this time, possesses no flow. In order to set the superfluid into
motion, quantized angular momentum from optical fields are transferred to
the BEC. This is done by a two-photon Raman transition [21], illustrated
schematically in figure 8.2, where one photon comes from the LG0

0 spatial
mode, and the other from a Gaussian mode. This will result in a coherent
transfer from |F = 1,MF = −1〉 to |F = 1,MF = 0〉, where each atom has
absorbed one quanta of angular momentum, hence the resulting state will
be rotating with a quantized angular momentum [65, 66, 67]. In order to
prevent coupling to the |F = 1,MF = 1〉 state during the transfer, a 0.48
mT magnetic bias field is applied, causing a large enough nonlinear Zeeman
shift to prevent coupling. With proper optimization, a transfer efficiency of
90% can be achieved, and in order to ensure a pure state, a microwave pulse
is used to transfer any atoms that are left in the |F = 1,MF − 1〉 state to
the |F = 2,MF = −2〉 state, where they are ejected from the trap with by
pulse of resonant light.

To the detect the rotation, absorption images of the density distribution
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8.2. Experimental setup
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Figure 8.2: Energy level diagram (not to scale) of the D2-line of sodium and a schematic
illustration of the two-photon Raman transfer. The two-photon process includes absorp-
tion of a photon from the LG0

0-beam and emission into the Gaussian beam. This will
result in a net transfer of one quanta of angular momentum to each atom, resulting in a
quantized rotation of the BEC in the F = 1,MF = 0 state.

are taken. If the BEC is non-rotating, the hole in the toroidal condensate
will fill up due to mean-field expansion, when being released from the trap,
resulting in a density profile as shown in figure 8.3a. If, on the other hand,
the condensate is rotating, the rotation will prevent the hole to fill up, and
a vortex core can be seen in the center of condensate, see figure 8.3b.

(a) (b)

40 !m

Figure 8.3: (a) Absorption image of a non-rotating BEC released from the toroidial
trapping potential. The expansions due to the mean-field fills the centre of the hole. (b)
The quantized rotation of the BEC prevents the hole to fill up, resulting in the detection
of a quantized vortex in the center.
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8.3. Investigation of the critical velocity of superfluidity

With optimized parameters for the trapping potential (perfect overlap
between the sheet and the ring trapping potential), and with an efficient
transfer, the flow is extremely robust and has shown to be persistent for up
to 40 seconds, where it is limited by the vacuum lifetime of the BEC.

8.3 Investigation of the critical velocity of super-
fluidity

In order to study the properties of the persistent current, and in particular
the critical velocity in a more controlled way, we have in the experiment de-
scribed in paper VIII inserted a barrier to create a perturbation of the trap-
ping potential ring. This is done with the help of an additional far-detuned
laser beam, which in contrast to the trapping beams, is blue-detuned, hence
creating a repulsive potential for the BEC, see figure 8.4. By controlling the

40 !m

Figure 8.4: Schematic illustration of the trapping potential and the blue detuned laser
beam (it is actually green in the experiment) creating a perturbation in the trapping
potential. Inset: absorption image of the BEC in the trapping potential, perturbed by
the blue detuned beam.

power and the size of this beam, it is possible to manipulate the trapping
potential, and hence control the flow velocity, since a depletion of atoms in
a certain part of the ring will force the BEC to flow faster in this region. In
other words, a higher gradient of the phase is achieved in this region.

To quantitatively analyze the critical velocity of the persistent flow, in-
formation is extracted from in situ observations of the density profile in the
presence of the barrier, as well as from time of flight images of the conden-
sate. From this, the number of atoms in the condensate and the chemical
potential of the condensate can be extracted. The barrier height is calculated
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8.3. Investigation of the critical velocity of superfluidity

from in situ images, where the reduction in the density due to the barrier is
measured. Hence the local interaction energy at the position of the barrier
can be measured. In figure 8.5, the flow probability is seen for two different
heights of the barrier, as a function of the chemical potential. In figure 8.6,
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Figure 8.5: Survival probability of the flow for two different barrier heights. The filled
circles indicate the status of the flow, while the open circles the average survival probability
within each bin, indicated with the dashed vertical lines. The line corresponds to a
sigmoidal fit.

the critical chemical potential for the survival of the flow is plotted versus
the barrier height β. This data is extracted by performing a sigmoidal fit for
curves as those shown in figure 8.6, to the function P = 1/(1 + e(µc−µ)/µω)),
where µc and µω are the critical chemical potential and the sigmoidal width
respectively.

From the known global quantized circulation, and the flow conservation,
it is possible to calculate the velocity distribution from the in situ column
density of the ring. The critical velocity for phonon-like excitations of the
persistent current should be the same as the speed of sound in the barrier
region, which can be calculated from the local interaction energy at the peak
of the barrier. However, with an inhomogeneus radial density profile due to
the trapping potential, the effective speed of sound, ceff , is lower for waves
traveling along the annulus. In the experiment we observe for all tested
barrier heights a critical velocity of roughly vc/ceff ≈ 0.6 which appears
to be independent of ceff within the experimental uncertainty. A possible
explanation for this disagreement is that instead of phonon-like excitations,
the vortex centered in the ring will traverse through the barrier, when a
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8.4. The superfluid to Mott insulator transition
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Figure 8.6: Values of µc extracted from fits shown in 8.5 as a function of the barrier
height. The red circles correspond to the upper case, and the blue squares the lower case
in figure 8.5.

certain critical level is reached. This has been seen in numerical simulations
for a similar system [68].

8.4 The superfluid to Mott insulator transition

A system that undergoes a change between two phases changes it properties
in a fundamental way. Most commonly known are the transitions between
solid, liquid, and gas, where the phase transitions occurs due to microscopic
thermal fluctuations and can lead to a discontinuous change in density. For
a classical system, where the temperature approaches zero, these thermal
fluctuations vanish, and hence the possibility to undergo a phase transi-
tion. However, in a quantum system, such as a BEC, fluctuations due to
the Heisenberg uncertainty relation can still drive the system to change its
macroscopic properties.

One such transition is the superfluid to Mott insulator transition in a
BEC, which was first observed in atomic gases in 2002 [69], when M. Greiner
et al. superimposed an optical lattice onto a BEC of 87Rb and tuned the
potential depth by adjusting the irradiance of the laser beams. In the su-
perfluid to Mott transition, the BEC goes from being in a superfluid phase,
where the system can be described by single wave function and having a long
range coherence, to a phase where the energy is instead minimized for a par-
ticular number of atoms in each lattice site. This results in a delocalized
wave function with a loss in the overall coherence of the system.
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8.4. The superfluid to Mott insulator transition

In paper IX, numerical studies of this transition are done, but for lower
dimensions. In particular, we looked at the transition between a two-
dimensional superfluid and a one-dimensional Mott insulator state. The
system considered consists of a BEC in a two-dimensional optical lattice
with tunable barrier heights in both the x and y directions. For low laser
irradiance for the optical lattice, and hence low potential depths, the tun-
neling rates are high and the system is predicted to be superfluid in both the
x and y directions, see figure 8.7. However, if the lattice is tuned such that
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Figure 8.7: (a) phase diagram of the considered two-dimensional system (not to scale).
For a high tunneling rate, t, compared to the on-site interaction, U , the system is super-
fluid, while for low tunneling rates the system is a Mott insulator. A special case emerges
when the tunneling is highly different in the two direction. In this situation the system will
be superfluid in one dimension and insulating in the other, resulting in one-dimensional
superfluid tubes with a specific number of atoms. (b) To the right an illustration of the
two-dimensional superfluid case, and the so-called (c) one-dimensional Mott insulating
case is shown.

the barrier heights in the y direction (or the x direction) are increased, the
system is predicted to undergo a quantum phase transition from the two-
dimensional superfluid phase into a one-dimensional Mott insulator phase.
In this region, the system is essentially built up of one-dimensional arrays
of superfluid tubes, with a fixed number of atoms in each tube. In this
work, we find by numerical Monte-Carlo methods that the transition point
depends on the combination of the tunneling in both directions, the on-site
interactions strength, the number of total lattice sites, and the filling factor.

———————————————
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Chapter 9

Conclusion and outlook

This thesis summarizes several different experimental and theoretical inves-
tigations of ultracold atoms in optical potentials. In the first part of this
thesis, general introductions to ultracold atomic physics and the experimen-
tal tools were given. The following section was devoted to introducing the
concept of transport phenomena in dissipative optical lattices, where inher-
ent noise strongly affects the dynamics. Several studies in relation to this
were then presented, including a demonstration of a real-time controllable
Brownian motor in double optical lattices, where the inherent noise in the
system can be converted into directed motion of the ensemble of atoms. In
addition to this, a way to characterize our system by experimentally measur-
ing the energy efficiency and the transport coherence was presented. Such
characterizations should allow for a comparison to other systems that rely
on noise rectification. Dynamical effects in tilted potentials, due to gravity,
were also studied, and it was shown that even a tiny tilt will induce a drift,
which clearly shows that the noise plays a key role in our system. An inves-
tigation of the possibility of detecting a random quantum walk realized in
double optical lattice was also presented.

The apparatus that has been used for the experimental investigations of
the noise-induced transport has recently been moved from Ume̊a, Sweden
to Nice, France. The setup has, with the use of ultracold atoms in optical
potentials, proven that it is possible to investigate problems in statistical
physics, and it should be able to continue along these line, serving as a test
bed for fundamental physics. Also, a more extensive study, comparing our
artificially system with other noise-rectification systems, such as biological
system, and in particular other Brownian motor systems, would be of great
interest.

The second part of the thesis dealt with the superfluid properties of
Bose-Einstein condensates. In particular, the critical velocity for a rotating
condensate in a toroidal optical trap in the presence of a tunable barrier was
measured. The system can be seen as a first realization of an elementary
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closed-loop atom circuit.
In future work, the plan is to investigate the role of the barrier geome-

try, condensate temperature, and dimensionality, for determining the critical
velocity. In addition, applying a moving or oscillating barrier to the con-
densate would be analogous to magnetically biasing, or to driving an AC
current in a SQUID.

———————————————
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